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Abstract
Stomatins belong to the band-7 (or SPFH domain) family (short for Stomatin, Prohibitin,
Flotillin HflC/K) of diverse membrane proteins. This protein family is evolutionary
conserved with members found in all sequenced eukaryotes and in most prokaryotes.
Band-7 family proteins have the ability to oligomerise and generally aid in the assembly
and regulation of large membrane-bound protein complexes. In animals, stomatins have
been demonstrated to regulate ion channels by direct protein interactions. Additionally,
they localise to membrane microdomains where they actively contribute to their assembly
by binding sterols, and they also associate with the actin cytoskeleton. The Arabidopsis
genome encodes for two structurally similar stomatin-like proteins that are functionally
completely unknown yet. They will be referred to as AtSlp1 (for Arabidopsis thaliana
stomatin-like protein) and AtSlp2. The aim of this thesis was to provide a detailed
characterisation of these two genes on a molecular and functional level. Both proteins are
expressed ubiquitously throughout plant development, but they accumulate at particularly
high levels in pollen and other metabolically active cells. Phylogenetic analysis reveals that
AtSlps are homologous to stomatin-like proteins of type 2. Amongst these, the human
stomatin-like protein 2 (HsSlp2) is localised to mitochondria where it participates in large
membrane-bound protein complexes and is also involved in the proliferation of cancer
cells. Evidence is provided here that demonstrates mitochondrial localisation of both
Arabidopsis Slp proteins in vitro and in vivo. On a functional level, mitochondria from an
slp1 knockout mutant plant have a decreased mitochondrial membrane potential and
increased oxygen consumption rates. This is interpreted as a defect in coupling efficiency
and an impairment of the mitochondrial inner membrane integrity. This defect results in a
variety of other growth phenotypes that are related to metabolically active tissues and cell
types. Knockout plants are delayed in overall growth of shoots and roots and have
decreased seed germination rates. Additionally, these plants are less resistant to conditions
of high salinity and are less fertile. Overexpression of a protein acting as a putative
dominant-negative Slp fragment results in plants with a dwarf phenotype and early onset of
leaf senescence. This phenotype correlates with increased levels of reactive oxygen species
and altered organelle ultrastructure. Guard cells from these plants in particular have
enlarged chloroplasts and are impaired in transpirational control. It is concluded that also
in plants, stomatins act together with other band-7 family proteins as parts of large protein
complexes that have regulatory roles important for development and stress responses.
Their main role is probably to provide membrane scaffolds that affect mitochondrial
function and morphology during cell division and in situations of mitochondrial stress.
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fluorescence resonance energy transfer
giberellic acid
green fluorescent protein
glycosyl phosphatidyl inositol anchor
reduced glutathione
glutathione-S transferase
guanosine triphosphate
β-glucuronidase
2’7’-dichlorodihydrofluorescein diacetate
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
high frequency of lysogenation locus C/K
hypersensitive induced reaction protein
hypersensitive response
human stomatin-like protein 2
indole-3-butyric acid
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IL-6
IMS
IP3
IPTG
IRGA
kDa
LB
LC-MS/MS
MDa
MDCK
MDM
Mec
MIA
MIM
MOM
mRNA
MS
MTP
NAA
NADPH
NADH
Ndex
Ndin
NfeD
Ni-NTA
NMR
NO
NPA
NsLTP
OhSt.
ORF
PAT
PCR
PGDD
PHB
PID
PLAP
PM
PMSF
PNO8
PPFD
PRXII F
PSI/II
PTE
Q
Rb
RH
RNA
RNAi
RNS
ROS
rth 1
RT-PCR
SA

interleukin-6
mitochondrial intermembrane space
Inositol 1,4,5-triphosphate
isopropyl-b-D-thiogalactoside
infrared gas analyser chamber
kilo Dalton
Luria-Bertani medium
liquid chromatography-tandem mass spectrometry
Mega Dalton
Madine Darby canine kidney cells
mitochondrial distribution and morphology
mechanosensory
mitochondrial intermembrane space assembly machinery
mitochondrial inner membrane
mitochondrial outer membrane
messenger RNA (ribonucleic acid)
Murashige and Skoog basal medium
mitochondrial transition pore
1-Naphthylacetic acid
nicotinamide adenine dinucleotide phosphate, reduced form
nicotinamide adenine dinucleotide, reduced form
NAD(P)H dehydrogenases in the outer leaflet of the MIM
NAD(P)H dehydrogenases in the inner leaflet of the MIM
nodulation formation efficiency D locus
Nickel-nitrilotriacetic acid
nuclear magnetic resonance spectroscopy
nitric oxide
N-1-naphthylphtalamic acid
non-specific lipid transfer protein
overhydrated hereditary stomatocytosis
open reading frame
palmitoyl-transferases
polymerase chain reaction
plant genome duplication database
prohibitin
proliferation, ion channel and death
placental alkaline phosphatase
plasma membrane
Phenylmethanesulfonyl fluoride
N-octyl-3-nitro-2,4,6-trihydroxybenzamide
photosynthetic photon flux density
peroxiredoxin II F
photosystem I/II
palmitoyl thioesterase
ubiquinone (oxidised form)
retinoblastoma protein
relative humidity
ribonucleic acid
small interfering RNA
reactive nitrogen species
reactive oxygen species
roothairless 1
reverse transcription-PCR
salicylic acid
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SAM
SAR
SDS-PAGE
SHAM
SNARE
SOD
SPFH
Syp
TAE
Taq pol
TCA cycle
T-DNA
TE buffer
TIBA
TIM
TMRE
TOM
TRPC6
UAC
UBQ10
UCP
Unc
UTR
UV
Wt
YFP

mitochondrial sorting and assembly machinery
systemic acquired resistance
sodium dodecyl sulphate- polyacrylamide gel electrophoresis
salicyl hydroxamic acid
soluble NSF attachment protein receptor
superoxide dismutase
stomatin, prohibitin, flotillin, HflC/K family
syntaxin of plant
Tris acetate EDTA buffer
Thermos aquaticus DNA polymerase
tricarboxylic acid cycle (Krebs cycle)
transfer-DNA
Tris EDTA buffer
2,3,5-triiodo benzoic acid
translocase of the mitochondrial inner membrane
tetramethylrhodamine ethyl ester
translocase of the mitochondrial outer membrane
transient receptor potential C channel 6
human amniotic cell line (epithelial cells)
ubiquitin 10 (from Arabidopsis thaliana)
uncoupling protein
uncoordinated (C.elegans genes)
untranslated region
ultraviolet light
wild type (Arabidopsis thaliana)
yellow fluorescent protein
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1 General Introduction
A stomatin-like protein from Arabidopsis thaliana was identified as a putative protein
interaction partner of an Arabidopsis syntaxin in a yeast split-ubiquitin screen (Obrdlik et
al., 2004) that was carried out by Dr. Rejane Pratelli (Stanford University, USA).
Syntaxins belong to the class of SNARE proteins mediating membrane fusion processes.
The identified syntaxin protein interaction partner was the AtSyp71 protein that belongs to
a plant-specific subclass of syntaxins. Meanwhile, this protein was confirmed to localise to
the plasma membrane and is also found in lipid microdomains (Mongrand et al.,
2004;Marmagne et al., 2004;Alexandersson et al., 2004)). In the original screen, the
stomatin-like protein was used as the bait, and the syntaxin was identified as a putatively
interacting prey. Stomatins are so far entirely uncharacterised in plants and their functions
are not fully understood even in animals. Based on the yeast screen result, the hypothesis
was put forward that this Arabidopsis stomatin-like protein would be localised to the
plasma membrane. Based on knowledge about stomatins in other eukaryotes, this protein
was regarded as a putative plasma membrane ion channel regulator in Arabidopsis. During
the first year of my graduate studies, experiments were carried out to confirm the putative
protein-protein interaction between AtSyp71 and the stomatin-like protein in vitro and in
vivo. However, it was soon clear that this interaction must have been a false positive result
and the original research hypothesis was reviewed. The objective of this project was
revised to study the functional importance of two homologous unknown Arabidopsis
proteins with stomatin domains.

1.1 The SPFH/Band-7 domain protein family
Stomatins, together with prohibitins, flotillins and bacterial HflC/K proteins have been
grouped into a protein superfamily termed SPFH (for Stomatin, prohibitin, flotillin,
HflC/K) according to homologies in the central parts of the proteins (Tavernarakis et al.,
1999). Synonymous for SPFH, the conserved domain was also named the “band-7 domain”
after the first identified member, the human stomatin protein (or erythrocyte band 7.2b
protein). The SPFH protein family consists of diverse eukaryotic and prokaryotic
membrane proteins that assemble and regulate super-molecular protein complexes
(Browman et al., 2007). Characteristic for this family is a conserved central stretch of 29
amino acids that forms the basis of a PROSITE signature sequence (Tavernarakis et al.,
1999). BLAST searches with stomatin sequences as queries identified a central
cytoplasmic domain in stomatin that is homologous to sequences from prohibitins,
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flotillins, bacterial HflC/K and some hypothetical prokaryotic proteins. According to these
similarities, a novel domain was defined and named “SPFH” after the initials of its
members (Pfam entry: Band_7, accession number PF01145). Copies of SPFH domain
proteins are found in all sequenced eukaryotic genomes, and in most prokaryotes. The
SPFH domain is now considered to have evolved independently in organisms by
convergent evolution, indicating a fundamental biological role (Rivera-Milla et al., 2006).
Most of these proteins are integral membrane proteins with the SPFH domain facing the
cytoplasm. An exception are prohibitins that protrude from the mitochondrial inner
membrane into the intermembrane space (Ikonen et al., 1995) and bacterial HflC/K
proteins that protrude from the plasma membrane into the periplasmic space (Kihara & Ito,
1998). Most SPFH proteins share some common structural features: they have a short Nterminal domain followed by a hydrophobic region and a mainly hydrophilic C-terminus.
They are frequently post-translationally modified by phosphorylation or acylation, which is
essential for their regulatory activities (Huber et al., 2006b). Frequently, SPFH domain
proteins lack known sorting motifs and are probably trafficked by unconventional targeting
sequences (Browman et al., 2007).
Some members assemble into higher oligomers and associate with lipid rafts; most of them
share a characteristic secondary structure with β−sheets typically concentrated at the Nterminus, and α-helices at the C-terminus (Barnes et al., 1996;Stewart et al., 1992). Both
eukaryotic prohibitins and bacterial HflC/K proteins function in the regulation of
membrane-bound proteolytic complexes (for details see sections 1.1.2 and 1.1.4); thus, it is
speculated that also other members of the SPFH domain family might have similar
functions due to conserved structural features. For example, stomatins might be indirectly
involved in the regulation of ion channels via association with membrane-bound proteases.
Structurally very similar to the SPFH domain proteins are the caveolins that typically
associate with caveolae, specialised membrane microdomains. Caveolins are however not
functionally related to stomatins (Snyers et al., 1999a). Mammalian caveolin-1 mediates
protein-lipid microdomain assembly through its lipophilic characteristics (Bauer &
Pelkmans, 2006).
It is now regarded that SPFH domain proteins in general share the ability to
compartmentalise membranes by binding to lipids such as sterols. They have the ability to
seed microdomain structures within membranes for the functional organisation of proteins
in complexes (Browman et al., 2007). These protein complexes are involved in a variety of
cellular processes, including mechanosensation and endocytosis.
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What follows now in this introduction is a brief description of the individual SPFH family
members that have been studied in animals. Stomatins in particular will be described in
more detail in section 1.2.

1.1.1 Stomatins
The first stomatin protein identified from erythrocyte membranes was the ubiquitously
expressed human band 7.2b protein (Hiebldirschmied et al., 1991b), the absence of which
in the plasma membrane causes cation leakage and a reorganisation of lipid rafts and the
actin cytoskeleton (Stewart et al., 1993;Wilkinson et al., 2008). The protein is inserted into
membranes adopting an unusual monotopic structure and assembles into homo-oligomers
that form large complexes facing the cytoplasm (Salzer et al., 1993;Snyers et al., 1999a).
In erythrocytes, stomatin interacts with other cytoskeletal and ion channel regulating
proteins (Sinard J.H., 1994;Moore & Shriver, 1997) and also binds to the glucose
transporter GLUT-1 as a negative regulator of glucose transport (Zhang et al., 2001). Other
animal stomatin homologues have also been demonstrated to regulate different kinds of ion
channels by direct protein interactions (see section 1.2.2 for detailed descriptions).

1.1.2 Prohibitins
Prohbitin-type proteins are identified by the presence of a PHB domain that is largely
similar to the band-7 domain. They possess additional N-terminal hydrophobic domains
mediating membrane anchorage and C-terminal coiled-coils. Prohibitins were identified as
highly conserved mitochondrial integral membrane proteins localised to the inner
membrane and protruding into the intermembrane space with their C-termini (Ikonen et al.,
1995;Steglich et al., 1999). Similar to stomatins, they are encoded in the nucleus and
ubiquitously expressed in eukaryotes; one of the major features of prohibitins is their
anitproliferative property as a negative regulator of the cell cycle in the transition from the
G1 to the S-phase (Mcclung et al., 1995). Prohibitin (=PHB1 or BAP32) homologues
interact with prohibitone (=PHB2, also named BAP37) homologues from human, mouse,
rat and Xenopus laevis, another mitochondrial protein that is similar in its central part and
also highly conserved in eukaryotes. Deletion of both homologous genes in Saccharomyces
cerevisiae results in a decrease of yeast replicative lifespan (premature ageing) and reduces
the mitochondrial membrane potential by approximately 80% (Coates et al., 1997).
Another study found prohibitin associated with membrane-bound immunoglobulin M
molecules in B lymphocytes, and suggested prohibitin to be a plasma membrane protein
important for receptor-mediated signalling (Terashima et al., 1994).
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Annexin A2 and α−actinin have been identified as prohibitin and prohibitone interactors in
a yeast-two-hybrid screen (Bacher et al., 2002). Additionally, it was shown that both PHB1
and PHB2 assemble into heteromeric complexes and are contained in a multi-protein
complex with a molecular weight of more than 500 kDa in a B cell line. Annexin A2 and
α-actinin both bind actin in the presence of Ca2+ and are similarly ubiquitously expressed
than prohibitins. Annexin A2 also binds to acidic phospholipids in a Ca2+-dependent
manner and influences membrane fusion processes associated with lipid rafts. The
interactions with both prohibitins are mediated by coiled-coils at the C-termini of the
proteins.
Human PHB1 was shown to interact with the tumor suppressing retinoblastoma protein
(Rb) in a yeast 2-hybrid screen. Supposedly this interaction inhibited E2F-mediated
transcription initiation (Wang et al., 1999a). PHB2 was found to bind to the estrogen
receptor leading to transcription repression. However, the growth suppressive activity of
PHB1 was demonstrated to be mediated by the 3’UTR of the PHB mRNA (Jupe et al.,
1996). Prohibitins were also demonstrated to bind the ligand melanogenin. This molecule
stimulates melanin production important to protect against damage upon irradiation with
UV light (Snyder et al., 2005). The reported differences concerning the subcellular
localisation of prohibitins to mitochondria, the nucleus and the plasma membrane are now
regarded to be cell-type and tissue specific. Generally, prohibitins are regarded as
mitochondrial proteins in most cell types.
Another important function of prohibitin is the regulation of membrane protein turnover
via association with the mAAA (for matrix AAA) protease in mitochondria (Steglich et al.,
1999;Langer et al., 2001). The mAAA protease is a highly conserved ATP-dependent
metalloprotease in the inner mitochondrial membrane exposed to the matrix. It forms a
protein supercomplex (2 MDa) and interacts with prohibitin and prohibitone in yeast
during mitochondrial biogenesis. A second AAA protease (iAAA protease, for
intermembrane AAA protease) exists in the inner membrane with a reverse orientation to
the mAAA protease; they complement each other functionally in the removal of nonassembled proteins from the inner membrane that would otherwise cause an imbalance in
the assembly of the electron transport chain. Prohibitin and prohibitone negatively regulate
protease activity of unassembled inner membrane proteins since their deletion causes an
acceleration of protein turnover. The C-termini of prohibitin and prohibitone probably
interact with the N-terminus of the mAAA protease in the intermembrane space and
thereby putatively stabilise a conformation of the protease with low activity (Steglich et
al., 1999); another possibility is that the prohibitin complex affects the conformation or
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accessibility of protease substrates that would otherwise be degraded prematurely, maybe
at sites of the mitochondrial import machinery (Steglich et al., 1999). In both cases, the
regulation of protein turnover might also affect cellular senescence and proliferation.
A role for prohibitin and prohibitone as a novel membrane-bound chaperone complex was
proved experimentally (Nijtmans et al., 2002;Nijtmans et al., 2000). Rather than
influencing protein stability via a block of a membrane-bound protease, evidence for a role
in the stabilisation of mitochondrially-synthesised proteins of the respiratory chain by
direct binding was presented. Prohibitin and Prohibitone putatively act in a multiprotein
complex as chaperones in a similar fashion to soluble chaperones.
PHB1 and PHB2 from the yeast S.cerevisiae have been demonstrated to exist in a high
molecular, ring-shaped protein complex of 1.2 MDa as heteroligomers (Tatsuta et al.,
2005). The functions of PHB1 and PHB2 had previously been shown to be interdependent
on the other protein’s presence (Coates et al., 2001). The ring complex consists of 16-20
assembled PHB subunits and has a diameter of 20-25 nm. It was purified from
overexpressed yeast PHBs and imaged using single particle electron microscopy. Both
yeast PHBs have been demonstrated to possess non-cleavable, bipartite mitochondrial
targeting sequences at their N-termini. Upon mitochondrial import, intermediate
complexes of 120 kDa were detected that consist of PHB1 and PHB2 heteroligomers.
These complexes then assemble into the final ring complex attached to the inner membrane
through the N-terminal hydrophobic domain and face the intermembrane space. The Cterminal coiled-coils are important for the assembly of these large complexes in the inner
membrane. The structure of the dimeric heterologous building blocks composed of PHB1
and PHB2 has been modelled based on homology to the NMR structure of the band-7
domain from mouse flotillin-2 (Winter et al., 2007a).
Mammalian prohibitins have been shown to affect cellular senescence and mitochondrial
function (Coates et al., 2001). Murine PHBs were shown to be expressed in virtually all
tissues and cell types by immunolocalisation. Human PHB1 and PHB2 were demonstrated
to be highly expressed in primary tumours. By comparison, their expression level was
decreased in senescing fibroblasts. Both proteins were induced by metabolic stress
imposed by treatment with thiamphenicol, an inhibitor of mitochondrial protein synthesis.
This treatment caused an imbalance of protein synthesis between mitochondria and the
nucleus and affected the stability of the electron transport chain. In contrast to this
treatment, prohibitins were only slightly upregulated by the application of oxidative stress,
heat shock or irradiation with UV light. Their function has been proposed to act as
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mitochondrial chaperones upon changes in metabolism triggered by stress. Once
mitochondrial function ceases as in the process of aging, prohibitins are lost which is
accompanied by the accumulation of reactive oxygen species (ROS). ROS accumulation
was directly linked to PHB1 function in bovine endothelial cells (Schleicher et al., 2008).
PHB1 was demonstrated to be mitochondrial in this cell type. The knockdown of PHB1
affected the functionality of complex I of the mitochondrial electron transport chain, one of
the main sites for mitochondrial ROS production. This lead to an increase in mitochondrial
ROS production. The ability of complex I to pump protons into the intermembrane space
was impaired, resulting in a decrease in membrane potential. However, these defects had
no effects on the overall oxygen consumption rates or mitochondrial coupling efficiency.
The increase in ROS accumulation lead to a senescent phenotype that affected the
cytoskeleton and ultimately also angiogenesis (the formation of blood vessels).
Additionally, mitochondria had a flattened morphology with densely packed cristae.
Remarkably, all observed phenotypes could be reversed when cells were pre-incubated
with a ROS scavenger, PEG catalase. Thus, PHB1 is regarded as a regulator of
mitochondrial integrity and ROS production at complex I. In its endogenous function
PHB1 delays cellular senescence and affects cell proliferation.
Loss of PHB function in HeLa cells lead to impaired mitochondrial fusion and fragmented
mitochondria. In fact, one of the key processes of PHB function in animal cells is thought
to be the proteolytic regulation of OPA1, a dynamin-like GTPase of the inner membrane
that mediates mitochondrial fusion events. Mitochondria in animal cells are organised as
tubular networks that are maintained by constant fusion and fission events. OPA1 was
shown to be unstable via accelerated proteolysis by the mAAA protease in the absence of
prohibitins (Merkwirth et al., 2008). Thus, prohibitins are now regarded to act as
organisers of the mitochondrial inner membrane. The ring assembly of PHB1 and PHB2
supposedly has a scaffolding function. Prohibitins are proposed to aid in the functional
compartmentalisation of the inner membrane, thereby regulating the activity of embedded
protein complexes as well as cristae morphology.

1.1.3 Flotillins and Erlins
Flotillins are conserved membrane proteins with a SPFH domain close to their N-terminus.
In addition, they possess a unique flotillin domain at their C-terminal end. Mammalian
flotillins are localised to the plasma membrane, but also to endosomes, phagosomes, the
nucleus and lipid droplets (Browman et al., 2007). Membrane attachment is mediated via
N-terminal hydrophobic regions, but also by palmitoylation and myrisotylation. Flotillins
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typically associate with membrane microdomains such as lipid rafts and caveolae.
Flotillins exist as homo-and heterotetramers in microdomains (Solis et al., 2007). Caveolae
are specialised membrane invaginations that are involved in vesicle traffic and signal
transduction (Bickel et al., 1997;Anderson, 1998). They are present in most cell types
except in neurons (but in glial cells/astrocytes). They are characterised by a distinct lipid
and protein composition and mainly composed of caveolin proteins, of which there are
three major types in mammals (caveolin-1-3). Flotillin is homologous to epidermal surface
antigen (ESA) that was originally named flotillin-2; however, it was later shown that ESA
and flotillin-2 are two distinct proteins (Hazarika et al., 1999). Flotillin-1 and –2 have a
complementary tissue distribution (Volonte et al., 1999) and are also found in brain
(Kokubo et al., 2003). Probably they have a scaffolding function at caveolae and other
microdomains or might be involved in cell adhesion; other putative roles include neuronal
regeneration and insulin signalling (Schulte et al., 1997;Baumann et al., 2000). Caveolins
and flotillins are functionally homologous and assemble on the cytoplasmic site of
caveolae into homo-and heterooligomers via coiled coils at the C-termini of flotillins (the
“caveolar complex”) (Volonte et al., 1999). Generally, flotillins define microdomains that
are slightly larger than caveolae and lack caveolins (Lang et al., 1998). Flotillin-1
overexpression is sufficient to induce formation of these domains in heterologous
expression systems (Volonte et al., 1999); flotillin-2 overexpression was found to induce
formation of filopodia and thus might reorganise the cytoskeleton in epithelial cells
(Hazarika et al., 1999;Neumann-Giesen et al., 2004). In macrophages, flotillins are also
found in lipid rafts on phagosome membranes to which they are recruited from endosomal
organelles. These microdomains are suggested to be sites of phagolysosome biogenesis and
represent possible pathogen targets (Dermine et al., 2001). Analysis of the phagosome
proteome identified not only flotillin-1, but also trafficking proteins, prohibitins and
stomatin (Garin et al., 2001). Trafficking of flotillin-1 to plasma membrane microdomains
occurs by a Golgi-independent pathway that depends on the presence of flotillin
palmitoylation and myrisoylation sites and the conserved SPFH domain (Morrow et al.,
2002;Liu et al., 2005;Neumann-Giesen et al., 2004). Additionally, flotillin-1 localisation
has been shown to be cell-type specific and interactions with signalling proteins and the
actin cytoskeleton have been confimed (Lang et al., 1998;Liu et al., 2005). Flotillin-1 was
also proposed to mediate a novel endocytosis pathway that is independent of clathrincoated pits and caveolin-1. Flotillin-1 was shown to localise to punctuate structures in the
plasma membrane that internalise with GPI anchored proteins and cholera toxin (Glebov et
al., 2006).
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Erlins (for ER lipid raft protein) are relatively novel, ER localised SPFH domain proteins
(Browman et al., 2006). Erlin-1 and erlin-2 are localised to non-caveolar lipid rafts in the
ER of human cells. They possess an N-terminal domain responsible for ER targeting and
membrane binding as well as the SPFH domain. Erlin-2 is also known as SPFH2 localised
to the ER lumen where it is an important component of the ER-associated degradation
pathway (ERAD). It is involved in the recognition of substrates such as Inositol 1,4,5triphosphate (IP3) receptors (Pearce et al., 2007).

1.1.4 HflC/K proteins
The bacterial hflA and hflB loci (short for high frequency of lysogenisation) are involved
in the lysis-lysogeny decision in the life cycle of the bacteriophage λ upon infection of
bacteria. The hflA locus consists of three genes (hflX, hflK and hflC) and influences
proteolytic stability of the phage protein cII (Noble et al., 1993). This protein is a
transcription factor and a major determinant of the λ lifecycle: depending on its level, the
phage either follows a lytic or lysogenic lifestyle. The hflX gene encodes for a protein with
GTP-binding motifs and might hydrolyse bound GTP. The other two genes, hflC and hflK,
encode for integral membrane proteins that are distantly similar to human band 7.2b and
also grouped in the SPFH domain family. At their C-termini, both proteins contain a
putative proteolytic domain that is localised to the periplasmic space and together, they
form a complex (Kihara & Ito, 1998).
Later it was shown that the cII protein is not degraded by the hflC/K complex, but by the
protease FtsH, an ATP-dependent integral membrane protease that is encoded by the hflB
locus (Shotland et al., 1997). The hflC/K complex binds and modulates the activity of FtsH
in a negative fashion (Kihara et al., 1997;Kihara et al., 1996;Shotland et al., 1997). The
FtsH protease is localised to the plasma membrane as a large holo-enzyme (1mDa)
composed of homo-oligomers and forms hexamers with the hflC/K complex (Saikawa et
al., 2004). FtsH has a large cytoplasmic domain that contains a conserved motif belonging
to the ATP-dependent AAA metalloproteases (Kihara et al., 1997). Therefore FtsH is
probably a bacterial ancestor protein of the mitochondrial m-and iAAA proteases. In
addition, FtsH has a small periplasmic region that is responsible for protein-protein
interactions with the hflC/K locus and substrates, and modulation of proteolytic function
(Akiyama et al., 1998). A gene termed hflD was identified and postulated to function in
recruitment of the cII transcription factor to the plasma membrane where it is degraded by
the FtsH protease (Kihara et al., 2001).
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1.2 Stomatin-type proteins
1.2.1 Stomatin protein characteristics
Stomatin, also known as band 7.2b integral membrane protein, or human erythrocyte band7 integral membrane protein, is a 287 amino acid protein with an apparent molecular
weight of 31 kDa. It is one of the major components of the human erythrocyte plasma
membrane with approximately 410,000 copies per red cell (Hiebldirschmied et al., 1991a).
This membrane shows a characteristic pattern of eight electrophoretic bands when resolved
on SDS-polyacrylamide electrophoretic gels that have been numbered according to
descending molecular weight (Hiebldirschmied et al., 1991a). Band-7 consists of 4
proteins:

band

7.1,

band

7.2a

(both

identified

as

tropomyosin

polypeptides

(Hiebldirschmied et al., 1991a)), band 7.2b and band 7.3 when electrophoresed on a twodimensional SDS-PAGE gel (Lande et al., 1982). The protein is not only present in
erythrocytes, but has a wide tissue distribution in humans and other species.

1.2.1.1 First cloning and characterisation of the stomatin gene
The first cloning of the stomatin cDNA was reported almost simultaneously by two
independent

groups.

Hiebl-Dirschmied

et

al.

(Hiebldirschmied

et

al.,

1991b;Hiebldirschmied et al., 1991a) isolated cDNA clones by immunoscreening of bone
marrow and HeLa cell expression libraries with a monoclonal anti-stomatin antibody. The
cDNA encodes an open reading frame of 287 amino acids, which was confirmed by
nucleotide sequencing. Protein structure predictions revealed a highly charged N-terminus
followed by a 29 amino acid hydrophobic domain and an overall hydrophilic C-terminus.
Proteolytic digestion experiments revealed an entire cytoplasmic orientation for both ends
of the protein, implicating a monotopic topology. In addition, several phosphorylation sites
were predicted, amongst them one for a cAMP-dependent protein kinase. By
immunoprecipitation of erythrocyte membrane proteins labelled with [32P] phosphate,
stomatin could be detected on gels both by autoradiography and staining with Coomassie
blue. It was noted that the protein has unusual solubilisation properties being only
completely soluble in buffers containing the non-ionic detergent Triton-X 100 in
concentrations up to 5%.
Almost in parallel Stewart et al. (Stewart et al., 1992) isolated a nearly identical (with one
different nucleotide) cDNA coding for stomatin from human foetal liver and bone marrow
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cDNA libraries following protein purification from healthy red cell membranes. By
applying detergents during protein solubilisation, it was noted that the protein is both
associated with the plasma membrane and the cytoskeleton, the later presumably by the
hydrophilic C-terminus with its net positive charge. Stewart et al. also investigated the
human tissue distribution of the protein by Northern blot analysis and found it ubiquitously
expressed in a variety of different cells and tissues (e.g. reticulocytes, fibroblasts, liver
cells, kidney, brain, gut and heart) except in granulocytes. It was noted that the protein as
well as its mRNA were absent in samples derived from patients with overhydrated
hereditary stomatocytosis. Topology predictions resulted in the classification of the protein
as a type III membrane protein with no extracellular domain and it was suggested that
stomatin acts as a bridge between the cytoskeleton and the lipid bilayer, regulating an ion
channel.
Originally, the stomatin protein became of interest due to its assumed association with an
autosomal-dominant disease called overhydrated hereditary stomatocytosis (OhSt.), a
genetic disorder first described over 40 years ago (Lock et al., 1961). The disease is a rare
form of haemolytic anaemia in which the protein is either completely missing or its level in
erythrocytes is reduced (Lande et al., 1982;Fricke et al., 2003b;Fricke et al., 2003a).
Overhydrated stomatocytosis is connected with a temperature-sensitive leak of the
monovalent cations Na+ and K+ in the red cell membrane and an increase in intracellular
H2O (Innes et al., 1999;Zhu et al., 1999;Fricke et al., 2003a). Affected erythrocytes of
patients are shown in Figure 1-1. They have a characteristic cell morphology described as
mouth-shaped and swollen, also called stomatocytic (Greek stoma = mouth). The name for
the missing protein “stomatin” was later derived from the nomenclature of the
extraordinary cell shape (Stewart et al., 1992). Due to the net gain of intracellular ions,
water passively follows the ions across the membrane, which contributes to the abnormal
phenotype of swollen cells (see Figure below) and finally cell lysis; hence, overhydrated
hereditary stomatocytosis can be described as a disorder of cell volume control
(Hiebldirschmied et al., 1991b). Because of its association with an ion leakage, the idea
was put forward that stomatin acts as a protein regulating an ion channel by direct
interaction.
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Figure 1-1. Stomatocytotic erythrocytes. A bloodsmear from a patient with overhydrated
hereditary stomatocytosis. Note the characteristic stomatocytic cell morphology (arrows).
Figure taken from (Green et al., 2004).

Fricke et al. (Fricke et al., 2003a) investigated stomatin levels in patients by
immunocytochemistry. The protein is not completely absent from erythrocytes, but
significantly reduced compared to other organs. It is assumed that stomatin is lost during
maturation of red cells in the bone marrow. The authors speculate about a putative
involvement of lipid rafts in a vesiculation process that leads to loss of the protein.
Stomatin itself has been implicated in regulation of membrane protein expression via raft
association (Tavernarakis et al., 1999;Green et al., 2004). More recently, stomatin
deficiency in erythrocytes of stomatocytosis patients was explained by a mistrafficking
event of the protein to the plasma membrane. Stomatin immunoreactivity was not present
at the plasma membrane of erythroid cell cultures, but remained in multivesicular
complexes of developing cells (Fricke et al., 2005). Thus, stomatin is lost because of
another genetic defect leading to a trafficking abnormality of this protein.
In summary, stomatin is not any longer seen as the direct cause of the disease, but its
absence is rather regarded as a secondary effect due to another genetic defect (Mairhofer et
al., 2002). No mutation in the stomatin gene has ever been identified in patients with
overhydrated hereditary stomatocytosis.
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1.2.1.2 Subcellular localisation
Induced expression of stomatin by the cytokine interleukin-6 (IL-6) in combination with
the glucocorticoid dexamethasone in the human amniotic cell line UAC was reported
(Snyers & Content, 1994). In an attempt to identify genes that respond to treatment with
IL-6, a cDNA library of treated cells was screened. Stomatin, and the metal-binding
protein metallothionein, were identified as genes that change on their transcription level.
Since stomatin RNA and protein levels show a striking response towards this treatment, it
is speculated that these agents induce resistance to oxidative stress with metallothionein
acting as a scavenger of reactive oxygen species. By applying hydrogen peroxide, pretreatment of cells with IL-6 and dexamethasone resulted in increased cytoprotection and
resistance. Metallothionein is rich in cysteine residues and known to act as an antioxidant
and Zn2+-storing protein (Thornalley & Vasak, 1985). Stomatin is also suggested to have a
role in cytoprotection in stress situations. Speculations point towards a common stressprotective mechanism for both proteins. Induction of stomatin protein levels might assist
stabilisation of membranes and protection against lipid peroxidation.
Another study in UAC cells (human amniotic cells) finally confirmed association of
stomatin with the actin cytoskeleton (Snyers et al., 1997). Following induction after
treatment with IL-6 and dexamethasone, co-localisation of plasma membrane localised
stomatin

with

actin

microfilaments

was

shown

by

immunofluorescence

and

immunoelectron microscopy. This pattern even persisted disruption of the actin
cytoskeleton by cytochalasin D, indicating a strong association of stomatin with the
cytoskeleton. The subcellular distribution of stomatin was found in two distinct pools in
UAC epithelial cells, one concentrated in plasma membrane folds and small protrusions,
and the other one in juxtanuclear structures close to the nucleus. Membrane protrusions
such as filopodia and microvilli are specialised structures that are enriched in actin fibres.
Thus, it is not surprising to find stomatin concentrated at sites of actin clusters.
The second stomatin pool close to the nuclear region has been further investigated in
another study (Snyers et al., 1999a). It was shown that stomatin colocalises with the GPIanchored protein placental alkaline phosphatase (PLAP) at the plasma membrane and the
second stomatin pool. PLAP is another protein that is upregulated in UAC cells by IL-6 in
conjunction with dexamethasone. By tracking down the internalisation of an anti-PLAP
antibody bound to PLAP, and another GPI (glycosyl phosphatidyl inositol)-anchored
protein, these stomatin containing structures were identified as endosomes. The
juxtanuclear vesicles were also identified as late endosomes, a result that was further
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confirmed by labelling with the late endosomal/lysosomal marker protein LAMP-2.
Additionally, stomatin and PLAP were found to be co-localised in patch-like structures on
the plasma memrane after crosslinking with the anti-PLAP antibody. Finally, stomatin
partially associated with detergent-resistant membrane fractions, also known as lipid rafts.
This observation indicates that stomatin is functionally linked to GPI-anchored proteins at
lipid rafts and might therefore share the same endocytic trafficking events. Due to this
observation, it is speculated that band 7.2b functions to concentrate GPI-anchored proteins
at specific sites such as microvilli and acts therefore as a scaffolding protein to provide a
platform for lipid rafts. In MDCK (Madin-Darby canine kidney) cells, stomatin completely
changed its localisation pattern upon polarisation from intracellular vesicular structures to
apical microvilli, the site of co-localisation with GPI-anchored proteins (Snyers et al.,
1999a).

1.2.1.3 Association of stomatin with lipid microdomains
Lipid rafts are membrane microdomains that are characterised by a specialised lipid
composition (mainly cholesterol and sphingolipids) and their property of being insoluble in
non-ionic detergents such as Triton- X100 at low temperatures. Classically, they have been
isolated by discontinuous sucrose gradient centrifugation of Triton-X100-treated
membrane preparations and are found in the low-density fraction (so called “floatation
assay”) (Lucero & Robbins, 2004). The concept of liquid-ordered, sterol and sphingolipidenriched microdomains in a “sea” of otherwise rather homogenous lipids and proteins
assists the understanding of protein organisation and function in membranes. Lipid rafts
have been associated with cellular processes such as cell signalling or vesicle trafficking,
in which protein complexes might become locally concentrated at raft-specific sites and
form clusters; in addition, the duration of protein interactions in higher complexes might be
increased by association with lipid rafts (Brown & London, 2000). Therefore, a concept
emerged of raft domains as regulatory mechanisms by which the function of temporarily
resident proteins can be controlled (Lucero & Robbins, 2004). The application of different
detergents reveals distinct raft species with specialised lipid and protein compositions.
These properties in turn influence the various proteins they contain and their interaction
partners. Typically, raft-associated proteins are acylated or have other additional lipid
anchors such as GPI anchors. Although lipid rafts have been mainly investigated from
plasma membranes, they also exist in endomembranes of organelles such as the Golgi
apparatus or endosomes, and are generally involved in intracellular networks (Lucero &
Robbins, 2004). It is now incrasingly clear that lipid rafts are involved in membrane fusion
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processes in their regulation, budding and vesiculation; additionally, they might function in
cargo selection and inclusion of sorting molecules into vesicles (Salzer et al., 2002;Lucero
& Robbins, 2004;Salaun et al., 2004).
Specific associations of stomatin and flotillins –1 and -2 with lipid rafts have been
demonstrated in plasma membrane preparations from human red cells (Salzer & Prohaska,
2001b). Stomatin, flotillins and the GPI-anchored protein acetylcholine esterase were
identified as the major components of detergent-insoluble membrane fractions by Western
blotting. In addition, the cytoskeletal compounds actin and spectrin, and erythrocyte band 4
proteins were identified. Flotillin-1 and -2 are associated with caveolae, another type of
membrane microdomains. Alkaline extraction of raft preparations allows integral
membrane proteins to be distinguished from peripherally attached proteins. By applying
this technique, the integral nature of stomatin and the flotillins was confirmed, in contrast
to the cytoskeletal proteins that are solubilised under these conditions. It was also
confirmed that both stomatin and the flotillins exist as higher oligomers in red cell lipid
rafts after sucrose gradient centrifugation, although they do not interact with each other. It
is assumed that both stomatin and flotillins act as scaffolding proteins in the stabilisation
and localisation of protein complexes at independent types of lipid rafts, putatively
associated with the cytoskeleton or signalling molecules.
Upon a rise in cytosolic Ca2+-concentration, erythrocytes release specific micro-and
nanovesicles by a raft-based mechanism (Salzer et al., 2002). Two different vesicle species
are found and characterised by their specific protein content: microvesicles enriched in
stomatin, and nanovesicles mainly containing the proteins synexin and sorcin. The
membranes surrounding both vesicle types contain lipid rafts with distinct protein
compositions from usual plasma membrane derived rafts: they do not contain any of the
classical raft proteins such as flotillin-1 or flotillin-2, but they are enriched in GPIanchored proteins. Several other proteins are found in both vesicles, amongst them
haemoglobin, carbonic anhydrase and acetylcholinesterase. Synexin, also called annexin
VII is known to be involved in membrane fusion processes, probably acting in the release
of vesicles from erythrocytes. Elevated Ca2+ levels cause synexin to be translocated from
the cytosol to the plasma membrane by association with acidic membrane lipids and
incorporated into vesicles, a process that does not occur when Ca2+ is replaced with EDTA.
It is very likely that the protein itself is involved in the process of vesicle release (Gerke &
Moss, 2002;Hayes et al., 2004). Sorcin, the other protein that becomes enriched in
nanovesicles, binds to synexin in a Ca2+-dependent manner. A conformational change in
the protein influences its hydrophobicity and causes association with membranes. The
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protein contains several EF-hand motifs and probably acts in a Ca2+-dependent signalling
pathway that might have a regulatory role in exocytosis.
More recently, raft structure and functionality in erythrocytes from patients with
overhydrated hereditary stomatocytosis (OhSt.) were investigated (Wilkinson et al., 2008).
Isolated detergent-resistant membranes from healthy erythrocytes normally associate with
about 29% of the total cellular actin. By comparison, erythrocytes from stomatocytosis
patients had a reduced content of DRM-associated actin (only 10%). Additonally, it was
found that reduced amounts of the actin-associated protein tropomodulin were DRMassociated. Overexpression of stomatin in MDCK cells that normally express this protein
only at low levels increased the amounts of actin bound to the plasma membrane. Ca2+dependent exovesiculation has been shown to involve stomatin-specific microdomains
(Salzer et al., 2002). The formation of these exovesicles in erythrocytes from OhSt.
patients was also altered (Wilkinson et al., 2008). In particular, the number of
microvesicles was reduced, and they were larger in size. By comparison, nanovesicles
were more abundant, but smaller in size. These vesicles contained increased amounts of
flotillins-1 and –2, and the Ca2+-binding proteins annexin VII, sorcin and copine1 as
compared to vesicles from healthy erythrocytes. No actin was associated with exovesicles
from stomatocytosis patients, as opposed to vesicles from healthy erythrocytes. Thus,
association of stomatin with actin regulates Ca2+-induced vesiculation by maintaining the
structure and function of stomatin-associated microdomains in erythrocytes. Stomatin is
considered to be a structural protein that is tethered to actin; this complex has regulatory
functions in Ca2+-induced vesiculation of erythrocytes.
A role for stomatin in organising lipid rafts in alpha granules (intracellular structures of
platelets) to provide a platform for specific signalling complexes, or as an attachment site
for the cytoskeleton in granule exocytosis was suggested (Mairhofer et al., 2002). The
authors found distinct types of rafts that differed in their protein composition depending on
their intracellular localisation and on the detergent used in the preparation. Stomatin was
shown to be specifically enriched in Triton-X100 lipid rafts from alpha granules, together
with other proteins such as actin and CD36. It is also localised to the cell periphery, but to
a lesser extent. Upon activation of platelets by thrombin, alpha granules with bound
stomatin are specifically translocated to the plasma membrane where they fuse and release
their content. Stomatin is cleaved proteolytically and specifically incorporated into
released microvesicles, similar to the ones obtained from erythrocytes. Thus, the process of
microvesiculation probably underlies a raft-based mechanism that distinguishes between
different raft species with specific protein contents.
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Overexpressed stomatin was found to be associated with lipid storage bodies in MDCK
cells when treated with external oleic acid (Umlauf et al., 2004). GFP-tagged stomatin and
a N-terminally truncated mutant of caveolin were localised to both identical and distinct
lipid raft domains on lipid bodies, and eventually co-localiseed. Overexpressing mutant
stomatin forms lacking the hydrophobic domain abolished this association. When protein
synthesis was blocked with cycloheximide, GFP-tagged stomatin redistributed to vesicles
that were identified as late endosomes or lysosomes; this finding indicates trafficking
routes via the endosomal pathway, consistent with previous publications that identified
cytoplasmic stomatin-containing vesicles from a group of late endosomes or lysosomes
(Snyers et al., 1999a). A lipid body proteome analysis identified stomatin, cytoskeletal
compounds, Rab GTPases and various other proteins connected to lipid metabolism,
transport and signalling networks (Umlauf et al., 2004). Since stomatin is a raft-associated
protein, it is suggested that it acts as an oligomeric scaffold or as a signalling component in
trafficking events, maybe in cargo selection or vesicle budding and fusion. Therefore,
stomatin might also have an indirect role in the control of metabolic events.

1.2.1.4 Phosphorylation
The exact phosphorylation site of human band 7.2b was determined one year after the gene
was cloned (Salzer et al., 1993). Labelling with [32P] phosphate in the presence of cAMP,
followed by immunoaffinity purification, proteolytic digestion and sequencing of labelled
peptides revealed the phosphorylation site. The only identified phosphorylation site is
serine 9 close to the N-terminus, a finding that further supports the monotopic topology
prediction for stomatin. The model for the membrane association of stomatin proposes
insertion by a hydrophobic hairpin-like loop into the bilayer and further stabilisation by
palmitoylation of the protein. In this fashion, stomatin is solely exposed at the cytoplasmic
site with both termini, thereby potentially interacting with other proteins or the
cytoskeleton. Very recently it was demonstrated that a single conserved proline (P47 in the
hydrophobic domain) is responsible for this conformation. A small fraction of the stomatin
pool exists in a single membrane-spanning conformation that is N-glycosylated at the Cterminus. This post-translational modification gives rise to a higher molecular weight upon
stomatin overexpression in oocytes. This modified stomatin form was also detected in
mouse erythrocytes. Upon mutation of the conserved proline, the entire stomatin pool
adopted the membrane-spanning form. Currently it is not known whether this low
abundance transmembrane pool has any physiological function (Kadurin et al., 2008b).
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1.2.1.5 Palmitoylation
Metabolical labelling with [3H]-palmitic acid of stomatin expressed in UAC cells has
identified the major palmitoylation site (Snyers et al., 1999b). Stomatin expression was
induced and cells incubated with tritiated palmitic acid, followed by lysis with TritonX100 and immunoprecipitation. Incorporation of [3H] is sensitive to treatment with
hydroxylamine, a reagent reacting with free sulfhydryl groups from cysteine residues.
Altogether, the stomatin protein sequence has three cysteines that putatively react with
palmitate. The exact palmitoylation residues were determined by mutagenesis experiments.
Changing cysteine 29 to serine had the most striking effect on palmitate incorporation,
whereas the mutation of two other cysteines had either no effect or resulted in reduced
incorporation (cysteine 86) of palmitate. Quantification of incorporated tritium by scanning
densitometry further confirmed this result: 70-85% of palmitate is found attached to
cysteine 29 and the rest at cysteine 86. This finding is in accordance with general
assumptions concerning acylation: these two cysteine residues are likely to be located very
close to the membrane on the cytoplasmic side on each site of the hairpin insertion loop,
thus facilitating attachment on the intracellular site. This might also contribute to a local
increase in palmitic acid at spots of stomatin oligomerisation such as in lipid rafts.

1.2.1.6 Oligomerisation
The fundamental structure of the stomatin protein has been shown to be homo-oligomeric
(Snyers et al., 1998). Between nine to twelve homodimers putatively assemble into a
higher complex in the plasma membrane, linked via their stomatin-like C-terminal ends
when overexpressed in UAC cells after induction by IL-6 and dexamethasone. This selfinteraction was first indicated by crosslinking studies in UAC cells using the crosslinking
agent DSS (disuccinimidyl suberate) following induction. Western Blot analysis of lysed
cell extracts showed the monomeric stomatin band as well as additional bands indicating
dimers, trimers and higher oligomeric species up to 300 kDa. In contrast, C-terminally
truncated versions of stomatin failed to co-immunoprecipitate or localise to the plasma
membrane, indicating mediation of the self-interaction by the C-terminal part. Since
oligomers are found in both the plasma membrane pool and the intracellular vesicle pool, a
model was suggested that favours oligomerisation of stomatin from an early stage on,
probably by assembly during biosynthesis and trafficking via Golgi-derived vesicles.
Stomatin oligomerises in the erythrocyte plasma membrane to even higher complexes of
200-600 kDa (Salzer & Prohaska, 2001b).
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Later the exact sites responsible for oligomerisation and raft association were mapped by
analysing the size and buoyancy of truncated proteins and point mutations (Umlauf et al.,
2006). This study actually revealed that both oligomerisation and raft association were not
mediated by the SPFH/band-7 domain. The responsible residues were mapped to the Cterminus. For oligomerisation, a crucial stretch of hydrophobic residues was identified
(amino acids 264-272). Within this stretch, three amino acids (266-268, IVF) were
identified as responsible for the association with detergent-resistant membrane fractions.
Interestingly, it was shown that oligomerisation is not a prerequisite for raft association.
The-N-terminal proximal hydrophobic domain supposedly aids membrane association, but
is not responsible for lipid raft localisation of stomatin. When internal amino acid stretches
near the hydrophobic domain were deleted, intermediate size oligomers could be observed,
hinting at conformational interdependence of the C-terminus. FRAP (fluorescence
recovery after photobleaching) analysis demonstrated that C-terminal truncation mutants
(amino acids 1-262) were able to move laterally in the plasma membrane, whereas the
native protein is relatively immobile. This further highlights the importance of membrane
interaction by the C-terminal end.

1.2.1.7 Stomatin protein interactors
Stomatin interacts with the α/β heterotetramer adducin, a peripheral membrane protein
modulating the erythrocyte spectrin and actin cytoskeleton (Li et al., 1998;Gardner &
Bennett, 1987). The interaction was found in a gel overlaying assay with the C-terminal
stomatin domain (Sinard J.H., 1994) and further confirms that stomatin is linked to the
cytoskeleton, putatively mediating signals related to mechanical deformation (see later).
Adducin is involved in the early assembly of the cytoskeleton in the bundling of actin and
spectrin, and it is phosphorylated by protein kinase C (Matsuoka et al., 1998).
Another stomatin-interacting protein in red cells is calpromotin (Moore & Shriver, 1997).
It is a soluble cytosolic erythrocyte protein involved in activating charybdotoxin-sensitive
Ca2+-dependent K+ channels, a process in which the protein is recruited to the plasma
membrane. Several erythrocyte proteins bind to a calpromotin affinity column, amongst
them cytoskeletal compounds, band 6 (Glyceraldehyde-3-phosphate dehydrogenase) and
band 7.2b. The interaction between calpromotin and the cytoskeletal proteins is weak,
since the bound proteins were derived from extraction in low salt conditions, whereas the
interaction with band 7.2b could only be proved after extraction with buffer containing
Triton-X100. The stomatin interaction might be interpreted as an indication for the
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involvement of both proteins in the regulation of monovalent cation channels, although this
assumption is unlikely for stomatin in erythrocytes.
The glucose transporter GLUT-1 is negatively regulated by binding to stomatin in
erythrocytes (Zhang et al., 2001). By overexpression of human or murine band 7.2b in
Clone 9 cells (a rat liver cell line expressing GLUT-1 as the only glucose transporter),
glucose transport rates were significantly reduced, a relationship that correlated with the
level of overexpressed protein (in some clones up to 50% reduction in glucose transport).
The domain responsible for the interaction has been mapped to the cytoplasmic C-terminal
end of the transporter by GST-GLUT-1 fusion protein pull-down experiments. Thus,
stomatin overexpression affects glucose transport (by GLUT-1) directly via protein-protein
interaction. It does not affect the expression level of GLUT-1 at the plasma membrane.
This result suggests a function for stomatin in the “masking” of GLUT-1 and thus in the
determination of its transport activity.
A very recent study found direct effects of stomatin in erythrocytes on the specificity of
GLUT-1 transport (Montel-Hagen et al., 2008). In humans, GLUT-1 is most highly
expressed in erythrocytes compared to any other cell type. The authors demonstrated that
GLUT-1 undergoes a switch from glucose transport to the transport of DHA
(dehydroxyacscorbic acid, an oxidised form of ascorbic acid). This switch is regulated by
stomatin and leads to a decrease in glucose uptake during erythrocyte development under
simultaneous enhancement of DHA uptake. In patients with overhydrated hereditary
stomatocytosis, DHA transport was decreased by 50%, under simultaneous increase of
glucose uptake. It has been previously shown that GLUT-1-association with stomatin
favours localisation to detergent-resistant membrane fractions, under a simultaneous
decrease of glucose uptake (Rubin & Ismail-Beigi, 2003). This is promoted during
erythropoiesis (the development of erythrocytes) by an increase in stomatin mRNA.
Interestingly, the change in GLUT-1 transport specificity is unique to humans and
mammals unable to synthesise ascorbic acid. By comparison, mice that are capable of
ascorbate synthesis express the glucose transporter GLUT-4 instead of GLUT-1 in
erythrocytes. Thus, this specific co-expression of GLUT-1 and stomatin in humans is
understood to be a compensatory response in mammals unable to synthesise ascorbate.
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1.2.2 Ion channel regulation by stomatin homologues
Stomatin is highly conserved with homologues in all three domains of biology and must be
very ancient. Its high degree of conservation is found in the stomatin-like domain that is
defined by a characteristic signature sequence (29aa PROSITE pattern PDOC00977:
RX2(L/I/V)(S/A/N)X6(L/I/V)DX2TX2WG(L/I/V)(K/R/H)(L/I/V)X(K/R)(L/I/V)E(L/I/V)(K/R))

(Tavernarakis et al., 1999). All sequenced eukaryotes (except budding yeast) have at least
one close homologue that is identified by the signature sequence in the central part of the
proteins. Structurally, the homologues are very similar with the exception of some bipartite
stomatins that have an additional functional domain. Most frequently, the N-termini and
the very C-termini of stomatin homologues differ remarkably from each other. This might
indicate that these residues have evolved separately to optimise protein-interactions for
their different functions (Schlegel et al., 1996), whereas conserved parts indicate functional
importance for stomatin homologues.
Regulation of ASIC channels by stomatin
In mammals, a group of acid sensing ion channels (abbreviation ASIC) are homologous to
ENaC/degenerin channels. These channels are expressed in sensory and central neurons,
and are gated by protons. They assemble into homo-and heteromultimers and function by
sensation of acidosis in tissue ischemia and pain reception (Price et al., 2004). Stomatin is
also expressed in mammalian sensory neurons as shown in mice: the protein is detected in
all sensory neurons in murine dorsal root ganglia in a punctuate manner at plasma
membranes of soma and axons (Mannsfeldt et al., 1999). As development progresses, its
expression level changes and it is particularly detectable in mature mechanical sensory
neurons. Similar to stomatin homologues in C.elegans, vertebrate stomatin might be a part
of a mechanotransduction complex. In rat, ENaC homologues and stomatin are coexpressed in trigeminal mechanosensory neurons and might play an analogous role to
C.elegans mec genes (Fricke et al., 2000). Stomatin has been shown to interact physically
with various murine ASIC subunits and to decrease current amplitude when co-expressed
with the ASIC-3 subunit in CHO cells, but not with the 2a or 1a subunit (Price et al.,
2004). The authors demonstrated that stomatin does not influence the amount of channel
protein expressed, but it gates the channel by direct interaction. Thus, stomatin binding to
either subunit alone is not sufficient for regulation of the channel. Stomatin might act as an
accessory subunit as part of the channel, or it might gate the channel indirectly by
interaction with other proteins. The whole ion channel complex might be located to lipid
rafts, to which stomatin recruits other interacting proteins.
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1.2.2.1 Human and mammalian homologues
Various human stomatin homologues have been identified in the past years, helping to
elucidate the cellular processes in which the protein is involved.
HsSlp-1
A protein named human stomatin-like protein 1 (hSLP-1) was cloned from a human
cerebral cortex cDNA library (Seidel & Prohaska, 1998). From the sequence it was
deduced that this protein has a bipartite structure, consisting of an N-terminal stomatin-like
domain and a C-terminal nsLTP-like (non-specific lipid transfer protein) domain. It is
mainly expressed in heart, skeletal muscle and brain, especially in the basal ganglia,
putatively complementing for the low expression levels of stomatin in this organ. Its
closest homologue is the C.elegans protein UNC-24 that has the same bipartite structure
(see later for details about UNC-24) indicating an evolutionary link between these two
proteins. The putative lipid transfer domain might be involved in transport of lipids such as
cholesterol between adjacent organelle membranes.
HsSlp-2
A second human stomatin homologue called human stomatin-like protein 2 (hSLP-2) was
cloned from a human heart cDNA library and characterised (Wang & Morrow, 2000). This
protein is described in detail in section 1.4, because it is the most closely related human
protein to Arabidopsis stomatin-like proteins.
Stomatin-like protein-3
Murine stomatin-like protein-3 (Slp-3) has been demonstrated to be an essential subunit of
a mammalian mechanotransducing protein complex (Wetzel et al., 2007). It was shown
that sensory neurons mediating mechanosensation in dorsal root ganglia (DRG) of mice
express stomatin, and also Slp-3. The Slp-3 protein is selectively expressed in neuronal
tissues. Upon overexpression of Slp-3 in HEK-293 cells, H+-gating of endogenous ASIC
channels was measured, similar to the effect of stomatin (see above). Additionally, it was
shown that Slp-3 physically interacts with and regulates mechanosensitive ASIC 2a and 2b
channels. In the slp-3 null mice, 35% of the skin mechanosensory receptors did not
respond to mechanical stimuli. Thus, about one third of sensory neurons use
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mechanosensory ion channels that function dependent on Slp-3. This protein is now
regarded as an essential subunit of a mammalian mechanotransducing protein complex.
Podocin
A gene called NPHS2 is involved in an autosomal recessive kidney disorder and encodes a
stomatin-like protein in podocytes, specialised kidney epithelial cells in the glomerulus
(Roselli et al., 2002). The protein was named podocin and shares the basic structural
features with stomatin. In situ hybridisation experiments using human, murine or rat
kidney revealed an expression pattern that changes according to the developmental stage of
the human kidney. Podocin is mainly expressed in the mature glomerulus. Electron
microscopy with a polyclonal antibody against podocin confirmed the cytoplasmic
orientation of podocin in accordance with the predicted monotopic structure. The authors
suggest that podocin might serve as an anchor to connect the podocyte cytoskeleton with
compounds of the slit diaphragm, an intercellular junction specific for podocytes. The
podocin C-terminus contains a proline-rich region that might act as an interaction site with
SH3 (Src homology) domain proteins. A gene called NPHS1 encodes another protein
localised to the slit diaphragm named nephrin. This protein is a membrane protein with an
extracellular domain that has attachment sites for immunoglobulins and fibronectin, and a
small intracellular domain. Both nephrin and podocin are involved in the permeability of
the glomerulus since mutations in any of the genes cause nephrotic symptoms. Huber et al.
demonstrated that the two proteins interact and that this interaction facilitates nephrinmediated cell signalling (Huber et al., 2001). Later the same group proved that podocin
forms homo-oligomers (20-50 molecules) at the podocyte plasma membrane and associates
with lipid rafts, thereby recruiting nephrin to these microdomains (Huber et al., 2003). The
interaction between podocin and nephrin is mediated through the podocin C-terminus with
its stomatin-like domain and the C-terminal end of nephrin. Mutated podocin, as it occurs
in nephrotic syndromes, fails to target nephrin to raft domains due to a failure to associate
with rafts and abolishes nephrin-signalling. These findings suggest that nephrinrecruitment to lipid rafts facilitates nephrin-based signalling processes mediated through its
tyrosine-phosphorylated cytoplasmic end, and might explain the basis of the pathogenesis
of hereditary nephrotic syndrome.
Podocin from mouse and the C.elegans stomatin homologue Mec-2 were shown to bind
cholesterol through their SPFH domain (Huber et al., 2006a). Cholesterol binding was
most efficient if a part of the adjacent N-terminal hydrophobic domain was also included.
Both podocin and Mec-2 associate with ion channels and other proteins in multimeric
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complexes at the plasma membrane. Podocin was shown to bind to and modulate the
activity of TRPC6 (transient receptor potential C channel) and to colocalise with the
channel at the slit diaphragm. TRPC6 is a relatively non-selective cation channel. Podocin
is localised in a multimeric mechanosensory complex involving TRCP6, nephrin, Neph-1,
Neph-2 and the cytoplasmic adaptor protein CD2AP. Mutations in any of these genes can
cause nephrotic syndromes by disruption of the filtration barrier. Podocin oligomerisation
does not require cholesterol binding, but cholesterol binding was proven to be crucial for
modification of TRPC6 currents when expressed in oocytes. One proline residue inside the
N-terminal hydrophobic domain of podocin (P120) was shown to be responsible for
cholesterol binding. If mutated, the protein was no longer able to activate TRPC6 currents
and did not bind cholesterol. When the two palmitoylation sites of podocin were mutated,
cholesterol binding and channel activation were weaker, but still present. Thus, a specified
function was shown for the first time for the SPFH domain, namely the ability to bind
sterols and assemble large multimeric complexes. Cholesterol recruitment or enrichment at
specific sites supposedly changes the lipid environment of embedded complexes.
Generally, cholesterol leads to stiffening and widening of lipid bilayers, thus affecting
locally embedded protein complexes.

1.2.2.2 Stomatin proteins from C.elegans
Mec-2
The best-characterised stomatin homologues are the ones from the nematode C.elegans. Its
genome encodes thirteen Mec genes that are involved in mechanosensation and locomotion
of the worm (Gu et al., 1996;Tavernarakis & Driscoll, 1997) and altogether ten stomatinlike genes (Bargmann, 1998;Sedensky et al., 2004). The first nematode stomatin
discovered was the Mec-2 gene, that is structurally very similar to stomatin (65% identical
and 85% similar to band 7.2b) (Huang et al., 1995). It functions in six specified touch
receptor neurons that mediate mechanosensation; mec-2 mutants have a touch insensitive
phenotype. In genetic studies, Mec-2 was found to interact with and regulate a sodium
channel (Gu et al., 1996) that is composed of three other Mec genes, Mec-4, Mec-6 and
Mec-10 (Chelur et al., 2002). This channel is most closely homologous to mammalian
epithelial sodium channels (ENaC) and belongs to the degenerin family of ion channels.
The ion channel regulation has been confirmed by electrophysiological measurements of
overexpressed Mec-2 and degenerin subunits in Xenopus oocytes (Goodman et al., 2002).
Mec-2 interaction increases amiloride-sensitive Na+ currents of overexpressed Mec-4 and
Mec-10 mutants about fourty times and positively regulates wild type currents. This was
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the first direct evidence for ion channel regulation by a stomain-like protein. It was
proposed that the stomatin-like domain of Mec-2 provides a scaffold to facilitate the
interaction with the channel whereas the N-terminus of Mec-2 interacts with microtubules
(Huang et al., 1995). Mec-2 is expressed along touch receptor axons (Huang et al., 1995);
this expression pattern is disturbed when a microtubule-encoding gene, Mec-12 is mutated.
Therefore, a model exists (see Figure 1-2) in which Mec-2 acts as a link between the
microtubule cytoskeleton and the ion channel in touch receptor neurons. The ion channel is
linked directly to the extracellular matrix (encoded by collagen genes Mec-1, Mec-5 and
Mec-9) and to the underlying microtubules (Mec-7 and Mec-12 genes) via Mec-2. Other
Mec genes of unknown function also contribute to this mechanosensory complex (Gu et
al., 1996). Deformation of the microtubules that have a particularly large diameter in the
touch receptors is proposed to cause channel opening by positive regulation of the stomatin
homologue (see Figure below). In addition, Mec-6 co-localises with Mec-4 in a punctuate
pattern that might represent lipid rafts or other plasma membrane microdomains (Chelur et
al., 2002) and Mec-2 co-localises with Mec-4 in a similar fashion (Zhang et al., 2004).
This expression pattern requires all channel components and the stomatin-like domain of
Mec-2. However, this conserved part of Mec-2 is only required for binding to Mec-4, but
not for the actual regulation of the channel (Zhang et al., 2004).
ECM

Mec-2
Microtubules

Shear force
Figure 1-2. Schematic representation of ion channel regulation by Mec-2 in C.elegans
mechanosensation. The mechanosensory ion channel is represented by the cylinder shape.
Mec-2 is shown in red and functions as an adapter between the channel and the underlying
microtubule cytoskeleton (shown as chain structures). Pressure put on the extracellular
matrix (=ECM) is transmitted through the channel and to the microtubules resulting in the
generation of shear forces. This figure is redrawn from Gu et al. (Gu et al., 1996)

Mec-2 was also demonstrated to directly bind cholesterol through its SPFH domain in the
same study as podocin was (Huber et al., 2006a). Mec-2 associates with the DEG/ENaC
channel at the plasma membrane of touch receptor neurons in punctuate structures. As with
podocin, cholesterol binding by Mec-2 depended on the presence of the SPFH domain and
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was enhanced when the protein was palmitoylated. As in podocin, a single conserved
proline residue (P134) located at the same relative position was responsible for cholesterol
binding. Mutation of this residue to serine abolished cholesterol binding and lead to touch
insensitivity of the worms. The proline mutation did not, however, affect Mec-2
localisation to the PM, oligomerisation or interaction with Mec-4. However, the punctate
plasma membrane localisation of the Mec-2 protein was lost in this mutant, giving rise to a
less defined plasma membrane localisation. Thus, the loss of touch sensitivity resulted
from the loss of cholesterol binding by the conserved proline residue localised adjacent to
the SPFH domain. Binding of cholesterol promotes the formation of higher order structures
whose assembly is regulated by protein-lipid complexes constituted of Mec-2 oligomers.
The formation of such higher complexes is now regarded as the conserved function of
SPFH domain proteins of different types. Putatively, these complexes generate a specified
lipid environment important for the regulation of the proteins’ function.
This example also illustrates the possibility that stomatin-gated ion channels might be a
conserved feature between invertebrates and vertebrates. However, C.elegans Mec-2
positively regulates the degenerin channel, whereas stomatin negatively influences acid
sensing ion channel subunits. Price et al. (Price et al., 2004) speculate that stomatin
interaction might change the channel’s specificity from a pH sensor to a mechanosensor
and therefore ASICs might also be involved in vertebrate mechanosensation. Another point
is that Mec-2 expression is restricted to sensory neurons, whereas stomatin has a wide
tissue distribution. Probably, stomatins have evolved differently in species, and in
vertebrates they might have adapted new roles depending on interacting proteins and their
cellular environment.
Unc-24
Another stomatin-like protein in C.elegans interacts with Mec-4 and Mec-2 via its SPFH
domain (Zhang et al., 2004). The product of the Unc-24 gene is an unusual bipartite
protein that has a stomatin-like domain at its N-terminus and a nsLTP motif (short for nonspecific lipid transfer protein, also named sterol carrier protein 2) at its C-terminus (Barnes
et al., 1996). Functional Unc-24 is localised to lipid rafts (Sedensky et al., 2004) and
required for normal locomotion and sensitivity towards volatile anaesthetics (Sedensky et
al., 2001b) of the worm. It is also suggested to be involved in lipid transfer between
closely located membranes (e.g. vesicle to target membrane) or general regulation of lipid
composition. Additionally, the lipid transfer domain is implicated to have a function in
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neuron outgrowth or synaptogenesis and thereby somehow influencing locomotion of the
worm.(Barnes et al., 1996).
Unc-1
Closely related to Unc-24 is the Unc-1 protein that also has a stomatin-like domain in its
central part (Barnes et al., 1996;Rajaram et al., 1998). Genetically, Unc-24 is epistatic to
the Unc-1 gene and physically affects Unc-1 distribution in the C.elegans nervous system,
possibly via targeting to the plasma membrane (Sedensky et al., 2001b). Unc-1 is involved
in the sensitivity of the nematode to volatile anaesthetics whose putative interaction sites
might be concentrated at lipid rafts. Volatile anaesthetics might interrupt protein
organisation via interactions with lipids. (Sedensky et al., 2001b;Sedensky et al., 2004).
Altogether, eight genes in C.elegans are involved in sensitivity to volatile anaesthetics
(Sedensky & Meneely, 1987) in a functional pathway in which the Unc-1 gene is supposed
to be a central player. Mutants of unc-1 in the stomatin-like domain are affected in their
normal locomotion and have an altered behaviour towards volatile anaesthetics (Rajaram et
al., 1999). Unc-1 is expressed widely in the nervous system of the nematode (Rajaram et
al., 1999) in the plasma membrane of neuronal axons (Sedensky et al., 2001b). The Unc-8
gene is an ENaC subunit homologue that genetically and physically interacts with Unc-1 in
motorneurons (Rajaram et al., 1999) in lipid rafts (Sedensky et al., 2004). Together, they
form a complex with Unc-79 that controls ion flux through a sodium channel that is a
possible target for interactions with volatile anaesthetics (Rajaram et al., 1999), senses
stretch during movement and mediates muscle contractions (Tavernarakis et al., 1997).
More recently, Unc-1 was found to regulate the activity of Unc-9 gap junction channels in
body wall muscle cells of C.elegans (Chen et al., 2007a). Gap junctions are relatively nonselective channels formed by two hemichannels. Each hemichannel consists of six innexin
subunits in invertebrates, or connexin or pannexin subunits in vertebrates. The C.elegans
genome expresses altogether 25 innexins, and 10 stomatin-like proteins. Amongst these,
the innexins Unc-7 and Unc-9, and the stomatin-like proteins Unc-1 and Unc-24 all display
a similar mutant phenotype. Unc-24 is apparently required to stabilise the Unc-1 protein
(Sedensky et al., 2001a). Unc-1 and unc-9 knockout animals are both characterised by
inhibited locomotion. Junctional currents between body wall muscle cells in unc-1, unc-9
and unc-1/unc-9 double mutants were analysed (Chen et al., 2007a). Electrical coupling in
all these mutants was inhibited by 70%. Unc-1 and Unc-9 co-localised at intercellular
junctions and were coexpressed in neurons and body wall muscle cells. The unc-1 mutation
had no effect on Unc-9 protein expression or localisation. Curiously, overexpressed Unc-9-
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GFP acted as a gain-of-function mutant that was able to form functional gap junctions in
the unc-1 mutant. Unc-1 is thus not regarded as a structural subunit of gap junction
channels, but as a regulatory protein. A model was suggested in which the Unc-9 gap
junction channel is closed in the absence of Unc-1. Unc-1 supposedly interacts with the
gating domain of Unc-9, regulating the channel’s conductance.

1.2.3 Prokaryotic stomatins
Stomatin-like proteins are not restricted to eukaryotes. Sequenced genomes of various
prokaryotes contain open reading frames that encode putative stomatin-like proteins, but
only few of them have been characterised yet.
A stomatin-like protein from the soil bacterium R.etli is involved in competition for root
nodulation of the common bean (You et al., 1998). Structurally, the prokaryotic version is
overall quite similar to human stomatin. A stomatin mutant of the strain is defective in
nodulation competition and has a decreased salt tolerance. It might be involved in ion
transport coupled to nutrient uptake. However, not all nodulating rhizobium strains carry
this gene. The authors suggest that it might present an advantage for nodulation
competition in some rhizobia, but it is not essential for nodule formation and nitrogen
fixation.
Green et al. have described one case of a catastrophic multisystem disease, a disorder
caused by a splice variant of the stomatin mRNA (Green et al., 2004). It is suggested that
this mutation is causing a human knockout of stomatin and therefore affecting a wide
variety of tissues rather than only red cells, as in the case of overhydrated hereditary
stomatocytosis. Using BLAST searches for prokaryotic stomatins, a gene known as “nfed”
(for “nodulation formation efficiency D”) has been identified in 23 prokaryotes (Green et
al., 2004). In 16 of these organisms, the gene is closely connected to a prokaryotic
stomatin (= pstomatin); these two genes putatively form an operon that is transcribed by a
single polycistronic mRNA and are functionally linked. NfeD itself was originally assigned
to be an ornithine cyclodeaminase involved in root colonisation of legumes by nitrogen
fixing soil bacteria. However, the NfeD gene in the putative operon does not show any
homology to the originally assigned NfeD gene product and was renamed as STOPP (for
“stomatin operon partner protein”). It encodes for a hydrophobic protein with 6-8 predicted
transmembrane domains and one putative ClpP-type serine protease motif. In addition, the
protein has one central sterol-sensing domain that also occurs in eukaryotes; the STOPP
proteolytic system might be involved in stress adaptation mechanisms of bacteria. Thus,
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stomatin is proposed to act as a partner protein in a membrane-bound proteolytic process.
This function for band-7 family proteins might be conserved between prokaryotes and
eukaryotes.
A stomatin-containing operon has also been identified in the hyperthermophilic
archaebacterium P.horikoshii (Yokoyama & Matsui, 2005). Two open reading frames
encode homologues to STOPP (PH1510) and stomatin (PH1511). The protease part of
STOPP was purified and identified as an unusual serine protease with a catalytic dyad
consisting of a conserved serine and lysine which belongs to the clan SK serine proteases.
One of the protease substrates is the C-terminus of the stomatin homologue; its cleavage
was suggested to cause the opening of an ion channel. Eukaryotes do not have direct
homologues to the STOPP gene, but distantly related proteases such as the AAA-type
proteases. The authors suggest a link between stomatin, the protease and an ion channel
that is highly conserved in prokaryotes and eukaryotes: stomatin might act as an activator
of the channel after it is cleaved by the protease. Finally, it is suggested that a sterol type
molecule might be involved in the regulation of the protease that binds to the putative
sterol-sensing domain.
The crystal structure of the N-terminus from this STOPP homologue (PH1510) was
determined (Yokoyama et al., 2006). It revealed that the active protease exists as a dimer
with hydrophobic residues located in its active site. Previously it had been demonstrated
that this NfeD homologue specifically cleaves the hydrophobic C-terminus of STOPP
(PH1511) (Yokoyama & Matsui, 2005). The N-terminus of PH1510 resembles a ClpP
protease from E.coli in its monomeric form, but not as a dimer. ClpP proteases contribute
to protein unfolding and quality control in an ATP-dependent manner. The binding of the
stomatin-type substrate to the catalytic site of PH1510 supposedly induces a
conformational change and brings the catalytic residues lysine 138 and serine 97 in close
proximity. Putatively, proteolytic cleavage of the PH1511 C-terminus prevents
oligomerisation of the stomatin homologues and changes the conformation of the whole
protein complex assembly. A second protease-stomatin operon was identified (PH0471 and
PH0470, respectively) from P.horikoshii. A weak protein interaction between PH1510 and
PH0470 was demonstrated by surface plasmon resonance analysis.
The first crystal structure from a stomatin-type protein was also solved from this operon.
The core domain of the stomatin homologue (without the N-terminal hydrophobic region
and the small C-terminal hydrophobic domain) had a novel trimeric structure and a coiledcoil fold (Yokoyama et al., 2008a). The basic band-7 core domain unit occurred as a
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homotrimer composed of three α/β-domains forming a triangle. Three alpha helices extend
per triangle and are capable of assembly into higher structures. The α/β-domain is overall
fairly rigid compared to the more flexible extending alpha helices. Each alpha helix is
capable of assembling into anitparallel, 2-stranded coiled-coils containing a classic heptad
repeat pattern. This leads to self-association of the core domain trimers into higher
multimers. Proteolytic cleavage by PH1511 in the hydrophobic C-terminus putatively leads
to dissociation of the oligomers and releases single stomatin units laterally into the
membrane. The stomatin cleavage site is homologous to the identified oligomerisation
domain of mammalian stomatin (Umlauf et al., 2006). Overall, the basic core domain is
similar to the only other solved band-7 domain protein structure available so far. The
figure below (Figure 1-3) shows a stereoview of the single α/β-domain of P1511. Shown
on the right side is a stereoview of a superposition of the PH1511 core domain (in cyan) on
top of the mouse flotillin-2 band-7 domain (in orange). The highest similarity is found in
the secondary structure beta sheets with overall 20% of identical residues between these
two structures. The long extended alpha helix seems to be unique to the stomatin core
domain.

Figure 1-3. Crystal structure of the core domain from the prokaryotic stomatin PH1511.
Shown on the left side is the stereoview of the single band-7 core domain with the long
extended alpha helix capable of assembly into coiled-coils. Shown on the right side is a
stereoview of the superposition of the prokaryotic band-7 core domain on top of the mouse
flotillin-2 band-7 domain. Note that the stomatin alpha helix is unique between these two
structures. This figure is redrawn from Yokoyama et al. (2008).

More recently, altogether 294 protease-stomatin operons were identified, each organised
into neighbouring NfeD/STOPP gene pairs from 254 different prokaryotic genomes
(Kuwahara et al., 2008). No NfeD homologue has been identified form any eukaryotic
genome. It is assumed that these operons act in the quality control of membrane proteins.
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In summary, both prokaryotic and eukaryotic stomatins might be functionally linked in
regulating proteolytic processes, which originally developed in prokaryotes and further
evolved in eukaryotes. Therefore, it is unlikely that stomatins just fulfil housekeeping
functions such as the scaffolding of lipid rafts that are eukaryote-specific; rather, it might
be involved in membrane protein quality control and protein complex regulation.
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1.3 The Band-7 protein family in plants
Nadimpalli et al. defined another protein superfamily called PID (short for proliferation,
ion channel and death) whose members are structurally related in a wider sense as in the
SPFH family (Nadimpalli et al., 2000). It consists of prohibitins, stomatins, bacterial
HflC/K proteins and a group of plant defense genes called HIR (for hypersensitive induced
reaction). The hypersensitive induced reaction is a mechanism by which plants respond to
pathogen attack. It triggers a localised necrosis that limitates pathogen spread and
resembles programmed cell death in animals. BLAST searches with a HIR gene from
chickpea revealed 8 putative homologues from maize, four of which are related to
prohibitins, one to stomatins and three to HIR genes. A PROSITE pattern (35 amino acids)
was defined that partly overlaps with the stomatin motif (29 amino acids) in the centre of
these proteins, but extends beyond the stomatin-specific signature sequence. Due to the
putative function of stomatin as an ion channel regulator, the authors suggested that the
underlying common function of all PID members is the regulation of some kind of ion
channel, a proposal that does not agree with the publication by Tavernarakis et al.
(Tavernarakis et al., 1999). PID proteins putatively regulate potassium channels that are
involved in plant pathogen response and might also have an effect on cellular proliferation.
However, the extension of ion channel regulation from stomatins to prohibitins and HflC/K
proteins is not backed by explicit experimental evidence. Rather, the regulation of a
potassium channel might be a secondary effect that is triggered by a primary event
involving a PID protein.
The term “PID protein family” is generally not commonly used. The original nomenclature
“SPFH” or “band-7” protein family are widely accepted and will be used instead
throughout this thesis. The complete Arabidopsis band-7 family and their phylogenetic
relationships have been investigated as part of this thesis and the results are presented as
part of chapter 3.

1.3.1 Stomatins in plants
The Arabidopsis genome encodes for two structurally similar stomatin-like proteins that
display common characteristic SPFH domain features. They will be referred to as AtSlp-1
(for Arabidopsis thaliana stomatin-like protein-1, accession no. At4g27585) and AtSlp-2
(accession no. At5g54100). So far, these genes and their products are functionally
completely unknown. They have only surfaced in several organellar proteomics screens,
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mainly in connection with the mitochondrial proteome. These findings will be discussed
and presented in detail in the results chapters of this thesis.
An Arabidopsis mutant, txr1, is resistant to higher concentrations of thaxtomin A, an
inhibitor of cellulose synthesis, than wild type plants. The increased resistance is mediated
by a decreased thaxtomin uptake in the mutant plant (Scheible et al., 2003). The TXR1
gene product is a conserved small protein of 116 amino acids with a coiled-coil region but
no known protein motif that resides in the cytoplasm. It has a second homologue in
Arabidopsis and homologues in other plants and eukaryotes. A mutant in the yeast
homologue of txr1 is lethal and predicted to be a mitochondrial protein. TXR1 has a broad
but low expression pattern in all plant organs at various developmental stages, and the
mutant plant has reduced growth compared to wild type. Microarray experiments revealed
two stomatin-like genes that are expressed at two-fold higher levels in the txr1 mutant
plant. The authors suggest the TXR1 protein to be a regulator of a transport mechanism
that might function together with the stomatin-like proteins in the same process.

1.3.2 Plant prohibitins
Prohibitin homologues have been investigated in plants. Two cDNAs from Arabidopsis
thaliana and Nicotiana tabacum were isolated with high amino acid similarity to
mammalian prohibitin (Snedden & Fromm, 1997). They are ubiquitously expressed in all
plant organs in various species. Subcellular fractionation studies from tobacco leaves
revealed a mitochondrial localisation for the protein. A similar function for prohibitin-like
proteins in plants as in animals was suggested.
A plant homologue of the yeast mAAA protease has been identified and characterised from
pea (Kolodziejczak et al., 2002). Its mature form, PsFtsH, contains a chaperone-like
domain that is exposed to the mitochondrial matrix. When overexpressed in yeast deletion
mutants of mAAA protease subunits, the plant homologue is capable of complementing a
phenotype of respiratory deficiency and protease malfunction. Finally, the authors suggest
PsFtsH to influence ATP synthase subunit accumulation and assembly in the inner
mitochondrial membrane. The Arabidopsis genome encodes for eleven isoforms of FtsHlike proteases, seven of which are predicted to be chloroplastic and two mitochondrial
(FtsH3 and FtsH10), both closely homologous to the pea protein.
Using two-dimensional gel electrophoresis, differentially phosphorylated proteins from the
rice lesion–mimic mutant cdr (short for cell death and resistance) were identified when
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compared with wild type (Takahashi et al., 2003). The cdr mutant is characterised by
spontaneous cell death on leaves and an increased pathogen resistance to fungi. Two CDR
genes negatively regulate phosphorylation of proteins that trigger the activation of NADPH
oxidase and oxidative burst. In the cdr mutant plant, a prohibitin homologue showed
increased phosphorylation levels compared to the wild type. A GFP fusion protein with
this rice prohibitin (OsPHB1) was localised to mitochondria. The authors suggest a role for
it in the hypersensitive induced reaction (HIR) in plant defense response through
mitochondrial function.
A rice prohibitin protein was also found upregulated in rice cell cultures treated with the
sphingolipid elicitor (SE), and in cells constantly expressing OsRac1 (Fujiwara et al.,
2006). OsRac1 is homologuous to a human small Rac GTPase and it induces defense
signalling cascades in rice plants and cell cultures.
A prohibitin protein from rice was also identified as a plasma membrane protein
upregulated in the early defense against bacterial blight (Chen et al., 2007b). Rice
suspension cells expressing the disease resistance gene Xa21 (a rice plasma membrane
receptor kinase that confers resistance to rice bacterial blight) expressed increased levels of
OsPHB2 at the plasma membrane. Additionally, the protein level of the rice HIR protein
OsHIR1 was also modified at the plasma membrane. These changes in protein levels were
confirmed at the transcriptional level.
Two prohibitins were cloned and characterised from Petunia (Chen et al., 2005). The two
genes (designated PhPHB1 and PhPHB2) were identified from a Petunia inflorescence
EST library. Southern blot analysis confirmed the existence of two distinct PHB families in
Petunia that are homologous to yeast and mammalian PHB1 and PHB2. Type I prohibitins
constitute a family with two members, whereas type II prohibitins contain four members.
PhPHB1 is expressed in all organs, and its transcript levels decline during floral
senescence. Virus-induced gene silencing of PhPHB1 caused a phenotype of dwarfed
plants with distorted leaves and flowers. These plants were also later flowering, had curled
leaves and misshaped anthers. Silenced flowers also had a shorter life span, earlier
senescence and higher respiration rates. Analysis on flowers revealed that these contained
enlarged cells as a result of reduced cell division. Additionally, the transcript levels of
catalase and a small heat shock protein were specifically increased compared to controls. It
was concluded that increased amounts of reactive oxygen species were responsible for the
early onset of senescence. Thus, prohibitins are important for plant development and the
onset of senescence.
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The function of prohibitins was also investigated from Nicotiana benthamiana (Ahn et al.,
2006). Virus-mediated gene silencing of two prohibitins of both types (designated
NbPHB1 and NbPHB2) also resulted in severe growth inhibition, premature leaf
senescence and leaf chlorosis. NbPHB1 lead to overall milder phenotypes than NbPHB2.
Both prohibitins were co-localised as C-terminal GFP fusion proteins with the
mitochondrial marker dye TMRM in Arabidopsis seedling protoplasts. RT-PCR analysis
revealed a wide tissue distribution in all organs. Transcript levels were decreased during
senescence, and increased upon heat shock treatment. The silencing of PHB2 lead to
collapsing leaves. Silencing of each gene caused a reduction in the number of mitochondria
and the mitochondrial membrane potential. Additionally, mitochondria had a changed
morphology. Frequently, mitochondria appeared hollow inside, and parts of the inner
membrane were degraded. Chloroplast ultrastructure and fluorescence were unaffected, but
oxygen evolution rates in silenced plants were also reduced. Additionally, ROS
accumulated 10 to 20 times more in silenced leaf protoplasts than in the controls. Silenced
leaves were also more susceptible to stress treatments with hydrogen peroxide, paraquat,
antimycin A and salicylic acid as judged by ion leakage measurements. This study
concluded that prohibitins are important for mitochondrial biogenesis, have a role in stress
protective response mechanisms and affect senescence. It was concluded that tobacco
prohibitins affect the integrity of the mitochondrial inner membrane by acting as
membrane-bound chaperones that prevent the accumulation of misfolded proteins.
Arabidopsis prohibitins
Seven prohibitin genes are found in the Arabidopsis genome, and four in maize. The
phylogeny of the Arabidopsis prohibitins was investigated as part of this thesis and the
results are presented in chapter 3.
Arabidopsis prohibitins of type I were functionally characterised (Van Aken et al., 2007).
The type I prohibitins AtPHB3 and AtPHB4 were found predominantly expressed in shoot
and root proliferative tissue, such as in the shoot apex, root tips, young leaves and in cell
cultures. A knockout mutant of phb4 was found to have no altered phenotype, whereas
phb3 mutants displayed several growth phenotypes. This finding was correlated with the
lower expression levels of AtPHB4 ºC ompared to AtPHB3. A double mutant of both
genes was not viable. The protein sequences of both prohibitins had no predicted
mitochondrial targeting sequences, and were not proteolytically cleaved upon
mitochondrial import. Studies on their subcellular localisation revealed however that
mitochondrial targeting information must be contained within the N-terminal amino acid
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sequence. A tandem affinity purification approach with PHB3 as a bait identified other
prohibitins as interacting partners (PHBs 1, 2, 3, 4 and 6), as well as some enzymes and
unknown proteins. Thus, prohibitins exist in multimeric protein complexes also in
Arabidopsis. Quantitative RT-PCR analysis revealed high expression levels of PHBs 3 and
4 in proliferating tissues (8 to 12 days old) that decreased during the expansion phase and
were almost diminished in mature organs. The phb3 knockout mutant had retarded growth
and delayed leaf development. These plants also had fewer and curled leaves. Seed
germination was also delayed by one to two days. Cortex cells of the root apical meristem
from phb3 plants had reduced growth and contained less meristematic cells that expanded
and divided slower than wild type cells. Root tips from phb3 plants also contained enlarged
mitochondria that appeared rounder and smoother than those from wild type. Interestingly,
overxpression of PHB4 under a constitutive promoter could rescue all PHB3-associated
phenotypes. PHB3 and PHB4 overexpressing plants had increased branching and irregular
leaf shapes, but otherwise lacked the phenotypes described for the phb3 knockout mutant.
Microarray analysis of PBH overexpressing and knockout mutants revealed upregulation
of stress-related response genes such as components of oxidative phosphorylation, disease
resistance genes and transporters. From this study it was concluded that AtPHBs are
important for increased metabolic demands related to cell division in meristems,
supporting differentiation in apical tissues.
AtPHB3 was also identified as the eer3-1 mutant (Christians & Larsen, 2007). This mutant
has a single amino acid exchange in the PHB3 protein leading to an extreme constitutive
ethylene response in etiolated seedlings. GFP localistion of PHB3 showed a widely
distributed pattern in large patches across the cytoplasm, with no particular mitochondrial
localisation. In this ethylene response pathway, PHB3 acts downstream of the ethylene
response gene EIN2. It supposedly acts as a positive regulator of the expression of a subset
of ethylene-response genes that maintain growth in the presence of ethylene.
An Arabidopsis prohibitin was also found accumulated in the roothairless 1 (rth1) mutant
(Wen et al., 2005). Rth1 is a homolog to yeast Sec-3, a subunit of the exocyst complex. A
prohibitin accumulated in primary roots of rth1, leading to delayed development and
flowering.
Several Arabidopsis prohibitins have already been identified in proteomics studies.
AtPHB2, AtPHB3 and AtPHB6 were identified along both AtSlps and an AAA-type
protease in a study of the mitochondrial proteome of Arabidopsis suspension cells
(Heazlewood et al., 2004). Prohibitins 1, 2, 4, 5 and 6 were also identified in an
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independent proteomics study of mitochondrial membranes isolated from suspension cells
(Brugiere et al., 2004). These findings all agree with a mitochondrial localisation of
prohibitins.
However, some prohibitins were also identified in other subcellular localisations by
proteomics approaches. The Arabidopsis prohibitins 4 and 5 were both found in plasma
membrane fractions purified from cell suspension cultures (Marmagne et al., 2004). A
plasma membrane localisation was also confirmed for AtPHB7 from soil-grown
Arabidopsis plants (Alexandersson et al., 2004). Rather controversially, AtPHBs 2, 4 and 5
were additionally identified as vacuolar proteins (Carter et al., 2004).
In summary, Arabidopsis prohibitins are most likely mitochondrial proteins. Interestingly,
they have also been assigned to other membrane compartments such as the plasma
membrane and even the vacuole. Dual localisation to mitochondria and at least one other
compartment could be related to the tissue type or the developmental stage. Fluorescent
fusion proteins have so far only confirmed mitochondrial localisation in protoplasts (Ahn
et al., 2006) and in roots (Van Aken et al., 2007).

1.3.3 Flotillins and erlins
In plants, flotillins have so far not been characterised, although they surfaced in two
proteomics studies. A putative flotillin-1 homologue from Arabidopsis (At5g25250) has
been identified in a proteomics study as a protein found specifically enriched in detergent
resistant membrane fractions isolated from mixed organellar membranes (Borner et al.,
2005). The same protein was also identified in a second proteomics study as a plasma
membrane protein (Alexandersson et al., 2004). The localisation of this flotillin homologue
to lipid microdomains that are specifically enriched in sterols strongly suggests parallel
functions in plants and in animals. These reported subcellular localisation have not been
confirmed in vivo.
The Arabidopsis genome contains one gene encoding for a protein with a band-7 domain
that is similar to mammalian erlins (At2g03510-in this thesis referred to as “erlin-like
protein”). This protein has also been localised to the ER in a quantitative proteomics study
(Dunkley et al., 2006), but was not further characterised. Its phylogenetic relationship to
flotillins will be further described in chapter 3 of this thesis.
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1.3.4 HIR proteins
The so-called HIR genes are frequently found upregulated during the hypersensitive
response (HR) following pathogen attack and in lesion mimic mutants that undergo
spontaneous HR. The HR is triggered by the interaction of pathogen ligands with intra-or
extracellular plant receptors leading to an incompatible reaction. This reaction is
manifested by a modification of cell walls, the induction of PR proteins (pathogenesis
related), the production of anti-microbal phytoalexins and the accumulation of other
phenolic compounds. The HR is externally visible as browning of cells, but also includes
systemic changes leading to systemic acquired resistance (SAR), an induced resistance to
other pathogens. The HR response involves an accumulation of mitochondrially-produced
or other ROS, elevated Ca2+, the activation of nucleases (leading to DNA degradation) and
proteases (e.g. the papain class of Cys proteases and vacuolar processing enzymes). In the
last stages of HR, the cytoskeleton is fragmented and the tonoplast disrupted, releasing
proteolytic enzymes into the cytosol. HR signalling is transmitted by a MAP kinase
pathway leading to salicylic acid (SA) and ROS production, and via coiled-coil R gene
products and NDR1 that act as an inductive switch (Mur et al., 2008). Mitochondria play a
central role in this type of programmed cell death, via ROS and nitric oxide (NO)
production, the formation of the mitochondrial transition pore and Ca2+ release, and other
cell death-inducing signals (Logan, 2006b;Logan, 2008b). The HR is regarded as a
distinctive form of programmed cell death in plants that is related to apoptosis in animal
cells, but involves distinct signalling pathways and proteolytic mechansisms (Rostoks et
al., 2003;del Pozo & Lam, 2003;Yao et al., 2004).
Nadimpalli et al. classified HIR genes from different plant species together with other
band-7 family proteins into the PID superfamily (see above). The maize HIR gene
ZmHIR3 is overexpressed in the maize lesion mimic mutant les9. Structurally this protein
resembles stomatins and it was suggested to participate in the maize HR by regulating an
ion channel (Nadimpalli et al., 2000). Four HIR genes were isolated from barley (HvHIR
1-4) based on homologies to maize HIR proteins (Rostoks et al., 2003). These proteins also
contain band-7 family domains and several conserved residues. A barley disease lesion
mimic mutant has 35-fold increased level of HvHIR3 and undergoes spontaneous HR.
Also in this case, the authors speculate about an ion channel regulatory activity of the HIR
proteins during HR. This view is supported by the Arabidopsis lesion mimic mutants hml1
and dnd1 (Balague et al., 2003;Clough et al., 2000) that both encode cyclic nucleotide
gated channels (CNGC4 and 2, respectively). Another HIR gene was cloned from wheat
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(TaHIR-1) that is highly homologous to the barley HIR1 gene product. This wheat gene is
also highly expressed 48 hours after leaf inoculation with rust fungus (Yu et al., 2008). The
rice gene OsHIR-1 was additionally found to be upregulated during cold stress in
developing seedlings (los Reyes et al., 2003). The protein of this gene was identified as
upregulated during the early phase of defense response following bacterial infection in the
plasma membrane of XA21-expressing (a receptor kinase) suspension cells (Chen et al.,
2007b). The rice japonica genome contains 18 PID genes, eight of which belong to the
HIRs, seven are prohibitins and one is related to stomatins. A HIR protein from lotus
accumulated at high levels in peribacteroid membranes from root nodules (Wienkoop &
Saalbach, 2003). The lotus gene LjHIR1 was also found highly expressed in microspores
during pollen development. This protein is closely related to the maize and barley HIR1
proteins and putatively function via ion channel regulation in vacuole fusion during
microspore development (Hakozaki et al., 2004).
Arabidopsis HIR proteins
The Arabidopsis genome contains four genes that can be classified as HIRs. All are
characterised by the presence of the band-7 domain, and one member (At3g01290)
contains an additional stomatin signature domain. Like flotillins, none of these genes have
been functionally characterised so far. All of these HIR proteins and their phylogenetic
relationships are further described in chapter 3 of this thesis.
All of these four HIR proteins were identified in a quantitative proteomics study, but their
subcellular localisation was not classified (Dunkley et al., 2006). A proteomics study of
Arabidopsis plasma membrane fractions isolated from suspension cell cultures identified
three of the HIR proteins as membrane-integral proteins (Marmagne et al., 2004). Amongst
them, the subcellular localisation of the protein encoded by At5g62740 was also
determined by GFP fusion proteins. Transient expression of this fusion in Arabidopsis
protoplasts gave a peripheral, but punctuate localisation pattern. The same three HIR
proteins were also found specifically enriched in detergent-resistant membrane fractions
isolated from Arabidopsis callus cultures (Borner et al., 2005).

55

1.4 Human Slp2, a close homologue of Arabidopsis
stomatins
Phylogenetic analysis of Arabidopsis stomatin-like proteins and stomatin sequences from
various animals revealed close homologies between AtSlps and the human stomatin-like
protein 2 (HsSlp2). These results are presented in chapter 3. Recently, the phylogenetic
relationships of all stomatin-like sequences sharing a 150 amino acid domain was
investigated (Green & Young, 2008). It was revealed that all Slps have their origins in an
ancient duplication event that happened early in the evolution of prokaryotes. This
duplication resulted in two Slp subfamilies, one of which was termed “paraslipins”. This
subfamily gave rise to all eukaryotic stomatin-like proteins of type 2 and was probably
acquired by mitochondrial endosymbiosis.

1.4.1 Characteristics of human stomatin-like protein 2
Originally, the gene encoding human Slp2 was cloned from a human heart cDNA library
and was further characterised (Wang & Morrow, 2000). This protein presents an unusual
stomatin homologue regarding several aspects: it has only 20% amino acid sequence
similarity to erythrocyte stomatin, it does not have the characteristic hydrophobic stretch
close to the N-terminus and it is peripherally attached to membranes (although lacking the
palmitoylated Cys 29 residue present in stomatin). The authors propose that this protein
provides another link for other membrane proteins to the peripheral cytoskeleton and might
have similar roles as stomatin. In contrast to human Slp1, human Slp2 is also expressed in
mature human erythrocytes, although at a much lower level (~ 5000 copies/red cell) than
stomatin. Two distinct Slp2 pools could be identified: One was membrane associated, and
the other could be extracted using high ionic strength (0.5M KCl) and was present in a
high molecular weight complex. The overall tissue distribution pattern of human Slp2 is
similar to that of other human stomatin homlogues: mRNA was detected in heart, brain,
placenta, lung, liver, skeletal muscle, kidney and pancreas. The highest expression levels
were found in heart, liver and pancreas transcripts. A role for human Slp2 was suggested to
link stomatin to the cytoskeleton, thereby indirectly regulating ion channels. Additionally,
human Slp2 and stomatin might be functionally related in anchoring lipid rafts and
providing a scaffold for other proteins. The gene encoding human Slp2 was localised to
chromosome 9, just like stomatin. The exact Slp2 locus was later mapped by another group
(Owczarek et al., 2001) to a locus that had previously been linked to the occurance of
certain cancers.
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Human Slp2 was identified as a mitochondrial protein in several proteomics studies. It was
localised to the mitochondrial inner membrane of mouse liver mitochondria (Da Cruz et
al., 2003). Mitochondrial localisation was further demonstrated by co-localisation studies
of overexpressed HA-tagged Slp2 with a mitochondrial marker protein in HeLa cells. The
authors did not exclude that this protein might also have a plasma membrane localisation in
other cell types such as erythrocytes. Human Slp2 was also identified as a part of the
mitochondrial proteome of five rat organs (kidney, liver, heart, skeletal muscle and brain)
(Reifschneider et al., 2006). The proteome had been resolved by Blue-native PAGE and
mild solubilisation using digitonin, with the aim of preserving protein complexes. A novel
homooligomeric high molecular weight complex of 1.8 MDa containing human Slp2 was
identified in liver mitochondria. From the comparison of proteomes from different organs
it was concluded that the mitochondrial proteome substantially differs, dependent on the
organ and cell type. Another proteomics study compared the mitochondrial proteome
between an osteosarcoma cell line (143B) and a cell line lacking the mitochondrial genome
(Rho0). In this study, human Slp2 protein levels were decreased by a factor of two in Rho0
mitochondria (Chevallet et al., 2006). Rho0 cells grow more slowly than normal cells and
rely entirely on glycolysis for their ATP production. Curiously, mitochondria from these
cells still possess a proton gradient across their inner membrane, but the ATP synthase
works reversely and generates the proton gradient by ATP hydrolysis. Surprisingly, Rho0
mitochondria did not have drastically decreased levels of oxidative phosphorylation
complexes, although some dehydrogenases were found decreased.

1.4.2 HsSlp2 functions
Human Slp2 was identified as an interacting protein of mitofusin-2 (Mfn-2), a large
GTPase located to the outer mitochondrial membrane (Hajek et al., 2007). Mitofusins-1
and –2 are both localised to the outer membrane mediating mitochondrial fusion events in
mammalian cells. In HeLa cells, human Slp2 was shown to participate in protein
complexes composed of Slp2 and Mfn-2 heterooligomers using formaldehyde crosslinking
and immunoprecipitation. Slp2 is the major constituent of these complexes, because only a
small proportion of the total Mfn-2 pool localises to these complexes. Using
immunocytochemistry and cell fractionation, the mitochondrial localisation of Slp2 was
confirmed and the protein was localised to the inner membrane facing the intermembrane
space. Its mitochondrial import was demonstrated to be dependent on the mitochondrial
membrane potential and is accompanied by proteolytic processing. Knockdown of Slp2 by
interference RNA caused a reduction of the mitochondrial membrane potential without
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affecting the protein levels of Mfn-2, or mitochondrial morphology. It was concluded that
Slp2 complexes form a scaffold in the inner membrane that interacts with and supports the
mitochondrial fusion machinery localised to the outer membrane. Because the knockdown
of Slp2 had generally relatively mild effects on mitochondrial function, redundancy
between Slp2 and mitochondrial prohibitins was suggested.
More recently, human Slp2 was demonstrated to interact with prohibitins-1 and –2, and to
support the stability of protein complexes in the mitochondrial inner membrane (Da Cruz
et al., 2008). The first 50 amino acids of Slp2 were identified to contain the necessary
targeting information to mitochondria. Gel filtration identified Slp2 in a 250kDa protein
complex that also contained prohibitins-1 and –2. Slp2 was confirmed to be localised to the
inner membrane facing the intermembrane space by protease digestion of mitoplasts,
Depletion of Slp2 levels by RNA interference lead to increased proteolysis of prohibitins
and parts of complexes I and IV of the electron transport chain. This degradation was
probably mediated by metalloproteases of the AAA type, analogous to prohibitin function.
Upon application of chloramphenicol (an inhibitor of mitochondrial protein synthesis) to
specifically induce mitochondrial stress, Slp2 and prohibitin-1 were found highly
upregulated. This upregulation was reflected in increased proteolysis of prohibitins and the
oxidative phosphorylation complexes. The plasma membrane localisation of Slp2 was
interpreted as being cell specific for erythrocytes that lack mitochondria. However, a dual
localisation of Slp2 to the plasma membrane and to mitochondria was not ruled out,
because other human mitochondrial proteins are localised in a similar dual way.
Human Slp2 was also identified as a component of the signalosome complexes mediating
signalling from activated T-cells (Kirchhof et al., 2008). Slp2 was found expressed in
human lymphoid tissue and was localised to internal punctuate structures and the cell
periphery in the lymph node. This finding was interpreted as localisation to mitochondria
and the plasma membrane. Despite the presence of the mitochondrial targeting sequence,
the authors point out that the protein sequence contains six sites that could be modified by
fatty acylation and give rise to anchorage at the plasma membrane. T-cell activation
through the Ag receptor happens at the interface between T-cells and the so-called
immunological synapse (IS). Signalosomes constitute lipid rafts, microclusters at the T-cell
periphery that form a bridge between the cytoskeleton and the signalling complex. The
formation of the signalosome complex involves T-cell polarisation and organelle
movements and brings mitochondria in close proximity to the cell periphery. Lipid rafts
were isolated from activated human T-cells and Slp2 was identified as a major component.
Slp2 was highly upregulated upon T-cell activation and shown to interact with signalosome
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proteins and polymerised actin fibres. Downregulation of Slp2 resulted in loss of T-cell
activation and signalling and a reduction of interleukin-2 production. The role of human
Slp2 in T-cells is therefore regarded as the activation and maintenance of T-cell signalling.
The protein probably achieves this by providing a scaffold that links the actin cytoskeleton
to plasma membrane rafts or even mitochondria. Both protein pools at the plasma
membrane and inside mitochondria could even come together during the organellar
rearrangements that accompany T-cell signalling. In this way, the increased energy
demands of T-cells could be met.
Association of HsSlp2 with human cancers
In recent years, human Slp2 became of great interest because of its high expression levels
in a variety of proliferating cancer cells. The protein was identified as being overexpressed
in several types of cancers as analysed by RT-PCR, Western blotting and
immunohistochemistry (Zhang et al., 2006). Microarray experiments revealed a six-fold
upregulation of Slp2 transcript in esophageal squamous cell carcinoma (ESCC) in
cancerous epithelial cells. An antisense construct of Slp2 expressed in an ESCC cell line
resulted in decreased cell growth, proliferation, tumorigenecity and cell adhesion. This
effect was demonstrated to be linked to an arrest in the cell cycle in the S-phase rather than
increased apoptosis. The cell adhesion molecule fibronectin was also decreased, and both
fibronectin and Slp2 were co-localised at the cell periphery. Slp2 was specifically found
overexpressed in premalignant lesions, whereas it is normally not expressed in healthy
epithelial cells. Thus, Slp2 overexpression is an early event in esophageal cancer
development. Slp2 levels further increased during cancer development. Since no mutation
was found in the Slp2 gene, it was concluded that Slp2 overexpression is specifically
associated with different tumour stages and could be used as an indicator for early
detection of ESCC. These characteristics are probably common for other cancer types and
Slp2 is now regarded as a novel type of oncogene. Most likely the protein provides a link
between the extracellular matrix and the underlying cytoskeleton. Its upregulation might
contribute to malignancy because cancer cells become hyperproliferative.
High levels of Slp2 were also found in 52% of primary invasive breast cancers and linked
to decreased survival rates (Cao et al., 2007). Additonally, human Slp2 was also
overexpressed in osteosarcoma cells when compared to healthy osteoblastic cells (Guo et
al., 2007). High levels of Slp2 protein were also linked to superinvasive cancer cells (an in
vitro phenotype of cancer cells used as a model for metastasis). Slp2 and other proteins
such as prohibitin, cofilin, annexin, chaperonin and a voltage-gated anion channel were
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specifically enriched in membranes of superinvasive cells (Dowling et al., 2007). All of
these proteins present candidates as potential drug targets and diagnostic markers.
The close homology on the amino acid sequence level between human Slp2 and
Arabidopsis stomatin-like proteins strongly suggests a functional link. Many interesting
aspects concerning human Slp2 function in different cell types and tissues could help to
elucidate the function of the Arabidopsis proteins.
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1.5 Aims and objectives of this study
As mentioned at the beginning of this introduction, the original aim of investigating a link
between an Arabidopsis syntaxin and stomatin-like protein-1 had to be revised. Attempts
to confirm this protein interaction by heterologous expression and in vivo approaches were
abandoned. The result of the split-ubiquitin screen that used AtSlp1 as the bait is now
regarded as false positive.
Because stomatin-like proteins from Arabidopsis are so far functionally completely
unknown, the aim of this thesis was changed. The overall aim was to provide a detailed
general characterisation of the two Arabidopsis Slp proteins. More specifically, the first
aim was to investigate the phylogenetic relationship of AtSlps within the Arabidopsis
band-7 protein family, and between Slp proteins from plants and animals. The second aim
was to analyse the general expression pattern of AtSlp1 and AtSlp2 during plant
development and under stress conditions. The results from these aims are presented in
chapter 3. In addition to these general characteristics, the subcellular localisation of both
proteins had to be investigated in detail. Specifically, the question of a putative dual
localisation was further analysed by using biochemical and in vivo techniques. The results
from these aims are presented in chapter 4 of the results section. The last and most
important aim of this study concerned the elucidation of the physiological significance of
AtSlp proteins. The idea was to analyse the effects of modified Slp expression on plant
growth and development. The aim was to make use of T-DNA insertion lines and other
transgenic plants modifying Slp expression levels. The results from this part of the work
are presented in chapter 5 of the results section.
Mainly reverse genetic approaches were utilised to achieve these aims. A whole range of
transgenic tools had to be prepared first. These tools mainly involved the creation of a set
of transgenic plants that allowed modulating the expression of the endogenous Slp genes.
Additionally, specific antibodies had to be raised to allow for the investigation of protein
levels for expression analysis and subcellular localisation.
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2 Materials and Methods
General Materials and Methods
All chemicals were purchased from Sigma Aldrich (Poole, UK), VWR Internatioal (Poole,
UK) or Fisher Scientific (Southampton, UK) unless otherwise stated. Enzymes for
molecular biology procedures were either from Invitrogen (Paisley, UK), New England
Biolabs (NEB, Hitchin, UK) or Promega (Southampton, UK). Kits used for DNA
extractions were from Qiagen (Crawley, UK), and custom primers were purchased from
Invitrogen.

2.1 RNA extraction, quantification and cDNA synthesis
For the extraction of RNA, plant material was placed in a two millilitre screwcap tube
(Sarstedt) together with a five millimetres (diameter) grinding ball (Qiagen) and snap
frozen in liquid nitrogen. The tubes were placed in a pre-cooled rack and the samples
ground while frozen using the Qiagen TissueLyser (manufactured by Retsch) for 1 minute
with an oscillation frequency of 20/s.
To obtain RNAse free water, one millilitre of DEPC (Diethyl pyrocarbonate, Fluka) was
added to one litre of double distilled water and stirred for several hours. This water was
then autoclaved and used in all following procedures involving RNA handling. One
millilitre of Trizol reagent (0.8 M guanidinum thiocyanate, 0.4 M ammonium thiocyanate,
0.1 M Na acetate pH 5.0, 5 % glycerol, 38 % phenol saturated in water pH 4.5) was added
to the frozen powder and the sample vortexed for one minute. This was followed by
centrifugation at 12000 g for 10 minutes at 4 ºC. The supernatant was removed into a new
tube and allowed to equilibrate to room temperature for five minutes. 400 μL of
chloroform:isoamylalcohol (24:1) were added, the samples vortexed thoroughly and
incubated at room temperature for five minutes. The samples were then centrifuged at
12000 g for 15 minutes at 4 ºC and the aqueous phase carefully transferred to a fresh tube.
Isopropanol was added in a volume ratio of 1:1, the tubes were inverted and left to
precipitate RNA at room temperature for 10 minutes. The sample was then centrifuged for
10 minutes at 12000 g at 4 ºC, followed by washing with 70 % ethanol and centrifugation
at 12000 g for five minutes at 4 ºC. The RNA pellet was dried at air and resuspended in 50
μL of DEPC-treated water. The tube was then incubated at 65 ºC for 10 minutes to ensure
solubilisation of the RNA.
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The amount of RNA was then quantified. A small sample was diluted 50x in DEPC-treated
water and an absorbance spectrum measured ranging from 220 nm to 320 nm in a quartz
cuvette in a Lambda 35 UV spectrophotometer (Perkin Elmer). RNA content was
calculated as followed: (A260-A320)*40*50 (dilution factor) in [ng/μL]. The purity of RNA
was assessed as the ratio of A260/A280.
For use in RT-PCR, RNA was treated with RQ1 RNAse free DNAse (Promega) according
to the instructions given by the manufacturer. One microgram of RNA was added to a final
volume of 10 μL with one μL of 10x reaction buffer and one μL of DNAse (1U/μL). The
reaction was incubated at 37 ºC for 30 minutes and terminated by adding one μL of the
supplied stop solution followed by heat treatment at 65 ºC for 10 minutes.
RNA was reverse transcribed into cDNA using SuperscriptII reverse transcriptase enzyme
(200 U/μL, Invitrogen) as described by the manufacturer. One microgram of RNA was
added to a final volume of 12 μL together with one μL of a 100 mM oligo dT primer stock
(15 dTs) and one μL of a 10 mM dNTP mix (Invitrogen) and DEPC-treated water. This
mixture was heated to 65 ºC for five minutes, and immediately placed on ice. Four μL of
the supplied 5x First-Strand buffer were added together with two μL of 0.1 M DTT
(dithiothreitol) and incubated at 42 ºC for two minutes. Finally, one μL of SuperScript
enzyme was added and the reaction incubated at 42 ºC for 50 minutes followed by heat
inactivation at 70 ºC for 15 minutes.

2.2 Plant genomic DNA extraction
Genomic DNA was extracted from leaves of soil-grown (long day light conditions)
Arabidopsis plants at various stages. Up to two small leaves were placed in a 2ml screwcap
tube together with a grinding ball and the tissue ground to powder using the Qiagen
TissueLyser as described. 400 μL of extraction buffer (200 mM Tris-Cl pH 7.5, 250 mM
NaCl, 25 mM EDTA, 0.5 % SDS) were added to each sample followed by thorough
vortexing. The sample was allowed to equilibrate to room temperature and centrifuged at
maximum speed in a microcentrifuge (Eppendorf) for one minute. 300 μL of the
supernatant were transferred to a fresh tube and the same volume of isopropanol added.
DNA was allowed to preciptitate at room temperature for five minutes before
centrifugation at maximum speed for five minutes. The pellet was dried in an Eppendorf
vacufuge concentrator at 60 ºC and taken up in 100 μL of TE buffer (10 mM Tris-Cl pH
8.0, 1 mM EDTA) without additional mixing. The DNA was diluted 10 times in TE buffer
to be used as a template in PCR reactions.
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2.3 PCR and agarose gel electrophoresis
PCR (polymerase chain reaction) reactions were carried out either using a MJ Research
PTC-2000 Peltier thermal cycler, or the Gene Amp PCR System 9700 (Applied
Biosystems) using protocols that were adapted for the use of specific Taq DNA
polymerase enzymes as described below.
Standard Taq polymerase
PCR reactions using standard Taq DNA polymerase (from NEB or Invitrogen) were
carried out in a volume of either 50 or 20 μL. A mastermix of the following composition
was prepared and aliquots added to standard thin-walled PCR reaction tubes (tube volume
0.1 ml). DNA templates were added individually to each tube. The reaction buffer from
NEB contains 2 mM MgSO4 and no extra Mg2+ ions were added when this enzyme was
used instead of the Invitrogen enzyme.
Component
10x Reaction Buffer
MgCl2 (50mM)
dNTP mix (10mM)
Taq polymerase (5U/μl)
Primers (10μM stocks)
Template (50ng/μl)
Water to

Amount added/reaction
5 μL
1.5 μL
1 μL
1 μL
1 μL of each
1 μLof each
50 μL

These types of PCR reactions were frequently used for the detection of analytical bands
like in RT-PCR reactions, but not for cloning procedures. Typically, PCR reactions were
run for 30-35 cycles under the following cycling conditions:
Frequency
1x

Step
Temperature [C]
94
Initial Denaturation
94
Denaturation
30-35 cycles Primer annealing temperature 55-60
72
Extension time
72
1x
Final extension
4
1x
Final temperature

Duration [min]
02:00
01:00
0:30-1:00
1:00/1000bp
10:00
∞
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Knockout genotyping
PCR reactions for the genotyping of knockout mutants (Chapter 5) were performed in a
volume of 20 μL using standard Taq polymerase enzymes. The following mastermix was
prepared and genomic DNA (5 μL of 10x diluted DNA) added individually to each tube.
Component
10x Reaction Buffer
MgCl2 (50mM)
dNTP mix (10mM)
Taq polymerase (5U/μl)
Primers (10μM stocks)
Template (10x diluted gDNA)
Water to

Amount added/reaction
2 μL
0.6 μL
1 μL
0.5 μL
0.5 μL of each
5 μL of each
20 μL

Cycling conditions for these reaction types were as follows (these depended on the types of
primers used and the length of the amplicon):
Frequency
1x

Step
Initial Denaturation
Denaturation
30-35 cycles Primer annealing temperature
Extension time
1x
Final extension
1x
Final temperature

Temperature [C]
95
95
55
72
72
4

Duration [min]
02:00
01:00
00:45
01:00
10:00
∞

Alternatively to this type of enzyme, a 2x concentrated mastermix was occasionally used
(2x ReddyMix PCR Master Mix, Abgene). These PCRs were performed in 25 μL final
volume under the same cycling conditions as described above. Aliquots of 12.5 μL of the
mastermix were pipetted into PCR reaction tubes together with a mix of the primers with
enough water to make up a volume of 20 μL. The gDNA or cDNA template was then
added individually to each tube in volumes of five μL.
PCR with proofreading enzymes
For the purpose of cloning PCR products into plasmids, the reactions were carried out with
proofreading Taq DNA polymerase enzymes. Two different types were used, VentR DNA
polymerase (NEB) and PhusionTM High fidelity DNA polymerase (Finnzymes; Espoo,
Finland). For Vent polymerase, the following reactions were set up:
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Component
10x Reaction Buffer
MgSO4 (100mM)
dNTP mix (10mM)
Vent polymerase (2U/μl)
Primers (10μM stocks)
Template (50ng/μl)
Water to

Amount added/reaction
5 μL
1 μL
1 μL
1 μL
2 μL of each
1 μL of each
50 μL

The following cycling conditions were applied:
Frequency
1x

Step
Initial Denaturation
Denaturation
20-25 cycles Primer annealing temperature
Extension time
1x
Final extension
1x
Final temperature

Temperature [C]
94
94
58-60
72
72
4

Duration [min]
02:00
01:00
0:30-1:00
1:00/1000bp
10:00
∞

PCR reactions using Phusion Taq polymerase were performed as follows:
Component
5x Reaction Buffer
dNTP mix (10mM)
Phusion Taq (2U/μl)
Primers (10μM stocks)
Template (10ng/μl)
Water to

Amount added/reaction
5 μL
1 μL
0.5 μL
1 μL of each
1 μL of each
50 μL

Cycling conditions were adapted specifically for this enzyme:
Frequency
1x

Step
Initial Denaturation
Denaturation
20-25 cycles Primer annealing temperature
Extension time
1x
Final extension
1x
Final temperature

Temperature [C]
98
98
55-72
72
72
4

Duration [min]
00:30
00:10
0:10-0:30
0:15/1000bp
05:00
∞
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Agarose gel electrophoresis and gel purification
Following PCR reactions, all products were separated on 1% agarose gels (see Table below
for composition) at 100 V for 20-30 minutes in 1x TAE buffer. To each sample, 6x DNA
loading buffer was added to a dilution of 1x. DNA bands were visualised under UV light
on a GelDoc 2000 scanner (BioRad). A DNA lambda ladder (12 μL) was loaded in parallel
on each gel.
Buffer/Solution
DNA agarose gel
50x TAE
6x DNA loading buffer
DNA marker ladder

Composition
1 % agarose, 1xTAE, 40μl/l ethidium bromide solution
2 M Tris, 5.7 % acetic acid, 50 mM EDTA
0.25 % Bromophenol Blue, 0.25 % Xylene Cyanol FF, 15 % Ficoll
250 μg 1kb+ DNA ladder, 1x DNA loading buffer in 6 ml TE buffer

Where necessary, DNA bands were excised under UV light and purified using the
QiaQuick Gel Extraction Kit spin columns and buffers (Qiagen) exactly according to the
manufacturer’s instructions. PCR products were normally eluted from the columns in 30
μL of the supplied elution buffer.
DNA was quantified by measuring the absorbance at 260 nm of a 200x dilution (in water)
in a 1 ml quartz cuvette in the Lambda 35 UV spectrophotometer (Perkin Elmer). The
DNA concentration was determined in [μg/μL] by multiplying the absorbance value with
10.

2.4 Cloning procedures
Restriction digestion reactions
PCR products and plasmids were digested with restriction enzymes that were obtained
from from NEB or Promega. All digests were carried out in a volume of 20 μL at 37 ºC or
as otherwise required by the individual enzyme for 1-2 hours. The reactions were all
prepared with the reaction buffers supplied by the manufacturers and BSA added as
required. Following digestion, the samples were either run on an agarose gels, or purified
on QiaQuick spin columns as described as described. Usually DNA was eluted in either 30
or 50 μL of the supplied elution buffer. If possible and necessary, digestion reactions were
carried out with two separate enzymes in one tube. In this case, a reaction buffer which
was compatible with both enzymes was chosen.
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Setup of restriction digestions:
Component
10x Reaction buffer
acetylated BSA [10μg/μl]
DNA
Water
restriction enzyme [10U/μl]

Amount added/reaction
2 μL
0.2 μL
1μg
to 20 μL final volume
0.5 μL

DNA ligation reactions
All ligation reactions were carried out with T4 DNA ligase (Invitrogen) in a reaction
volume of 20 μL essentially as instructed by the manufacturer. Normally, an insert:vector
ratio of 3:1 was used, but this was increased in certain reactions to 5:1 or even 10:1. All
reactions were incubated at 23 ºC for two hours in a thermostat and heat-inactivated by
placing the tubes in 70 ºC for 10 minutes. Aliquots of the ligation (typically 5-10 μL) were
diluted 5x and used to transform E.coli strain DH5α as described below.
Component
5x Ligase buffer
Vector (20fmol)
Insert (60fmol)
T4 Ligase (1U/μl)
Water

Amount added/reaction
4 μL
as required
as required
1 μL of 10x dilution (in 1x buffer)
to 20 μL

Preparation of chemically competent E.coli (strain DH5α)
E.coli strain DH5α cells were made chemically competent to be transformed with plasmid
DNA by heat shock treatment. A culture volume of 500 millilitres LB (Luria-Bertani
broth) medium (1% tryptone, 0.5 % yeast extract, 85 mM NaCl, pH 7.0-7.4) was
inoculated with a glycerol stock of DH5α bacteria. The culture was grown overnight at
25ºC while shaking at 220 rpm. The next morning, the growth temperature was increased
to 37 ºC and the bacteria were grown for several hours until they reached an optical density
(600 nm) of approximately 0.4-0.5. The cells were then harvested by centrifugation at 4000
g for 45 minutes at 4 ºC. The cell pellet was very carefully resuspended on ice under sterile
conditions in 125 millilitres of ice cold MgCl2 (100 mM). This resuspension was
centrifuged again at 4000 g for 10 minutes at 4 ºC . The supernatant was carefully
removed, and the pellet resuspended in 25 millilitres of ice cold CaCl2 (100 mM) while
kept sterile. An additional volume of 225 millilitres of cold CaCl2 solution was added on
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top, and the cell suspension kept standing on ice for 45 minutes. The cells were collected
by centrifugation at 4000 g for 10 minutes at 4 ºC and resuspended in 10 millilitres of
storage solution (85 mM CaCl2 in 15 % glycerol). Individual aliquots of 100 μL were
prepared in 1.5 millilitres Eppendorf tubes and snap frozen in liquid nitrogen. The tubes
were kept at –80 ºC for long term storage until use.
Bacteria transformation
Aliquots (100 μL) of chemically competent cells were thawed on ice, and the diluted
ligation reactions added directly. The cells were left on ice for 30 minutes while the tubes
were carefully tapped occasionally. The tubes were then heat shocked at 37 ºC by placing
them in a water bath prewarmed to 37 ºC for 30 seconds to one minute. They were then
placed immediately back onto ice for five minutes. One millilitre of LB medium was added
to each aliquot and incubated at 37 ºC for one hour while shaking at 220 rpm. The cells
were harvested by brief centrifugation (2 minutes at 4000 rpm in a microcentrifuge) and
resuspended in 400 μL of fresh LB. 200 μL were spread on LB agar plates (1.2 % agar)
under a lamillar flow hood using a Drigalski spatula sterilised by ethanol flaming. The agar
plates contained the appropriate antibiotics or other supplements for selection of positive
transformants as outlined in the table below. For blue/white screening with the pUC18
vector, LB plates were supplemented with 40 μL of a 20 mg/ml X-Gal (5-bromo-4-chloro3-indolyl- beta-D-galactopyranoside solubilised in DMSO) stock and five μL of IPTG (200
mg/ml stock). All plates were incubated for at least 16 hours at 37 ºC.
Antibiotic
Final concentration [μg/ml]
Ampicillin
100
Kanamycin
50
Gentamycin
25
Spectinomycin
100
Tetracycline
12.5
Chloramphenicol
34

Plasmid minipreps
Single colonies were picked with a sterile pipette tip and inoculated into liquid LB medium
containing antibiotics as required. For plasmids to be used in diagnostic restriction
digestions, a culture volume of two millilitres was inoculated. For plasmids that were sent
away for DNA sequencing, a volume of five millilitres was inoculated. The cultures were
grown overnight at 37 ºC while shaking at 220 rpm. Cells were harvested by centrifugation
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at maximum speed in a microcentrifuge for three minutes. Plasmids from the larger
cultures were extracted with the QiaPrep Miniprep kit (Qiagen) on spin columns using the
buffers supplied with the kit as instructed by the manufacturer. The resulting DNA was
eluted in 50 μL of elution buffer and quantified as described. The smaller cultures were
extracted with a modified protocol and the buffers listed below.
Buffer
Resuspension buffer
Lysis buffer
Neutralisation buffer

Composition
50 mM Tris-Cl pH 8.0, 10 mM EDTA, 100 μg/ml RNAse A
200 mM NaOH, 1% SDS
3 M K acetate pH 5.5

The cell pellets were resuspended in 100 μL of resuspension buffer and vortexed. 200 μL
of lysis buffer were added and the tubes carefully inverted three times. 200 μL of
neutralisation buffer were added and the tubes again inverted. The lysates were centrifuged
at maximum speed in a microcentrifuge for 10 minutes, and the supernatants transferred to
fresh tubes. One millilitre of ethanol was added to each tube, mixed and centrifuged again
for 10 minutes at 4 ºC. The pellets were washed with one millilitre of 70% ethanol,
vortexed and centrifuged for five minutes. They were then dried in the vacuum
concentrator at 60 ºC for 10 minutes and resuspended in 50 μL of TE buffer. For restriction
digestions, five μL of miniprep DNA were normally added to the standard reaction setup.
DNA sequencing
All DNA sequencing reactions were carried out by the University of Dundee Sequencing
Service (www.dnaseq.co.uk). For plasmid sequencing, 300 ng of DNA were sent in a
volume of 15 μL water. Primers were supplied as 3.2 μM stock solutions. Sequencing data
were analysed with the SeqMan software (part of the DNA Star package).
Bacterial glycerol stocks
Glycerol stocks for easy re-inoculation of transformed bacteria were prepared by adding
590 μL from a four millilitre overnight culture to 900 μL of 40 % glycerol under sterile
conditions. The stocks were immediately frozen at –80 ºC for long-term storage. A sterile
pipette tip was used to scrape off some frozen material for inoculation into liquid LB
medium.
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2.5 A.tumefaciens transformation
Agrobacterium tumefaciens (strain GV3101) cells were made chemically competent. A
pre-culture (two millilitres of LB supplemented with gentamycin) was grown overnight at
28 ºC and used to inoculate a culture volume of 400 millilitres of the same medium. This
culture was grown for several hours at 28 ºC while shaking until it reached an optical
density (600 nm) of 0.3. The cells were harvested by centrifugation at 4000 g for 45
minutes at 4 ºC in 50ml tubes. The supernatant was discarded, and the cell pellets
resuspended on ice under sterile conditions in 40 millilitres of ice-cold sterile HEPES
buffer (1 mM HEPES, pH 7.0). The resuspension was centrifuged again at 4000 g for 15
minutes at 4 ºC. The cells were resuspended in HEPES buffer and harvested as described
altogether three times. The final cell pellet was resuspended in four millilitres of ice cold,
sterile glycerol solution (10 % glycerol, sterile filtered) and aliquoted in 40 μL per tube
before being snap frozen in liquid nitrogen.
These cell aliquots were transformed with binary plasmids by heat shock treatment. The
aliquots were thawed on ice and the plasmid DNA added (normally 10 μL of a plasmid
miniprep). The mixture was left on ice for 10 minutes and snap frozen in liquid nitrogen.
The tubes were then heat shocked by transferring them to a water bath prewarmed to 37 ºC
for five minutes. Immediately after the heat shock the tubes were transferred back to ice for
five minutes, before one millilitre of LB medium was added and the cells incubated at
28ºC for four hours while shaking at 220 rpm. The cells were harvested by centrifugation
at 2000 g for two minutes in a microcentrifuge, and the pellets resuspended in 400 μL of
fresh LB medium. This resuspension was spread under sterile conditions on LB agar plates
containing gentamycin and the appropriate antibiotic for selection of the binary plasmid.
Plates were incubated at 28 ºC overnight and single colonies picked with a sterile pipette
tip for inoculation into four millilitres of liquid LB medium supplemented with gentamycin
and the appropriate antibiotic. These colonies were also streaked out with the same pipette
tip on a fresh LB agar plate containg the same antibiotics for easy re-inoculation later on.
Plasmids were extracted by a modified miniprep protocol. The cells were harvested as
described for E.coli, but lysozyme at a concentration of 1 mg/ml was added to the
resuspension buffer to aid cell lysis. The extracted plasmids were then retransformed into
E.coli cells as described, selected on the appropriate antibiotic, and again extracted by
miniprep. These plasmids were then analysed by diagnostic restriction digests as described
to verify the transformation status of the agrobacteria clones. If the result was positive, a
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small sample on the second LB plate was inoculated into a fresh LB culture of four
millilitres, grown at 28 ºC overnight and glycerol stocks prepared as described.

2.6 Arabidopsis stable transformations
Arabidopsis wild type plants (Col-0, approximately 10-12 seeds per pot) were sown on soil
in round flowering pots (10 cm diameter) and grown under long day light conditions as
described until several inflorescences began to appear. These plants were used for floral
dipping to obtain stably transformed lines.
A culture volume of 600 millilitres of transformed agrobacteria was inoculated with an
agrobacteria pre-culture of 10 millilitres in LB medium supplemented with antibiotics. The
large culture was grown for 48 hours at 28 ºC while shaking at 250 rpm. The cells were
harvested by centrifugation at 4000 g for 45 minutes at 4 ºC, and the dry cell pellets
resuspended in 200 millilitres of cold infiltration buffer (0.5 xMS, 5 % sucrose, 0.02 %
Silwet L-77 (Lehle Seeds, Texas)). This resuspension was kept on ice until the floral
dipping was commenced. For floral dipping, the agrobacteria resuspension was poured in a
small container in which the inflorescences were allowed to dip into while upside-down.
This assembly was placed into a vacuum bell and vacuum applied three times for five
minutes with breaks inbetween where the vacuum was slowly released. The plants were
briefly washed in a bucket of water by dipping, and laid flat out on a paper towel to dry.
They were then placed under a transparent plastic bag into a tray filled with water and kept
at 18 ºC overnight. The next morning, the trays were transferred back to the growth room
and kept under long day light conditions. Two days later, holes were cut into the plastic
bags, and the bags were eventually removed and replaced by Aracon tubing to protect
seeds. Plants were allowed to dry out completely after the first siliques became visibly
senescent. The seeds of these plants (= T1) were harvested and selected on MS agar plates
(0.5 x MS, 0.5 % sucrose, 0.8 % agar with appropriate antibiotics added based on the
binary plasmid these plants carried). Resistant seedlings were counted, carefully
transferred to soil and left until the next generation of seeds (=T2) could be harvested. In
cases where it was not necessary to obtain homozygous lines, these seeds were used to
analyse transgenic plants. Where it was essential to obtain homozygotes, these seeds were
selected again as described and the T3 generation of seeds harvested. Their segregation
pattern was analysed based on their resistance (in % of germinated seeds) to the antibiotic.
In case of 100 % resistance, these lines were assumed to be homozygous and used for
analysis, and were not further selected on antibiotic.
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2.7 Plant growth conditions
Arabidopsis plants were either grown on soil, or sterile on MS agar plates or in MS liquid
medium. All cultures were kept either under long day (16 hours light, 8 hours darkness;
light intensity 150-200 μmoles/m2/s; temperature 22 ºC during day period, 18 ºC during
darkness; relative humidity 60 % in day period, 70 % during darkness) or short day light
conditions (9 hours light, 15 hours darkness; light intensity approximately 150
μmoles/m2/s; temperature and relative humidity settings as in long day) in an
environmentally controlled growth chamber (Sanyo FitoTron) with set conditions as
described.
Growth on soil
Before sowing, Arabidopsis seeds were vernalised by placing seeds in a tube with one
millilitre of water. The tube was then wrapped in aluminium foil and kept at 4 ºC for at
least 48 hours. Seeds were sown individually on moist compost (Levington F2, Fisons,
Ipswich, UK) inside standard growth pots/trays with the aid of a cut pipette tip attached to
a P200 Gilson pipette. The pots were placed in a tray under a propagator and transferred to
either a long day or a short day photoperiod growth chamber under the conditions
described above. After one week, the propagator was removed and the trays were watered
every three days until visibly senescent. If seeds were to be collected from these plants,
Aracon tubing was placed on top of the rosettes and watering stopped once the first
siliques became discoloured. The plants were allowed to dry out completely and left
thereafter drying for at least another two weeks.
Growth on agar plates
For plant culture on agar plates, autoclaved Murashige and Skoog (MS) medium (0.5x
MS= 3.12g MS salts/L, 0.5 % sucrose (sometimes this was omitted), 0.8 % agar, pH 5.7
(KOH)) medium was poured sterile into either squared Petri dishes (12x12 cm dimension,
Greiner) or into round (9 cm or 14 cm diameter) dishes and left to solidify and dry under a
flow hood. Seeds were sterilised in 1.5 ml Eppendorf tubes by adding sterilisation solution
(2.5 % Na hypochlorite, 0.1 % Tween-20), vortexing and inverting the tubes for 10
minutes to ensure thorough mixing. After this time, the solution was taken off, and the
seeds washed twice with ethanol. After the last wash, the ethanol was removed and the
seeds were washed at least five times with one millilitre of sterile distilled water. The seeds
were then kept in water wrapped in aluminium foil for at least 48 hours until sowing.
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Sterilised seeds were sown individually onto MS agar plates with the aid of a sterile cut
P200 pipette tip attached to a Gilson pipette. The plates were left to dry under the flow
hood before being wrapped with Nesco Film and transferred to either long day or short day
light conditions.
Liquid culture
Plants grown in liquid MS medium (0.5 x MS salts, 0.5 % sucrose, pH 5.7 (KOH)) were
sterilised as described above and sown directly into the medium. Typically, seeds were
sown into tissue culture well plates. The plates were then wrapped with Nesco Film and
placed into a special tissue culture room (16 hours photoperiod, light intensity 180
μmoles/m2/s, 21C) on a shaker set to 50 rpm or on a shelf.

2.8 Plant crude protein extraction
For analysis by SDS-PAGE and Western blotting, plant proteins were extracted under
denaturing conditions. Plant material was collected and placed into a two millilitre screw
cap tube with a grinding ball as described. The tissue was frozen in liquid nitrogen and
ground using the Qiagen Tissue Lyser. The frozen powder was then taken up in an equal
volume of plant protein extraction buffer (62.5 mM Tris-Cl pH 6.8, 30 % glycerol, 5%
SDS, 1.4 M β-mercapto ethanol) and thoroughly vortexed until it was defrosted. The tubes
were then boiled at 95 ºC for five minutes and centrifuged for one minute at maximum
speed in a microcentrifuge. The supernatant was transferred to a fresh tube and centrifuged
again as described. The final supernatant represented the crude protein extract and was
pipetted into a fresh tube. It was quantified by the Amidoblack protein assay.
Amidoblack protein assay
The protein content of the denatured extracts was quantified with the Amidoblack assay.
Two to ten μL of protein sample were pipetted into a volume of 40 μL made up with water.
160 μL of colouring solution (10 % acetic acid, 90 % methanol, 0.05 % amidoblack dye)
were added to each sample followed by incubation at room temperature for 15 minutes.
The samples were then centrifuged at maximum speed in a microcentrifuge for 10 minutes
and the supernatants discarded. The dyed protein pellets were washed with 200 μL of
decolouring solution (10 % acetic acid, 90 % methanol) and centrifuged again. The
supernatant was taken off and the pellets solubilised in 800 μL of 0.1 N NaOH (=
measuring solution). The absorbance at 615 nm was measured against the measuring
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solution as a blank and the protein content calculated (in [μg/μL] based on a standard
curve. For the standard curve, BSA protein samples were prepared with the following
amounts: 0, 0.25, 0.5, 1, 2, 5, 10, 15 and 20 micrograms BSA in a volume of 40 μL. These
samples were treated as described and used to plot a standard curve.

2.9 SDS-PAGE and Western blotting
Protein samples were separated by SDS polyacrylamide gel electrophoresis using a mini
gel format (BioRad Protean III) according to the Laemmli procedure (Laemmli, 1970).
Acrylamide gels of three different strengths (10, 12 and 15 %) were routinely used to
separate proteins. The compositions of these gels are given in the table below (the final
volumes given are sufficient for one mini gel).
Separating gel
10 % gel
H2O
1.55 ml
30% Acrylamide solution
1.2 ml
4xSeparating buffer
10% Ammonium persulfate
TEMED
Final volume

Stacking gel
H2O
30% Acrylamide solution
4xStacking buffer
10% Ammonium persulfate
TEMED
Final volume [ml]

12 % gel
1.25 ml
1.5 ml
0.95 ml
56 μL
2.5 μL
3.76 ml

15 % gel
0.9 ml
1.85 ml

Volume
2 ml
600 μL
888 μL
28 μL
2.5 μL
1.78 ml

Before loading on gels, protein samples were denatured by adding 5 x SDS loading buffer
(see table below) to yield a concentration of 1x and heating at 95 ºC for five minutes. Plant
proteins extracted under denaturing conditions were heated at 95 ºC for five minutes
without any further additions. A molecular weight marker (10 μL of the NEB broad range
prestained protein marker or the Invitrogen BenchMarkTM prestained protein ladder) was
always loaded in parallel with all samples. Typically, 5-10 micrograms of proteins were
separated per lane. Gels were run in 1 x SDS running buffer at 100 V for one to two hours,
depending on the molecular weight range of interest. The next table contains the
composition of buffers and solutions used in SDS-PAGE and Western blotting.
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Buffer/Solution
5xSDS loading buffer

Composition
225 mM Tris-Cl pH 6.8, 50 % glycerol, 5 % SDS, 0.05 % Bromophenol
Blue, 0.25 M DTT
10x SDS Running Buffer 250 mM Tris, 1.92 M glycine, 1 % SDS
Transfer buffer
25 mM Tris, 192 mM glycine, 20 % methanol
20x TBS
2.8 M NaCl, 54 mM KCl, 500 mM Tris pH 7.4 (HCl)
Blocking solution
5 % non-fat dried milk powder (Marvel) in 1 xTBS
TBST
1 xTBS, 0.1 % Tween-20
For SDS-PAGE gels:
4x Separation buffer
1.5 M Tris, 0.4 % SDS pH 8.8 (HCl)
4x Stacking buffer
500 mM Tris, 0.4 % SDS pH 6.8 (HCl)

Western blotting
For Western blotting, a wet blot system (BioRad) was used. SDS-PAGE gels for Western
blotting were briefly rinsed in transfer buffer before assembled into the blotting sandwich.
A piece (9.5 x 6.5 cm) of nitrocellulose membrane (BioRad) and two pieces of Whatman
papers (10.5cm x 8cm) were cut to fit comfortably over the gel. The membrane was first
rinsed in distilled water, before left to soak in transfer buffer; the Whatman papers were
also soaked in transfer buffer until assembly of the blot. Pieces of transfer buffer-soaked
sponge were first put on top of the black (= negative side) part of the provided blotting
clamp. One layer of Whatman paper was placed on top of that, followed by the gel. The
soaked membrane was placed over the gel, followed by another layer of paper and a final
piece of sponge. The clamp was closed with the white side (= positive side) facing
upwards. The sandwich was then placed into the provided rack with the appropriate sides
facing the negative and the positive poles and placed into a gel tank. An ice container was
placed on the back and the tank filled up with transfer buffer. A small stirring bar was
added before the tank was closed with the appropriate lid. The tank was placed on a
magnetic stirrer and connected to a power supply (BioRad) in the cold room. The blotting
was run at 100 V for one hour while stirring. Upon completion, the sandwich was
disassembled and the membrane stained with Ponceau S stain solution (0.1 % Ponceau S
stain in 5 % acetic acid) for 10 minutes at room temperature. Excess stain was washed off
with distilled water, and the Ponceau stained membrane was scanned. The membrane was
then placed into blocking solution for at least one hour or longer at room temperature while
slowly rotating. Following the blocking, the membrane was incubated with primary
antibody (diluted in blocking solution) overnight at 4 ºC or for at least two hours at room
temperature. Unbound antibody was washed off by four washes with excess volumes of
blocking solution for 15 minutes at room temperature. This was followed by incubation
with secondary antibody (diluted in blocking solution) for at least two hours at room
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temperature. Secondary antibody was always used as an HRP (horseradish peroxidase)
conjugate (Sigma). Excess antibody was washed off by four washes in TBST for 15
minutes before detection of chemiluminescence using the ECL kit (Pierce ECL Western
blotting substrate) on films (Kodak Medical X-Ray Film). Films were exposed in darkness
and developed using a Compact X4 Xograph (Imaging Systems, Tedbury, UK).
If membranes were reprobed with another antibody, they were placed in stripping buffer
(62.5 mM Tris-Cl pH 6.7, 2 % SDS, 100 mM β-mercapto ethanol) and incubated at 65 ºC
for one hour while rotating inside a hybridisation oven. They were then washed twice in 1x
TBST for 20 minutes before blocking and probing with another antibody as described.
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Methods for Chapter 3: Phylogenetic Analysis and
Tissue Expression
2.10 Sequence alignments and phylogenetic trees
The sequences of all analysed proteins listed in Tables 3-2 to 3-4 were downloaded from
the UniProt Knowledgebase (web address http://us.expasy.org/sprot/). For the construction
of phylogenetic trees, multiple sequence alignments were run using the ClustalW algorithm
(Thompson et al., 1994) available on the Biology WorkBench 3.2 (web address
http://workbench.sdsc.edu/, University of California, San Diego). The specified sequences
were uploaded in FASTA format and aligned using the default parameters. The alignments
were downloaded as .txt files and imported to ClustalW2 (downloaded from ebi.ac.uk) for
the calculation of bootstrap values (1-10000). The resulting files were then viewed with the
TreeView software (version 1.6.6 available from http://taxonomy.zoology.gla.ac.uk) (Page,
1996) as rectangular cladograms with bootstrap values displayed at each branch node.
Identity and similarity values (in %) were calculated using the Emboss pairwise Alignment
algorithms (available from ebi.ac.uk) with the Emboss Needle method for global
alignments. All parameters were used in the default mode.
ClustalW multiple sequence alignments were colourcoded with the BoxShade algorithm
(program version 3.3.1) available on the BiologyWorkbench. The colourcoding was set to
specified colours according to the degree of conservation using the Boxshade default
similarities.
The structures of AtSlp1, AtSlp2 and HsSlp2 were analysed with the Protean software
(part of the DNA Star software package). The specified plots were drawn with the given
algorithms (Garnier et al., 1978;Parry, 1982;Eisenberg et al., 1984) using the default
parameters. The Kyte-Doolittle hydrophobicity profiles were calculated at ProtScale
(Gasteiger et al., 2005) with a window size of 7 and downloaded. These values were then
imported into SigmaPlot 8.0 and the hydropathy graphs created. The positions of the band7 and stomatin domains were obtained through the UniProt entries of AtSlps and HsSlp2
via the InterPro link. Putative transmembrane spanning regions were identified with the
TMAP algorigthm (Persson & Argos, 1994) available through the Biology Workbench.
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2.11 Cloning of AtSlp open reading frames
As indicated in the results section, the AtSlp1 open reading frame was originally obtained
by RT-PCR from Dr. Petr Obrdlik (IONgate, Frankfurt, Germany). This clone was
amplified and modified by site-directed mutagenesis using the overhang method (Higuchi
et al., 1988;Ho et al., 1989). The final frame was cloned into the pDRIVE cloning vector
(Qiagen, Germany) by Annegret Honsbein (University of Glasgow) using the 3’ adenine
overhangs from the PCR product and the uridine overhangs inside the vector according to
the manufacturer’s instructions. This construct was used for all following cloning
procedures as indicated.
The AtSlp2 cDNA was obtained by RT-PCR. Dr. Patrick Armengaud (University of
Glasgow) provided RNA that was extracted from 14 days old Col-0 seedlings grown on
agar plates. These seedlings had previously been kept under potassium-depleted conditions
for 3 days. RNA was extracted by him using a home-made version of the Trizol reagent
and phenol-chloroform extraction as described in the general methods. The RNA (1 μg)
was reverse-transcribed as described above and the resulting cDNA used as a template for
PCR using primers no 1 and 2 (see primer Table in Appendix 2). 30 cycles of amplification
were performed with an annealing temperature of 55 ºC and an extension time of 1 minute
and 30 seconds in a volume of 50 μL. The PCR products were run on a 1 % agarose gel as
described above and purified on columns provided with the Qiagen gel extraction kit. 50
ng of the purified product were in turn used as a template for another PCR. This time
primers were used with PstI (forward) and EcoRI (reverse) restriction sites (numbers 3 and
4 in the primer table in Appendix 2) that amplified the complete frame by PCR. The
reaction was performed with 60 ºC as the annealing temperature and an elongation time of
1 minute 30 seconds and 30 cycles using Invitrogen Taq polymerase. The PCR product
was again gel-purified and the eluted product restriction-digested in a single reaction with
EcoRI and PstI (Promega). The cloning vector pUC 18 was digested in the same way as
the PCR product. The digested reactions were purified on QiaQuick spin columns (Qiagen)
and used in ligation reactions in a molar ratio of vector:insert = 1:5 with T4 ligase
(Invitrogen). Ampicillin-positive clones (white in colour on X-Gal containing LB plates)
were plasmid- extracted in a miniprep format and tested for the presence of the insertion by
restriction digestion. Positive clones were sent for DNA sequencing at the University of
Dundee Sequencing Service.

79

Site-directed mutagenesis by the megaprimer method
This method is based on the generation of a short fragment that includes the mutation site
by PCR. In a first reaction the construct template and two primers with low melting
temperatures annealing around the mutation site are utilised to create a product (25 cycles,
Ta= 43 ºC, extension time 10 seconds using Vent polymerase). This first PCR product is
then used in a second PCR as a “megaprimer” together with a third primer that anneals
further downstream with a significantly higher melting temperature to amplify the insert
without the point mutation (Kammann et al., 1989) (25 cycles, Ta= 72 ºC, extension time
40 seconds, Vent polymerase). Primers 5 and 6 (see table) were used to create the
megaprimer. Primer 7 was then used in PCR together with the megaprimer to amplify the
full frame with PstI and EcoRI as overhangs (Ling & Robinson, 1997a). The final
mutagenised PCR product was gel-purified, restriction digested with PstI and EcoRI and
ligated into pUC 18 as before. Ampicillin positive clones that were white on X-Gal LB
plates were selected, their plasmids extracted and sequenced as before.

2.12 Antibody Production
Design of expression constructs
For the design of suitable epitopes to be overexpressed as epitope-tagged fusion proteins in
bacteria, the full length sequences of AtSlp1 and AtSlp2 were aligned using the Clustal W
algorithm as described above. The sequences were further inspected for their surface
exposure and antigenicity index using DNA Star Protean. The surface probability was
plotted using the method of Emini (Emini et al., 1985) and the antigenic index was drawn
according to the algorithm by Jameson and Wolf (Jameson & Wolf, 1988).
Cloning into pQE80L vector
The areas spanning amino acids 341-411 of AtSlp1 were amplified in standard PCR
reaction using Vent polymerase (NEB) as described in the General Methods section.
Primers no 8 and 9 (Table) were used that contain a SphI restriction site in the forward, and
PstI in the reverse primer sequence. As a template, 50 ng of the pDRIVE-AtSlp1 construct
was added. For AtSlp2, primers containing BamHI (forward, no 10 in Table) and HindIII
(reverse, no 11 in Table) were used in the same type of PCR using the pUC 18-AtSlp2
construct as a template for amplifying a fragment spanning amino acids 2-92. PCR
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products were separated on a 1 % agarose gel, purified and restriction-digested as
described above.
The pQE80L vector was restriction-digested in the same way and purified according to the
General Methods section. The purified digested PCR products were ligated into the vector
using T4 DNA ligase (Invitrogen) as described. Competent bacteria (strain DH5α) that
were growing on LB plates supplemented with 100 μg/ml ampicillin were selected,
plasmid- extracted and restriction digested to detect positive clones. The insertions were
verified by sequencing as described.
Bacterial cultures
E.coli strain M15 [pREP4] (Qiagen) was made chemically competent and transformed with
the pQE80L constructs as described. The transformants were selected on LB agar plates
supplemented with 100 μg/ml ampicillin (Sigma) and 25 μg/ml kanamycin (Fluka).
Resistant colonies were selected and glycerol stocks prepared. These were used as stocks
for all following cultures.
For protein expression, glycerol stocks were inoculated in 5 ml liquid LB medium
supplemented with ampicillin and kanamycin as described. An aliquot of 2ml was then
used to inoculate larger volumes (50 ml-1000 ml) and grown at 37 ºC until the culture had
an optical density (OD at 600 nm) of approximately 0.5-0.7.
Protein expression was induced by the addition of 1 mM IPTG (isopropyl-β-Dthiogalactoside, Sigma) to the growth medium. The cultures were grown for another four
hours or as described until harvesting. They were filled into 50 ml centrifugation tubes and
spun for 45 minutes at 4000 g in 4 ºC. The supernatants were discarded and the pellets
further processed.
Cell lysis and protein purification under denaturing conditions (spin columns)
For protein purification under denaturing conditions, a volume of 50 ml bacteria was
grown at 37 ºC and aliquots of 10 ml taken at 2, 3, 4 and 5 hours after induction. The
cultures were centrifuged at 4 ºC and the pellets resuspended in 400 μL buffer B while
vortexing. The lysate was centrifuged at maximum speed in a microcentrifuge for 20
minutes at 4 ºC, and the supernatant transferred to a fresh tube. Ni-NTA spin columns
(Qiagen) were equilibrated with 600 μL buffer B before loading the lysate on top. Columns
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were centrifuged for 2 minutes at 2000 rpm in a microcentrifuge and the flow-through
collected. The columns were washed twice by adding 600 μL of buffer C and
centrifugation at 2000 rpm. Wash fractions were collected for analysis on SDS-PAGE gels.
Elution of His-tagged protein was achieved by repeatedly adding 200 μL of buffer E and
centrifugation as described above at 2000 rpm. 5x SDS loading buffer was added directly
to each sample to a final concentration of 1x, the samples were boiled for 5 minutes before
loading on a 12 % SDS-PAGE gel. The gels were stained with Coomassie Brilliant Blue
(0.1 % Coomassie Brilliant Blue, 50 % methanol, 10 % acetic acid, 40 % water) overnight
and destained for several hours (40 % methanol, 10 % acetic acid, 50 % water)
Buffers used for denaturing purification:
Buffer
Buffer B
Buffer C
Buffer E

Composition
100 mM NaH2PO4, 10 mM TrisCl, 8 M urea pH 8 (NaOH)
100 mM NaH2PO4, 10 mM TrisCl, 8 M urea pH 6.3 (HCl)
100 mM NaH2PO4, 10 mM TrisCl, 8 M urea pH 4.5 (HCl)

Cell lysis under native conditions- target protein solubility test
For the assessment of target protein solubility, a culture volume of 50 ml was inoculated
with starter cultures (grown overnight at 37 ºC) and grown until OD (600 nm) 0.6. IPTG
was added and the cultures were grown for another 4 hours at 37ºC. The cells were
harvested as described above by centrifugation, and the cell pellets resuspended in 5 ml
lysis buffer (for buffer composition see table on page 82) with added protease inhibitor (1
mM PMSF (Phenylmethanesulfonyl fluoride), 1x protease inhibitor cocktail (Roche)) on
ice. Lysozyme was added to a final concentration of 1 mg/ml and incubated for 30 minutes
on ice. Cell lysis was further achieved by sonication with bursts of five microns amplitude
(10 seconds) and breaks in between to avoid denaturation. The lysates were centrifuged for
20 minutes at 10000g at 4 ºC and the supernatant (soluble proteins) separated from the
pellet (insoluble proteins). The pellet was resuspended in 5 ml lysis buffer. 20 μL samples
of the soluble and insoluble fractions were added to fresh tubes with 5 μL 5x SDS loading
buffer (see above). The samples were boiled for 5 minutes before loading on a 12 % SDSPAGE gel. The gel was Western-blotted and probed with anti-His monoclonal antibody
(Sigma) in a dilution of 1:5000 (secondary anti-mouse-HRP (horseradish peroxidase)
conjugate used at 1:10000 (Sigma)) as described above.
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Small scale test protein purification under native conditions (batch format)
Bacterial cultures were inoculated with glycerol stocks of the 6xHis::Slp1 epitope and the
6xHis::Slp2 epitope in a volume of 100 ml. The cultures were grown until an OD (600 nm)
around 0.6. IPTG was added to 1 mM and the cultures were grown for another 4 hours (the
Slp1 epitope culture at 37 ºC and the Slp2 epitope culture at 30 ºC) and harvested by
centrifugation as described. A control culture containing the empty plasmid was processed
simultaneously (growth temperature 37 ºC). The cell pellets were harvested and
resuspended in 4 ml lysis buffer (see Table below) supplemented with protease inhibitors,
sonicated as described and lysozyme (1 mg/ml) was added. The lysates were centrifuged
for 20 minutes at 20000 g (4 ºC) and the cleared supernatant transferred into a fresh tube.
Ni-NTA agarose (Qiagen) was equilibrated with lysis buffer by several washes and a final
slurry (50 % agarose content) was produced. 250 μL of this slurry were added per ml of
cleared lysate followed by incubation overnight at 4 ºC while rotating. Unbound proteins
were collected by centrifugation (1 minute at 4000 g) and the slurry washed five times with
four millilitres of wash buffer no.1 (see table on next page). Bound protein was eluted six
times with 500 μL of elution buffer no.1 (see table). Samples were quantified as described
below and 10 μg of each fraction was loaded on a 12 % SDS-PAGE gel followed by
Coomassie blue staining.
Buffers used for purification under native conditions:
Buffer
Lysis Buffer
Wash Buffer #1
Wash Buffer #2
Elution Buffer #1
Elution Buffer #2
Elution Buffer #3
Elution Buffer #4
High Stringency Buffer

Composition
50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 30 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 100 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 150 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 200 mM imidazole, pH 8 (NaOH)
50 mM NaH2PO4, 300 mM NaCl, 1 M imidazole, pH 8 (NaOH)

BioRad Protein Assay (Bradford method)
Protein amounts were assayed according to the microprocedure as described in the manual
of the BioRad Protein Assay kit based on the Bradford method (using BioRad Protein
Assay Dye Reagent Concentrate). Protein standards (0, 1, 2.5, 5, 10, 15 and 20 μg
BSA/ml) were prepared in 800 μL distilled water and 200 μL of dye reagent was added as
described in the manual. After an incubation time of five minutes at room temperature,
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absorbances at 595 nm were recorded and a standard curve calculated. Protein samples
were diluted 200x and measured as described for the standards. Concentrations were
calculated in μg/μL based on the standard curve.
Large scale purification of Slp1 epitope (batch format)
For the first large scale purification, a bacterial culture expressing the Slp1 epitope was
inoculated with an overnight grown starter culture (5 ml) in a volume of one litre LB
medium supplemented with ampicillin (100 μg/ml) and kanamycin (25 μg/ml). The culture
was grown as described and protein expression induced upon addition of 1 mM IPTG for 4
hours at 37 ºC. The cells were lysed as described previously (from a 50 times concentrate)
and 150 μL of a 50 % slurry of Ni-NTA agarose added per millilitre of lysate and
incubated overnight at 4 ºC while rotating. The flow-through proteins were collected by
centrifugation (1 minute, 4000 g) and the bound proteins washed five times by adding 1.4
times the volume of lysis buffer for five minutes after the following protocol (see above
table for buffer compositions): four washes with wash buffer no. 1 and one wash with the
same buffer containing 100 mM imidazole (= elution buffer no. 2). Bound proteins were
eluted 5 times by the addition of elution buffer (1/10 the volume of lysate) and incubation
for 5 minutes at 4 ºC followed by centrifugation for one minute with 4000 g according to
the following regime: four elutions using elution buffer no. 1 and one final elution with
high stringency buffer. All collected fractions were quantified with the BioRad protein
assay as described and 10 μg were loaded on a 12 % SDS-PAGE gel for analysis.
A second purification from a one litre culture volume was carried out after most of the
previously purified protein sample was lost while dialysing as described below. The
protocol for lysis, washing and elution buffers were modified and additional elution buffers
included. All buffers now contained 1 % Triton-X100 and 20 mM β-mercaptoethanol.
Small amounts of previously purified leftover protein that were not sufficiently pure were
purified again under these modified conditions (separately from the fresh samples). Freshly
harvested cells (grown and induced under the same conditions as above) were lysed with
lysis buffer (with additional detergent and reducing agent) and incubated with Ni-NTA
agarose as described. Bound samples were washed four times with wash buffer no. 2 for 5
minutes at 4 ºC using 1.5 times the volume of lysate. Each addition of wash buffer was
followed by centrifugation at 4000 g for one minute. Bound proteins were eluted with
increasing amounts of imidazole with elution buffers nos. 1-4 (see table above) by adding
1/10 the volume of lysate: four elutions (E1-E4) with elution buffer no. 2, two elutions
with buffer no. 3 (E5-E6), two elutions with buffer no. 4 (E7-E8), two elutions with buffer
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no. 1 (E9-E10) and two final elutions with high stringency buffer (E11-E12). All samples
were quantified as described, and 10ug of protein loaded on a 12 % SDS-PAGE gel
followed by Coomassie staining.
Only fractions E1-E4 were pure enough to be processed further. Leftover sample from the
previous purification (wash fraction no. 5) was pooled with E1-E4 and quantified
according to the Bradford method as described. The pooled sample was dialysed overnight
at 4 ºC against 200 times the volume of buffer (20 mM sodium hydrogen carbonate, 0.02
% SDS) in dialysis tubing with a molecular weight cutoff of 8 kDa (Pierce SnakeSkin
tubing). The dialysed sample was collected, frozen and lyophilised over several days. A
sample of the powder was quantified with the Bradford assay, aliquoted and a total amount
of 10mg sent for injection into rabbits at the Scottish National Blood Transfusion Service
(Pentlands Science Park, Penicuik, Scotland). Two animals were repeatedly injected with
the purified epitope over a time course of four months. The final unpurified serum was
used subsequently for all Western blots unless otherwise indicated.
Testing of Slp1 antiserum specificity
For the assessment of antibody specificity, 10 μg of plant protein extract (prepared as
described above with denaturing buffer) from wild type Col-0 and two knockout lines
(slp1-1 and slp1-2- see chapter 5 for description) were run on 10 % SDS-PAGE gels along
with protein extract from Sf9 cell cultures, and 0.5 μg of the purified epitope (dissolved in
10 mM Tris pH 7.4) as indicated in Figure 1-17 A) and B).
The Sf9 lysates were prepared by harvesting baculovirus-infected cells overexpressing
AtSlp1::myc by centrifugation at 2000 g for 10 minutes at 4 ºC. The cell pellets were
resuspended in buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 % Triton-X100) and
incubated on ice for 30 minutes. The lysates were centrifuged at 10000 g for 15 minutes at
4 ºC and the supernatant quantified with the Bradford method. Proteins were denatured by
adding 5x SDS loading buffer (see above) to a final concentration of 1x, followed by
heating at 95 ºC for five minutes. 10 micrograms of protein were loaded on the SDS-PAGE
gel.
Following Western blotting, the transferred proteins were probed with Slp1 antiserum in a
dilution of 1:7500, monoclonal anti-myc antibody (1:5000, Sigma from mouse), and
monoclonal anti-His antibody (1:2000, Sigma from mouse). Secondary HRP-conjugated

85

antibodies against rabbit or mouse were used in dilutions of 1:10000 (anti-rabbit for Slp1
and anti-mouse for Sf9 lysate) and 1:5000 (anti-mouse to detect bound anti-His).
Cloning of AtSlp2 epitope into pGEX 4T-1 vector
The Slp2 epitope was amplified by PCR using Vent Taq polymerase (NEB) from the
pQE80L-Slp2 epitope construct using primers nos. 12 and 13 that include BamHI and
XhoI restriction sites as indicated (see Appendix 2, primer Table no.1). The PCR product
was run on a 1 % agarose gel, purified and restriction-digested as described. The pGEX4T1 vector was processed in parallel. The digested PCR product was ligated into the vector as
described and transformed into chemically competent cells of the E.coli strain XL1-Blue
for cloning and amplification using ampicillin (100 μg/ml) and tetracycline (12.5 μg/ml)
for selection. The correct plasmid was extracted by miniprep and the insertion verified by
restriction digestions and DNA-sequencing.
Bacterial culture
For protein expression, cells of the E.coli host strain BL21(DE3)pLysS (Novagen) were
made chemically competent according to the Amersham GST gene fusion system
handbook. Cells were transformed with the pGEX-Slp2 epitope construct and selected on
LB agar plates supplemented with ampicillin (50 μg/ml) and chloramphenicol (34 μg/ml,
Sigma). Positive clones were selected and glycerol stocks prepared as described; these
were then used for inoculation of bacterial cultures in the following procedures.
GST fusion protein solubility test and Western blot
To test protein expression and solubility, culture volumes of 2 ml were inoculated with two
separate clones (designated “9” and “23”) and the empty pGEX vector as a control in the
presence of ampicillin and chloramphenicol. The cultures were grown at 37 ºC until an
optical density of 0.6 was reached. Protein expression was induced by the addition of 1
mM IPTG to the medium and the cultures grown for two hours. Cells were harvested by
centrifugation at 4000 g for 15 minutes, and the cell pellets were resuspended in 300 μL
PBS (140 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, 1.8 mM K H2PO4 pH 7.3) with
added protease inhibitors. The suspension was sonicated five times and centrifuged for five
minutes at 10000 g. The supernatant containing soluble proteins was separated from the
pellet (insoluble matter), and both fractions denatured by adding SDS loading buffer to a
dilution of 1x and boiling. 10 μL of each sample were loaded on a 12 % SDS PAGE gel,
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separated and Western blotted as described. Monoclonal GST antibody from mouse
(Novagen) was used in a dilution of 1:10000; secondary anti-mouse HRP IgG conjugate
(Sigma) was used at 1:10000. The blocking and washing steps were modified according to
the Novagen manual “GST tag monoclonal antibody”. Blocking solution contained 1 %
alkali-soluble casein as the blocking agent in 1x TBST (10 mM Tris-Cl, 150 mM NaCl, 0.1
% Tween-20 pH 7.5). The antibodies were diluted in blocking solution containing only
0.5% casein, and membranes were washed after blocking and antibody incubation twice
with TBSTT (500 mM NaCl, 20 mM Tris-Cl, 0.05 % Tween-20, 0.2 % Triton-X100) and
once in TBS (10 mM Tris-Cl, 150 mM NaCl) before detection with the ECL kit (GE
Healthcare).
Slp epitope design for the production of commercial antibodies (AgriSera)
Short peptide epitopes for commercial antibody production by AgriSera (Umea, Sweden)
were designed based on Surface probability (Emini et al., 1985) and antigenicity
predictions (Jameson & Wolf, 1988) obtained from Protean (part of the DNA Star software
package). As an epitope for AtSlp1, amino acids 14-27 were chosen, and for AtSlp2 amino
acids 84-97. The peptides were synthesised by AgriSera, conjugated to a suitable carrier
protein and injected into two host animals (rabbit A and B) per peptide. The injections
were repeated over several months, and serum samples analysed by Western blotting.
Testing of antibody specificity by Western blotting
Plant protein extracts from wild type plants (Col-0) and the two slp1 knockout lines (slp1-1
and slp1-2) were extracted under denaturing conditions as described and separated on 10 %
SDS-PAGE gels followed by Western blotting (Figures 1-20 and 1-22). The blots were
probed with pre-immune sera and the second bleeds of rabbits immunised with the Slp1
epitope in dilutions of 1:5000 (Figure 1-20). Monoclonal anti-tubulin antibody from mouse
(Sigma) was used in parallel at a dilution of 1:500. The affinity-purified antisera against
the Slp2 epitope (eluted at pH 2.5 and 7.5) were used at the same concentrations to detect
protein on Western blots loaded with the same samples (Figure 1-22). Secondary antirabbit IgG HRP conjugate (from mouse, Sigma) was used at 1:10000 for detection of
bands by chemiluminescence.
For further testing of the Slp2 antiserum, plant protein extracts (extracted under denaturing
conditions as described) from Slp2 RNAi and promoter CMV35S overexpressing YFP
fusion lines (see Methods for Chapter 4) were separated on identical gels, Western blotted
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and probed with samples of the second bleeds from two animals immunised with the Slp2
epitope (rabbits A and B) with a dilution of 1:5000. Secondary anti-rabbit IgG-HRP
conjugate from mouse was used for detection at a dilution of 1:10000. Monoclonal antiGFP antibody from rabbit (Abcam) was used at 1:1000 dilution (secondary anti-rabbitHRP from mouse used at 1:2000) as a positive control to detect YFP fusion protein.

2.13 AtSlp expression analysis
Public Microarray expression data
Expression data (absolute values) and standard deviation values were downloaded from the
eFP browser database (http://www.bar.utoronto.ca/efp) (Winter et al., 2007b). These
results are based on data obtained as part of the AtGenExpress Project. The data were
plotted as bar charts in Excel with the standard deviation values as error bars given in the
database. The following publications include detailed information about the actual
experimental setups:
•

Gene expression in different stages of plant development and organs (Schmid et al.,
2005);

•

Tissue specific data: roots (Birnbaum et al., 2003), pollen development (Honys &
Twell, 2004), xylem and cork (laboratory of Dr. Malcolm Campbell, University of
Oxford), stem epidermis cells (Suh et al., 2005), Stigma and ovary data (Swanson
et al., 2005), guard cells (Yang et al., 2008);

•

Expression in seeds: imbibition data (Nakabayashi et al., 2005;Yamauchi et al.,
2004), chemical treatments (Dr. Sean R. Cutler/Pauline Fung, University of
Toronto);

•

Treatments with hormones and chemical treatments (Goda et al., 2008);

•

Abiotic stress treatments (Kilian et al., 2007);
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Transcript analysis by Northern blotting
Plant culture and stress treatments
Wild type (Col-0) plants were sown into one ml of liquid medium (0.5x MS, 0.5 %
sucrose, pH 5.8) inside a sealed 24 well tissue culture dish. Each well contained exactly 20
seeds. The plants were grown for 10 days while the plates were slowly shaken (50 rpm)
under long day light conditions (16 h photoperiod). On day 11, control samples were taken
(t =0) before treatments were started by individually adding chemicals into each well to the
appropriate concentration as outlined in the table below.
Treatment
t-zeatin
kinetin
NAA
NPA
TIBA
ACC
Brassinolide
NaCl

Stock concentration
20 mM
5 mM
5 mM
10 mM
10 mM
50 mM
5 mM
5M

Final concentration
10 μM
5 μM
6 μM
10 μM
10 μM
200 μM
5 μM
150 μM

Solvent
EtOH
0.1N NaOH
EtOH
DMSO
DMSO
H2O
EtOH
H2O

Samples were collected, dried between two layers of tissue and frozen in liquid nitrogen
before grinding. Samples were taken in duplicates after 2 hours, 4 hours, 8 hours, 24 hours
and 48 hours after the addition of the chemicals. RNA was extracted and quantified as
described in the General Methods section.
Denaturing agarose gel electrophoresis and Northern blotting
Buffers and solutions used during this procedure:
Buffer/Solution

Composition

10x MOPS

0.2 M MOPS pH 7.0 (2 N NaOH), 50 mM Na acetate, 10 mM EDTA pH
8.0
50 % formamide (deionised), 19 % formaldehyde (38 %), 1x MOPS

Sample denaturing
buffer
Loading buffer
Agarose gel
20x SSC
Methylene blue stain
Hybridisation buffer
Wash buffer no.1
Wash buffer no.2
Wash buffer no.3
Wash buffer no.4
Probe stripping buffer

0.25 M Na phosphate buffer pH 6.8, 15 % Ficoll, 0.02 % bromophenol
blue
1.2 % agarose, 1x MOPS, 20 % formaldehyde (38 %)
3 M NaCl, 0.3 M Na citrate pH 7.0
0.5 M Na acetate pH 5.2, 0.02 % methylene blue
0.25 M Na phosphate buffer pH 7.0, 7 % SDS, 1 mM EDTA, 1 % BSA
2x SSC, 0.1 % SDS
1x SSC, 0.1 % SDS
0.5x SSC, 0.1 %SDS
0.1 xSSC, 0.1 %SDS
2 mM Tris pH 8.0, 2 mM EDTA, 0.1 % SDS
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A total amount of 10 micrograms of RNA from one replicate per experiment were loaded
per well on a 1.2 % denaturing agarose gel. Samples were prepared by adding 10
micrograms of RNA in a volume of 20 μL DEPC-treated water. Each 20 μL sample was
then vacuum-concentrated to a 2 μL volume. 12 μL of sample denaturing buffer were
added to each sample followed by heating at 65 ºC for 15 minutes. The samples were
immediately placed on ice, and 2 μL of loading buffer added. The samples were briefly
spun down, loaded on the agarose gel (see table for composition) and run at 35 V in 1x
MOPS (3-(N-Morpholino)propanesulfonic acid) buffer for three hours.
The Northern blot was assembled as follows: three layers of Whatman paper and one piece
of membrane (Hybond N+, Amersham) were cut exactly to the dimensions of the gel. The
gel and membrane were briefly washed in DEPC treated water, and the Whatman papers
and membrane soaked in 20x SSC. The gel was placed upside-down on a support tray
filled with 20x SSC on top of a Whatman paper dipping into the SSC solution. The
membrane was placed on top, followed by 3 layers of Whatman paper. Several additonal
layers of tissue were placed on top, finished by putting a small weight on top. The transfer
was left to proceed overnight by upward capillary transfer at room temperature. The
sandwich was disassembled, the membranes rinsed in 2x SSC solution, and UVcrosslinked at 254 nm for 1 minute. The membrane was then washed in 5 % acetic acid for
15 minutes before staining with methylene blue. Excess dye was rinsed away with DEPC
treated water, and photographs taken in a BioRad transilluminator using white light. These
images were later used for quantification of the transcript responses normalised to the band
intensity of the methylene blue stained rRNA bands. The membrane was then destained in
0.2x SSC and 1 % SDS.
Membranes were prehybridised by incubation with hybridisation buffer inside a
hybridisation tube at 65 ºC for 3 hours while rotating.
Probes were synthesised as PCR products. For AtSlp1, a standard PCR reaction using NEB
Taq polymerase was set up with primers nos. 14 and 15 and 5 μL of 10x diluted cDNA
(synthesised from wild type extracted RNA as described in General Methods) with 35
cycles. The probe for AtSlp2 was synthesised under identical PCR conditions with primers
nos. 16 and 17. The PCR products were run on a 1% agarose gel as described and gel
extracted. Two μL of each product were run again on an agarose gel, and the DNA
concentrations estimated.
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Probe labelling was carried out according to the instructions given in the Rediprime II
random prime labelling system kit (GE Healthcare). Briefly, 20 ng of PCR product were
added with TE buffer to a volume of 45 μL. This was followed by denaturation for five
minutes at 95 ºC. The tubes were immediately transferred to ice for five minutes and the
contents collected by brief centrifugation. The probe was then added to a reaction tube
provided by the Rediprime II kit. To this reaction, 5 μL of 32P-labelled dCTP (RedivueTM
32

P deoxynucleotides, GE Healthcare) were added and incubated at 37 ºC for 10 minutes.

The labelling reaction was stopped by addition of 20mM EDTA followed by denaturation
at 95 ºC for five minutes and snap-cooling on ice. The radiolabelled probe was added to a
hybridisation tube containing the membrane and incubated overnight at 65 ºC while
rotating. Excess labelled probe was washed off by four washes for 20 minutes using wash
buffers 1-4. Labelled bands were imaged on a phosphorimager (Fujifilm FLA-5000) after
three days of exposure inside a developing cassette.
Membranes were stripped from bound probes by incubation with stripping buffer for one
hour at 70 ºC. This procedure was followed by washing in 2x SSC at room temperature.
The stripped membranes were prehybridised followed by hybridisation with a new probe
as described above.
Gene duplication database
The

Plant

Genome

Duplication

Database

(PGDD

at

http://chibba.agtec.uga.edu/duplication) (Tang et al., 2008) was queried with the
At4g27585 (AtSlp1) locus. The output window was set to display 100 kbp of sequence
around this locus. The results of a BLAST search of the PGDD with AtSlp1 are given in a
table in Appendix 1.
Promoter response elements
The Athena database at Washington State University (O'Connor et al., 2005) was queried
with both AtSlp loci (http://www.bioinformatics2.wsu.edu/cgi-bin/Athena). The output
was set to cartoon display and 2000bp of upstream sequence. The image structure was set
to “separate images” and 1x magnification. Information about response elements derived
from this database is linked to the AtCisDB (Arabidopsis thaliana Cis-element database,
Agris at Ohio State Universtiy; (Palaniswamy et al., 2006) database from which further
details about response elements and binding transcription factors were derived.
Additonally, the PLACE database (Plant cis-acting regulatory DNA elements database,
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(Higo et al., 1999) was also queried. All information from these three databases was
pooled and summarised in Tables 3-13.
Cloning of AtSlp promoters
Genomic DNA was extracted from leaves of wild type Col-0 plants that were grown on
soil for four weeks under long day light conditions as described. The promoter regions
(2898 bp upstream of the start codon of AtSlp1, and 1898 bp upstream of AtSlp2) were
amplified by PCR with Phusion Taq polymerase (25 cycles) using primers nos. 18 and 19
for the AtSlp1 promoter, and primers 20 and 21 for the Slp2 promoter. The PCR products
were 3’ adenylated by addition of 0.5 μL standard Taq DNA polymerase (Invitrogen) and
dATP (1 μL of a 10 mM stock, Invitrogen) to the PCR reactions upon completion of
amplification with Phusion Taq, and additional extension at 72 ºC for 10 minutes. The
products were gel-purified and ligated into pDRIVE using the Qiagen PCR cloning kit
according to the manufacturer’s instructions. Chemically competent DH5α cells were
transformed as described and positive clones selected on LB agar plates containing 100
μg/ml ampicillin. The plasmids were extracted by minipreps, and the insertions verified by
sequencing as described.
These constructs were used as templates (50 ng) in PCR reactions using Phusion enzyme
and primers nos. 22 and 23 for the AtSlp1 promoter, and nos. 24 and 25 for the Slp2
promoter to amplify the promoters with PstI and NcoI restriction sites as overhangs. The
PCR products were gel-purified and restriction digested with PstI and NcoI enzymes as
described. The binary vector pCAMBIA 1301 (www.cambia.org) was digested in parallel
and purified on QiaQuick PCR purification spin columns (Qiagen). A ligation reaction was
set up with an insert:vector ratio of 5:1. This was transformed into E.coli strain DH5α, and
positive clones selected on LB medium containing 50 μg/ml kanamycin. Plasmids were
extracted by miniprep and sequenced.
Verified plasmids were transformed into Agrobacterium tumefaciens (GV3101) as
described. Positive transformants were selected on LB plates containing 50ug/ml
kanamycin and 25 μg/ml gentamycin. Resistant clones were further verified by extracting
plasmids by miniprep, re-transformation of DH5α and restriction digests of E.coliextracted plasmid DNA.
Transformed Agrobacteria were used to floral-dip wild type plants as described.
Successfully transformed plants were selected on MS agar (0.5x MS, 0.5 % sucrose, pH
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5.7) supplemented with 50 μg/ml hygromycin (Invitrogen). Positive plants were
propagated until the T2 generation and these seeds used to assay for GUS activity in
different growth stadiums as indicated in Figures 1-33 to 1-37.
GUS assays
GUS activity was assayed by submerging plant material in assay buffer (50 mM Na
phosphate buffer pH 7.2, 0.5 mM K ferrocyanide, 0.5 mM K ferricyanide, 1 mM X-Gluc
(5-bromo-4-chloro-3-inolyl-beta-D-glucuronic acid, cyclohexylammonium salt from Xgluc
Direct)) and vacuum infiltrated three times for five minutes at room temperature. Samples
were incubated overnight at 37 ºC in the dark. The leaves were destained in 70% ethanol
and stored in 100 % ethanol until imaging. Some stains were destained and fixed in a
mixture of ethanol:acetic acid (3:1). A series of transgenic plants for both constructs were
grown under long day light conditions (16 hours light, 8 hours dark) either in liquid 0.5x
MS medium supplemented with 0.5 % sucrose, on MS agar plates (0.5x MS, 0.5 %
sucrose, 0.8 % agar, pH 5.7) or on soil and harvested as a whole for GUS staining
reactions. Plants were assayed at different developmental stages from each growth
condition. They were then imaged either in ethanol or mounted in glycerol under a
binocular microscope with a Zeiss AxioVision camera attached
Hormone and stress treatments
T2 transgenic promoter-GUS plants were grown for 10 days in liquid medium as
described. Plants were treated by direct addition of chemicals and hormones as described
in section 3.5.3.4. For treatment with UV-B light, plates were placed on a BioRad
transilluminator imager (BioRad Chemi Doc) and irradiated with UV light for 15 minutes.
Eight hours after the treatments, the seedlings were assayed for GUS activity as described.
For the separate treatment with UV-B light, plants were grown for 14 days in a 12 well
tissue culture plate under the same conditions. In parallel, the same plants were grown on
MS agar plates (with and without 0.5 % sucrose added) as described for the same period.
The plants were treated identically with UV-B light, but assayed already six hours after the
irradiation period. Part of the seedlings were frozen in liquid nitrogen, ground to powder
and their proteins extracted under denaturing conditions as described. 10 micrograms of
protein were loaded on a 10 % SDS-PAGE gel, Western blotted and probed with anti-Slp1
antibody in a dilution of 1:5000 (secondary anti-rabbit HRP conjugate from mouse was
used at 1:10000).
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RT-PCR and Western blot of Arabidopsis organs
Arabidopsis wild type plants (ecotype Col-0) were grown for 8 weeks under short day light
conditions (9 hours light, 15 hours dark at 21 ºC) on soil and hydroponically, and organs
were collected: samples from roots, rosette leaves, cauline leaves, stem tissue, buds and
open flowers. The samples were frozen in liquid nitrogen and ground using the Qiagen
Tissue Lyser as described. RNA was extracted, quantified and 1 μg in total used for
reverse transcription reactions. The resulting cDNA was diluted 10 times, and 5 μL used as
a template in PCR reactions (Invitrogen Taq DNA polymerase) with primers nos. 14 and
26 for the Slp1 transcript (30 cycles), and primers nos. 27 and 28 for the Slp2 transcript (32
cycles). Primers for the ubiquitin 10 transcript (nos. 29 and 30) were used in parallel as a
control.
From the same ground samples, crude protein extracts were prepared under denaturing
conditions as described. The extracts were quantified with the Amidoblack protein assay,
and 10 micrograms protein loaded on a 10 % SDS-PAGE gel followed by Western
blotting. AtSlp1 was detected by incubation with anti-Slp1 at 1:5000 (secondary antibody
1:10000) and chemiluminescence detection. The probed membrane was stripped and
reprobed using anti-Slp2 at 1:5000 (secondary anti-rabbit-HRP conjugate used at 1:8000)
followed by the same detection.
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2.14 Subcellular targeting
Prediction softwares
The complete amino acid sequences of AtSlps were entered into the search windows of the
following databases: MitoProtII (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html),
TargetP

(http://www.cbs.dtu.dk/services/TargetP/),

(http://urgi.versailles.inra.fr/predotar/predotar.html),

PSORT

Predotar
and

PSORT

II

(http://psort.ims.u-tokyo.ac.jp/). The protein sequence of HsSlp2 was entered into PSORT
II. Whenever possible, a window specifying plant sequences was ticked. Otherwise all
settings were left as default. For the Cell eFP browser (http://bar.utoronto.ca/cell_efp/cgibin/cell_efp.cgi), the accession numbers of AtSlps were entered into the search window.
Alpha helical wheel plots
The Protean software (DNA Star) was used to draw alpha helical wheel plots of the
predicted mitochondrial targeting sequences as indicated.

2.15 Biochemical methods
Aqueous 2-phase partitioning
The original method by Larsson et al. (Larsson et al., 1987;Larsson et al., 1994) was
modified, downscaled and further adapted for the use of Arabidopsis shoot tissue. All
buffers and stock solutions are listed in the two tables below. Approximately 10 grams of
fresh weight tissue from mature short-day grown Arabidopsis Col-0 plants were harvested
and put on ice immediately. All following procedures were carried out at 4 ºC. 50
millilitres of homogenisation buffer (with freshly added protease inhibitors: 1 mM PMSF,
1x Protease inhibitor cocktail) were added to the tissue inside a Waring blender. The tissue
was thoroughly homogenised by several strokes of 10 seconds with breaks in between. The
homogenate was filtered through two layers of MiraCloth (Calbiochem) and centrifuged
for 15 minutes at 10000 g and 4 ºC. The supernatant was filtered through a nylon net (pore
size 50 μm) and centrifuged again for 30 minutes at 100000 g and 4 ºC in a Sorvall
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ultracentrifuge. The supernatant was discarded and the pellet resuspended in one millilitre
of microsomal buffer followed by homogenisation in a Dounce homogeniser (at least 20
strokes). A volume of 500 ml of the homogenised microsomal pellet was layered on top of
a 1.5 gram separated 2-phase system (see table). The tube was shaken vigorously for at
least two minutes before centrifugation in a microcentrifuge at 2000 g for 5 minutes at 4 ºC
to separate the phases. Meanwhile, the separated 20 grams wash system was separated into
upper (PEG) and lower (Dextran) phases by careful pipetting. The clear upper phase from
the centrifuged tube was transferred into a fresh 2 ml Eppendorf tube and 900 μL of fresh
lower phase (from the 20 g wash system) were added, followed by vigorous shaking as
described. To the green-coloured remaining lower phase after the spin, 900 μL of fresh
upper phase (from the 20 g wash system) were added, shaken and centrifuged as before.
After each separation a new round of extraction was done as described to further purify the
upper and lower phases from cross-contaminations. A total of three extractions for each
phase was performed. After all extractions, the purified upper and lower phase fractions
were each pooled together. The upper phase fraction was diluted 3-5 times with wash
buffer, and the lower phase at least 10-20 times. Each dilution was then centrifuged for one
hour at 170000 g at 4 ºC in an ultracentrifuge. The supernatants were discarded and the
pellets resuspended in 5xSDS buffer as described. Proteins were denatured by incubation
at 37 ºC for 30 minutes to avoid precipitation of the plasma membrane marker protein
used. The protein content was quantified by the Amidoblack protein assay as described and
equal amounts of both phases separated on a 10 % SDS-PAGE gel. Western blots were
probed with anti-Slp1 (1:5000), anti H+-ATPase (1:1000) and anti-PRX II (1:1000) and
secondary anti-rabbit HRP conjugate.
Buffer

Composition
150 mM Tris-Cl pH 7.5, 10 mM KCl, 2 mM EDTA,
Homogenisation buffer
12% sucrose (350 mM), 1 mM DTT
330 mM sucrose, 5 mM K-phosphate buffer pH 7.8,
Microsomal resuspension buffer 1 mM DTT
330 mM sorbitol, 50 mM HEPES-KOH pH 7.0,
Wash buffer
40 mM KCl, 1 mM EDTA, 1 mM DTT
PEG 3550 stock
40 % w/w
Dextran-T 500 stock
20 % w/w
Buffers and solutions used for 2-phase partitioning.
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2-phase system
PEG stock
Dextran stock
Sucrose (2M)
K-Phosphate (500mM) pH 7.8
KCl (100mM)
H2O to

Initial separation
1.5 g (2 ml tube)
320 mg (6.4 %)
640 mg (6.4 %)
247.5 μL (330 mM)
15 μL (5 mM)
60 μL (3 mM)
1.5 g

Phase extraction
20 g (50 ml tube)
3.2 g (6.4 %)
6.4 g (6.4 %)
3.3 ml (330 mM)
200 μL (5 mM)
600 μL (3 mM)
20 g

2-phase systems prepared.

Mitochondria isolation by differential centrifugation
Mitochondria-enriched pellets were isolated by differential centrifugation. 50 grams of
fresh weight shoot tissue (Col-0 plants, short day grown) was harvested and homogenised
in a Waring blender in 200 millilitres of buffer A (see table below for composition).
Homogenisation was achieved by 2 second strokes with 5 second breaks in between. The
homogenate was filtered through 2 layers of MiraCloth and centrifuged at 3000g for five
minutes at 4 ºC. The supernatant was centrifuged at 12000 g for 20 minutes at 4 ºC. The
pellet of this spin was resuspended in 4 millilitres of buffer B and further homogenised by
pottering. This resuspension was then centrifuged at 1500 g for 10 minutes at 4 ºC. The
supernatant was centrifuged at 11000 g for 15 minutes at 4 ºC and the resulting pellet
resuspended in 1 millilitre of buffer B. 5x SDS buffer was added to 1x, the samples were
boiled and the protein content quantified by the Amidoblack assay. 10 micrograms of
protein of each fraction were loaded on a 10 % SDS-PAGE gel and Western blotted. AntiSlp1 (1:5000) and anti-PRX II (1:1000) were used to probe the blots.
Mitochondria purification on a linear Percoll gradient
All buffers used in this experiment are listed in the table below. Approximately 50 grams
of fresh weight shoot issue (short day grown, mature Col-0 plants) was harvested and
placed on ice immediately. It was then homogenised in 200 millilitres of buffer A with
freshly added protease inhibitors (see table below) by 5-10 two seconds strokes. The
homogenised material was then filtered through MiraCloth and centrifuged at 3000 g for
five minutes at 4 ºC. The supernatant was centrifuged for 20 minutes at 12000 g at 4 ºC.
The resulting pellet was resuspended in 5 millilitres buffer B (with protease inhibitors) and
centrifuged at 1500 g for 10 minutes at 4 ºC. The supernatant of this spin was centrifuged
at 11000 g for 15 minutes at 4 ºC. The pellet was carefully resuspended in 500 μL of 32 %
(v/v) Percoll in buffer B*. This resuspension was then layered on top of a 32 % (v/v) self-
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forming Percoll gradient in B* (final volume 24 millilitres) and centrifuged at 40000 g for
45 minutes at 4 ºC without braking in a fixed angle rotor (Sorvall T-865). The lower 1/3 of
the resulting gradient was removed with a Pasteur pipette and transferred into a fresh tube.
Care was taken to remove all green material above the fraction enriched in mitochondria
by careful aspiration with a vacuum pump. This mitochondrial fraction was then diluted six
times in buffer B and centrifuged at 11000 g for 15 minutes at 4 ºC. The resulting
mitochondrial pellet was resuspended in 500 μL of buffer MB.
For analysis of the mitochondrial pellet by Western blotting, an aliquot of 100 μL was
taken off and 25 μL of 5x SDS loading buffer were added. This volume was further
divided into two aliquots and each was denatured either by boiling for five minutes or at 37
ºC for 30 minutes. The protein content of each sample was determined by the Amidoblack
protein assay and 5 micrograms were loaded on a 10 % SDS-PAGE gel followed by
Western blotting and incubation with anti-Slp1 (1:5000), anti-Slp2 (1:1000) and anti-PRX
II (1:1000).
Buffer
Buffer A

Compostion
20 mM MOPS pH 7.4, 300 mM sucrose, 5 mM glycine,
4 mM cysteine, 2 mM EDTA, 0.5 % PVP 40 (w/v), 0.2% BSA (w/v)

10 mM K phosphate buffer pH 7.2, 300 mM sucrose, 5 mM glycine, 1 mM EDTA,
0.5 % PVP-40, 0.1 % BSA
15.2 mM K phosphate buffer pH 7.2, 456 mM sucrose, 7.6 mM glycine, 1.52 mM
Buffer B*
EDTA, 0.76 % PVP-40, 0.152 % BSA
Buffer MB 10 mM TES-KOH pH 7.2, 300 mM sucrose
Protease K 50x= 5 mg/ml in buffer K
Buffer K
50 mM Tris-Cl pH 8.0, 10 mM CaCl2
Buffer KMB Buffer MB+ 50 mM CaCl2
Digitonin
50x= 25 μg/ml in Buffer KMB
Buffer B

Buffers and solutions used for mitochondrial isolation on the linear gradient.

Submitochondrial targeting experiment
An aliquot of 300 μL was separated and divided into 7 aliquots, each consisting of 42 μL
mitochondrial resuspension. To each aliquot protease K (or buffer K in the control sample
no. 1) and digitonin (or buffer KMB in the control samples) were added according to the
table below. The mixtures were incubated in the cold for 30 minutes. The reactions were
stopped by the addition of 10 mM PMSF (in ethanol) and 12.5 μL of 5x SDS loading
buffer. The samples were denatured by boiling for five minutes and quantified by the
Amidoblack protein assay. Five micrograms of protein were loaded on a 10 % SDS-PAGE
gel and Western-blotted. Antibodies were used in the same dilutions as described above.
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Aliquot no.

Sample

Protease K

1
2
3
4
5
6
7

Control
K- Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin

1 μL buffer K
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.

Buffer
KMB
7 μL
7 μL
6 μL
5 μL
4 μL
3 μL
1 μL

Digitonin [μL]

Conc. Digitonin [μg/ml]

0
0
1
2
3
4
6

0
0
0.5
1
1.5
2
3

Protease K/Digitonin treatment of isolated mitochondria from the linear gradient. “Prot.”
stands for protease K; In sample no. 1, buffer K was added instead of protease.

Mitochondrial purification on Percoll step gradients
All buffers and solutions used for this extraction are listed in the table below. Fresh leaf
tissue (50 g) from mature short-day grown Arabidopsis plants (Col-0) was harvested and
immediately chilled. The tissue was homogenised in a Waring blender in 200 millilitres
buffer A with added protease inhibitors as described. The homogenate was filtered and
centrifuged three times in a row: 1100 g for 5 minutes, 3000 g for 10 minutes and 12000 g
for 20 minutes at 4 ºC . The final pellet was resuspended in 800 μL buffer B with the help
of a fine paintbrush. This resuspension was carefully layered on top of a preformed
discontinuous Percoll gradient consisting of three steps as outlined below:
Percoll density Proportion
Setup in tube [ml]
18 %
2
6.6
29 %
4
13.2
45 %
1
3.3
Final volume/tube
23.1
Setup of Percoll step gradients. For buffer composition, see tables below.

The gradient was prepared by carefully overlaying the different Percoll density solutions
using a wide needle attached to a syringe, starting with the densest one. The loaded
gradient was then centrifuged at 70000 g for 45 minutes at 4 ºC with brakes off in a fixed
angle rotor. The mitochondrial fraction was visible below the thylakoid-containing
fractions in the bottom third of the tube. The fractions above mitochondria were carefully
removed with a pipette tip attached to a vacuum pump. The mitochondrial fraction was
transferred to a fresh tube, diluted six times in buffer MB and centrifuged at 17000 g for 15
minutes at 4 ºC. The mitochondrial pellet was then resuspended in 500 μL of buffer MB
with the help of the paintbrush and divided into aliquots.
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For Western blot analysis, the samples were processed as described above for the linear
gradient fractions.
Buffer
Buffer A

Compostion
20 mM MOPS pH 7.4, 300 mM sucrose, 5 mM glycine,
4 mM cysteine, 2 mM EDTA, 0.5 % PVP 40 (w/v), 0.2 % BSA (w/v)

10 mM K phosphate buffer pH 7.2, 300 mM sucrose, 5 mM glycine, 1 mM EDTA,
0.5 % PVP-40, 0.1 % BSA
Buffer MB 10 mM MOPS pH 7.2, 300 mM mannitol
10 % FA in MB (w/v)
10x FA
2x Glycine 250 mM glycine in MB
Protease K 50x= 5 mg/ml in buffer K
50 mM Tris-Cl pH 8.0, 10 mM CaCl2
Buffer K
Buffer KMB Buffer MB+ 50 mM CaCl2
Digitonin
50x = 25 μg/ml in Buffer KMB
Buffer B

Buffer compositions for mitochondrial
submitochondrial fractionation.

isolation

on

Percoll

step

gradients

and

Percoll density
Percoll [ml] 1M sucrose [ml] 0.5M K-Phos. pH 7.2 [ml] H2O [ml]
(v/v)
18 %
9
15
1
25
29 %
14.5
15
1
19.5
45 %
22.5
15
1
11.5
Preparation of Percoll density fractions. The final volume of each fraction stock was 50ml.

Submitochondrial localisation experiment
For the assessment of the localisation of AtSlp1 to the mitochondrial inner membrane,
isolated mitochondria from the step gradient were aliquoted. Altogether 7 aliquots, each
containing 40 μL volume were transferred to single tubes. To each tube buffer K, protease
K and KMB or digitonin were added as outlined in the table below. The reactions were
treated as described above for the experiment with mitochondria from the linear gradient.
Western blots were probed under the same conditions as described above.

Aliquot no.

Sample

Protease K

1
2
3
4
5
6
7

Control
K- Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin
K+ Digitonin

1 μL buffer K
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.
1 μL Prot.

Buffer
KMB
9 μl
9 μl
8 μl
7 μl
5 μl
0
0

Digitonin [μL]

Conc. Digitonin [μg/ml]

0
0
1
2
4
10
20

0
0
0.5
1
2
5
8.33

Setup of mitochondrial sublocalisation experiment from discontinuous Percoll gradients.
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2.16 In vivo localisation of AtSlps
Cloning of fluorescent fusion protein constructs- 35S::Slp::YFP
The open reading frames of Slp1 and Slp2 were amplified by PCR with primers nos. 31-34
that have additional NcoI restriction sites in their overhangs. PCR was carried out using
Phusion Taq polymerase as described in the general methods. The amplified products were
purified, restriction digested and ligated into pTEY opened with NcoI. This vector was
constructed by Dr. Manuel Paneque (University of Glasgow) and contained a 35S
promoter, a YFP flanked by an NcoI and EcorRI site, a stop codon and the NosA
terminator in an expression cassette flanked by NotI sites (not published). Both NcoI and
EcoRI sites were unique in the pTEY sequence. Ampicillin-positive clones were plasmidextracted, restriction digested and sequenced to verify the insertion of either AtSlp at the
N-terminus of the YFP. Simultaneously, N-terminal YFP fusions of both AtSlps were
cloned by amplifying the open reading frames with primers nos. 35-38. to create EcoRI
sites, and ligating these PCR products into pTEY opened with EcoRI. Once all insertions
were verified by DNA sequencing, the complete expression cassettes containing either
AtSlp and YFP were excised by digestion with NotI. The binary vector pTKAN+ was
opened with PspOMI (NEB Biolabs) and the cassettes ligated with the compatible NotI
ends. All obtained constructs were verified by restriction digestions and DNA sequencing.
Cloning of genomic sequence GFP fusion constructs- Promoter(Slp2)::gSlp2::GFP6
The genomic sequences of AtSlp1 and AtSlp2 were amplified from Arabidopsis genomic
DNA with Phusion Taq polymerase. DNA was extracted as described from wild type
plants. AtSlps were amplified with primers nos. 39 and 40 for AtSlp1 (4551 bp), and nos.
41 and 42 for AtSlp2 (4427 bp). Both amplicons were ligated into the pGEM T-Easy
vector kit (Promega) using 3’ adenine overhangs that were attached after the original
amplification by adding 1mM dATP and standard Taq polymerase at 72 ºC for 10 minutes.
Positive clones were selected on ampicillin LB agar plates as described and the insertions
were verified by DNA sequencing.
To fuse GFP to the C-terminus of either Slp gene, an additional restriction site had to be
created. The cloning of a C-terminal GFP fusion inside the genomic sequence of AtSlp1
failed at this step and will not be described further. GFP fusion to the C-terminus of AtSlp2
was accomplished by inserting a KpnI site in front of the stop codon inside the last exon of
this gene. This was done by making use of the overlap method and primers nos. 43-46
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(Higuchi et al., 1988). This insertion was again verified by DNA sequencing. GFP6 was
amplified from a suitable template by primers nos. 47 and 48 with Phusion Taq
polymerase, restriction digested with KpnI and ligated into pGEM-gSlp2(KpnI) that had
been digested with KpnI prior to ligation. This insertion was in turn verified by DNA
sequencing. The complete expression cassette (P(AtSlp2)::gAtSlp2::GFP6) was excised
out of pGEM-T easy by digestion with ApaI and PstI. The binary vector pTKAN+ was
digested with the same enzymes and used for ligation of the genomic GFP fusion cassette.
Positive clones were selected on 100 μg/ml spectinomycin and verified by restriction
digestions and DNA-sequencing.
Stable transformation and plant culture
All constructs were used to transform Agrobacterium tumefaciens. Positive transformants
were selected on LB agar plates containing 100 μg/ml spectinomycin and 25 μg/ml
gentamycin. Confirmed positive clones were used in the stable transformation of flowering
Arabidopsis wild type plants (Col-0) as described. Positively transformed plants were
selected on MS agar plates containing 50 μg/ml kanamycin, and propagated until the T2
generation. For imaging of whole seedlings, either kanamycin resistant T1 seedlings were
directly used from kanamycin plates, or T2 seedlings that had been further selected. For
imaging, whole seedlings or tissue samples were carefully removed and mounted in water
on a standard microscope objective slide. Silicone-based glue was used to attach
coverslips. Care was taken that the samples did not dehydrate while being imaged.
For the images in Figure 2-10, kanamycin-resistant T1 seedlings expressing Slp1-YFP
were transplanted from agar plates to soil and leaf tissue was collected. The presented
images were derived from plants approximately 30 days old.
For root imaging of Slp-YFP with MitoTracker, T2 seedlings were grown in hydroponic
culture in a 6-well plate format in 0.5x MS pH 5.7 (KOH) supplemented with 0.5% sucrose
under long day light conditions for 5 days. Seedlings were transferred into fresh medium
containing 100 nM MitoTracker DeepRed (Molecular Probes; stock solution 1 mM in
DMSO). MitoTracker was allowed to be taken up by the plants for 45-60 minutes. The
seedlings were briefly rinsed in fresh MS medium, before being mounted on microscopy
slides.
Slp2-GFP in Figure 2-14 was imaged on 14 days old T1 seedlings selected on kanamycin
supplemented MS plates. Images of Slp2-GFP from Figures 2-15, -17 and –18 were taken
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from 30 days old kanamycin-resistant T1 seedlings grown on agar plates. Whole seedlings
were incubated for 45 minutes with 100 nM MitoTracker Orange in MS medium
(Molecular Probes; stock solution 1mM in DMSO). Before imaging, excess dye was
briefly washed off in fresh MS medium, and pieces of leaves were mounted in water on
microscope slides.
The phenotypes photographed and presented in Figure 2-19 were from T2 plants that were
grown unselected on soil (long day light, 27 days old). Photography was done in a dark
room using a Nikon D1x camera.
Confocal imaging and settings
Slp1-YFP and MitoTracker DeepRed
Confocal imaging was done on a Carl Zeiss CLSM510 inverted confocal microscope. Leaf
material in Figure 2-10 was imaged using a 63x apochromat water immersion objective.
YFP was excited with an Argon laser run at 6.1 A using the 514 nm line and transmission
set to 12 % output. The laser light was reflected using a first dichroic mirror (458/514).
Transmitted light was collected in the brightfield channel. Emitted fluorescence was
subsequently passed through a secondary dichroic mirror (635 VIS) and chlorophyll
autofluorescence was collected using a Meta detector between 606 and 723 nm. Reflected
fluorescence was passed through a third dichroic mirror (515nm cutoff) and long pass 530
nm filter to detect YFP signal. Three-dimensional images from z-stacks were reconstructed
using the supplied Zeiss LSM imaging software.
Root hairs of Slp1-YFP plants were imaged using a 40x Plan Neofluar oil immersion
objective. For co-localisation of YFP and MitoTracker DeepRed, YFP was excited with the
Argon laser as above using the 514nm line and transmission at 21 % output. MitoTracker
was excited using a Helium Neon laser with laser line at 633nm and 30 % laser power. A
primary 514/633 dichroic mirror was used for excitation and to collect emitted
fluorescence. Transmitted light was collected in the brightfield channel. Emitted
fluorescence was passed through a secondary dichroic mirror (635VIS). MitoTracker
DeepRed fluorescence above 635 nm was collected using the Meta detector between 659
and 756 nm. Shorter wavelengths were passed through a third dichroic mirror (515nm) and
YFP fluorescence was collected through a long pass 530 nm cutoff filter.
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Slp2-GFP and MitoTracker Orange
Slp2-GFP whole seedlings (Figures 2-14) were imaged using a 20x Plan Apochromat
objective. GFP was excited using an Argon laser as above with the 488nm line and
transmission set to 10 % power. Laser excitation and emission made use of a primary
dichroic mirror reflecting 488 nm light and

transmitted light was collected in the bright

field image. Emitted fluorescence was reflected by a mirror and passed through a third
dichroic mirror (545 nm). GFP fluorescence was collected after filtering through a band
pass 505-530 nm filter. Chlorophyll fluorescence was collected through a long pass 560
nm filter.
All other images of Slp2-GFP and MitoTracker Orange were imaged using a 63x water
immersion objective. GFP was excited with the Argon laser 488nm laser line and
transmission at 15 % power. MitoTracker Orange was excited with a Helium-Neon laser at
543 nm using 100 % laser power. Laser light was passed through a first dichroic mirror
(488/543 nm) and transmitted light collected in the brightfield channel. Emitted
fluorescence was passed through a secondary dichroic mirror (635 VIS) and chlorophyll
autofluorescence detected with the Meta between 574 and 713nm. Reflected fluorescence
was passed through a third dichroic mirror (545 nm cutoff). Reflected light was collected
through a long pass 505 nm filter as GFP fluorescence. Light that passed through the 545
nm dichroic mirror was filtered through a band pass 560-615 nm and detected as
MitoTracker Orange fluorescence.
Western blot analysis of stable lines
Proteins were extracted from seedlings in denaturing buffer as described. Seedlings were
grown on MS plates for 14 days (supplemented with 0.5 % sucrose as indicated in Figure
2-11 A) or in hydroponic culture in long day light for 40 days (kanamycin included as
indicated in Figure 2-11 B) and proteins were extracted. UV-B treatment was applied to 14
days old seedlings grown on agar plates as described in the methods of chapter 3. Protein
samples from Slp2-YFP/GFP expressing plants were extracted from leaf material of
kanamycin-resistant T1 seedlings that had been transplanted to soil. The protein content
was quantified by the Amidoblack assay and 5 (Slp1-YFP sampes) or 10 micrograms
(Slp2-GFP samples) were separated on a 10 % SDS-PAGE gel and Western-blotted. AntiGFP (monoclonal from rabbit, Abcam) was used at 1:1000 and anti-Slp1 at 1:5000.
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2.17 Biochemical characterisation of AtSlp1
FA crosslinking experiment
Mitochondria that were isolated on discontinuous Percoll gradients were crosslinked by FA
treatment (solutions listed above in the Table under “Mitochondrial purification on Percoll
step gradients”). Two aliquots of 45 μL were transferred to fresh tubes. To one aliquot, 5
μL of buffer MB were added (= control), and to the other one 5 μL of 10x FA in buffer MB
(= crosslinked sample). The reactions were then incubated for 15 minutes at room
temperature, before 50 μL of 250 mM glycine in MB buffer were added to quench FA
crosslinking. This reaction was also incubated for 15 minutes at room temperature. 25 μL
of 5x SDS buffer were added to each tube (final volume now 125 μL), before each volume
was again splitted in two aliquots of 62.5 μL each. One set of 62.5 μL aliquots were then
denatured by boiling at 98 ºC for at least 15 minutes, whereas the other was denatured by
incubation at room temperature. The protein contents of all samples was analysed before
Western blotting. The blots were probed with anti-Slp1 (1:5000).
Protease K assay- isolation of microsomes
10-20 grams of fresh shoot tissue (from mature short-day grown Col-0 plants) was
harvested and chilled immediately. All solutions used for this experiment are listed in the
table below. The tissue was thoroughly homogenised in 50 millilitres homogenisation
buffer in a Waring blender by repeated strokes at 4 ºC. The homogenate was filtered
through two layers of MiraCloth and centrifuged at 10000g for 15 minutes at 4 ºC. The
supernatant was filtered through a 50 μm pore nylon net and centrifuged at 100000 g for
30 minutes at 4 ºC. The resulting microsomal pellet was resuspended in 1 millilitre of
microsomal resuspension buffer and divided in four aliquots of 250 μL (samples 1-4).
Protease K or buffer K, and Triton-X 100 or microsomal resuspension buffer were added
as outlined below to each aliquot:
Sample no.
1
2
3
4

BK [ml]
1
0
1
0

Protease K [25mg/ml] micr. RB [ml] T-X100
0
12.5
0
1
12.5
0
0
0
12.5
1
0
12.5

BK (= buffer K), micr. RB (= microsomal resuspension buffer. Final volume of each aliquot
was 263.5 μL.
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The reactions were incubated for one hour at 4 ºC while fixed to a rotating wheel before
digestions were stopped by the addition of 10 mM PMSF. 70 μL of 5x SDS sample buffer
were added to each tube and the samples were denatured by boiling for two minutes. The
protein content was analysed by the Amidoblack assay, and five micrograms of each
sample were loaded on a 10 % SDS-PAGE gel and Western-blotted. Anti-Slp1 was used at
1:5000 and anti-Syp121 at 1:10000.
Buffer
Homogenisation buffer
Microsomal resusp. Buffer
Buffer K
Protease K
Triton-X100 stock

Composition
50 mM Tris-Cl pH 8.2, 330 mM sucrose, 1mM DTT
25 mM Tris-Cl pH 7.5, 330 mM sucrose, 10 mM CaCl2, 1 mM DTT
50 mM Tris-Cl pH 8.0, 10 mM CaCl2
250x = 25 mg/ml in buffer K- final 100ug/ml
20 % Triton-X100 in micr. resusp.buffer

Buffers and solutions used for protease K digestion of microsomal fractions.

Chemical treatments of microsomes
Microsomal pellets were extracted from wild type Arabidopsis plants (Col-0) exactly as
described above for the protease K experiment. The only exception was that protease
inhibitors were added in this experiment; they were omitted in the other experiment to
avoid inhibition of protease K digestion. The resulting microsomal pellet was resuspended
in 1 millilitre of microsomal resuspension buffer (containing no CaCl2) as above. This
resuspension was aliquoted into 8 tubes of 125 μL each. To each tube, 125 μL of a reagent
(2x concentrated in microsomal resuspension buffer) were added as outlined in the
following table:
Sample no.
1
2
3
4
5
6
7

Reagent/stock
micr. RB
0.2 M NaOH
0.2 M Na2CO3
2 M NaCl
5 M urea
2 % T-X100
0.2 % SDS

Final concentration
Control
0.1 M NaOH
0.1 M Na2CO3
1 M NaCl
2.5 M urea
1 % T-X100
0.1 % SDS

Chemical treatments of microsomal fractions.

All samples were incubated for one hour at 4 ºC while rotating. The content of each tube
was collected by brief centrifugation, and was then transferred to fresh ultracentrifugation
tubes specifically designed for small volumes. The samples were centrifuged for 30
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minutes at 100000 g at 4 ºC, and the resulting supernatants were transferred to fresh tubes.
Each pellet was resuspended in 250 μL of microsomal resuspension buffer and 60 μL of
5xSDS buffer were added. All samples were denatured at 37ºC for one hour before their
protein content was quantified using the Amidoblack assay. Western blots were loaded
with 10 micrograms of protein. Antibodies were applied as described in the protease K
experiment above.
BPA assay
Seeds of wild type and transgenic plants were sterilised and sown on MS agar plates (0.5 x
MS, 0.5 % sucrose supplemented with 10 μM dexamethasone and/or 1 mM BPA (stock
solution 1 M in DMSO)). Plants were grown for 20 days under long day light conditions
on vertical Petri dishes. They were harvested (approximately 20 seedlings/treatment) and
snap frozen in liquid nitrogen, followed by grinding in the Qiagen Tissue Lyser as
described. The frozen powder was homogenised in 500 μL of homogenisation buffer with
added protease inhibitors (see table for protease K experiment for composition) and
microsomal fractions extracted as described above. The microsomal pellets were
resuspended in 200 μL of microsomal resuspension buffer (no CaCl2 added) and 5x SDS
buffer added. Samples were boiled for 5 minutes and the protein content quantified by the
Amidoblack protein assay. Five micrograms of soluble and microsomal proteins were
separated on SDS-PAGE gels followed by Western blotting. Anti-Slp1 was used at a
1:5000 dilution.
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Methods for Chapter 5: Functional characterisation
of AtSlps
2.18 Isolation of T-DNA insertion lines
AtSlp1 T-DNA insertion lines
The following T-DNA insertion lines were orderd from NASC (European Arabidopsis
stock centre, Nottingham, UK). Insertions in the AtSlp1 gene: slp1-1 (SAIL_210_D11),
slp1-2 (SAIL_65_C05), slp1-3 (SAIL_128_H07), slp1-4 (SAIL_114_D09). Insertions in
the AtSlp2 gene (no homozygotes were isolated from these): SALK_090074 which has
supposedly an insertion in the 5’UTR, SM_3_810 which has a promoter insertion and
SALK_017306 (promoter insertion).
Initially, seeds were sown out directly on soil, and genomic DNA was extracted from
single leaves as described in the general methods section. Genotyping PCR was performed
in a volume of 20 μL and standard Taq polymerase as described in general methods.
Primers nos. 49-58 were used for genotyping of slp1 mutants as indicated in the primer
table in Appendix 2. The T-DNA insertion products for slp1 mutants were obtained using
the following primer combinations: slp1-1 (210_D11_RP/LB3), slp1-2 (65_C05-RP/LB3),
slp1-3 (J-RP/LB3), slp1-4 (114_D09-LP/LB3). Primers nos. 59-65 were used for
genotyping of slp2 mutants.
Seeds from plants with identified insertions were harvested and selected on MS agar plates
supplemented with 50 μM BASTA (SAIL lines) or 50 μg/ml kanamycin (SALK lines) as
appropriate. Before any PCR was performed with slp1-2 and slp1-4 lines, these were
directly selected on MS agar plates containing 50 μM BASTA (glufosinate ammonium, or
PESTANAL, Fluka) as described. If no homozygotes were identified from the first seed
generation, the offspring was further analysed by genotyping PCR, until homozygous TDNA insertions were identified. The T-DNA insertion sites were verified by DNA
sequencing of PCR products at the University of Dundee Sequencing Service as instructed
on their website.
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RT-PCR and Western blotting
For some slp1 mutants, transcript levels were analysed as indicated by RT-PCR. RNA was
extracted as described in section 2.1 from leaves detached from soil-grown plants. RT-PCR
was performed as described in section 2.3 with primers nos. 66-69 for slp1-1 and slp1-3
lines and the number of cycles indicated in Figure 3-4.
Proteins were extracted under denaturing conditions from detached leaves of BASTAresistant slp1 plants as described in section 2.8. Protein extracts were quantified with the
Amidoblack assay and separated on 10 % SDS-PAGE gels as described. Western blots
were prepared and probed with anti-Slp1 at 1:5000 dilution as described before.

2.19 Characterisation of slp1 growth phenotypes
Quantification of leaf surface area
Knockout and wild type plants were grown on soil under long day light as described.
Photographs were taken at the indicated age with the Nikon D1x camera. Leaf surface
areas of plants were determined using the Image J software (Rasband, W.S., ImageJ, U. S.
National

Institutes

of

Health,

Bethesda,

Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2008). Briefly, images were uploaded in
the jpg format and converted to binary images in black and white. The surface areas were
subsequently determined according to a scale entered into the software that converted
pixels into cm2. Statistical significance was determined using the t-test functions in
Microsoft Excel (normally as two-tailed t-tests). Alternatively, p-values were calculated
using the Vassarstats website (http://faculty.vassar.edu/lowry/VassarStats.html). T-tests
were run using the independent samples and two-tailed options, and p-values were
obtained.
Germination assay
Seeds of mutant and wild type plants harvested at the same day were sterilised as described
and sown individually on MS agar medium (0.5x MS, pH 5.7 (KOH)) on square Petri
dishes. Each dish was subdivided into two halves, each containing six lines of at least 10
seeds. Care was taken to leave space between the seeds. Three plates per medium were
sown out, each containing at least 60 seeds per genotype. In addition to MS plates, seeds
were also sown on plates supplemented with 1 μM ABA or 2 μM GA. Plates were
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wrapped with NescoFilm and placed into a tissue culture chamber under a long day light
regime. Seed germination was counted each day after sowing. Seeds were regarded as
germinated when the radicle was clearly protruding from the seeds.
Root growth analysis
Seeds of wild type and mutant plants were sown directly on squared Petri dishes containing
MS agar medium, or MS agar supplemented with 0.5 % sucrose. They were placed
vertically under long day light as described. After 10 and 13 days, plates were scanned and
images were analysed using the EZ Rhizo software according to the instructions given on
the web site (www.psrg.org.uk). Only the main root lengths were compared between
mutants and wild type seedlings as indicated.
Osmolarity measurements
Rosette leaves of 37 days old long day grown mutant and wild type plants were harvested
and ground in a 1.5ml Eppendorf tube using a plastic pestle. The tubes were closed
immediately and centrifuged for one minute at maximum speed in a Benchtop centrifuge.
The supernatant was transferred to a fresh tube and centrifuged again. The final
supernatant was directly measured in a Vapro vapour pressure osmometer (Wescor,
ChemLab Scientific Products, Laindon, UK) by pipetting 10 μL of leaf sap onto a suitable
filter pad that was then placed into the chamber. The instrument was calibrated before
using three osmotic standard solutions supplied by the manufacturer.
Flowering time
The flowering time was determined as the number of rosette leaves of mutant and wild
type plants grown under long day light for 23 days. A plant was considered flowering once
the shoot apex was located at least one centimetre above the soil.
Seed production
Mature siliques that were still green were harvested from flowering long day grown mutant
and wild type plants. Siliques were always harvested from the main branch approximately
at the same relative position between individual plants. Harvested siliques were cleared in
ethanol under gentle agitation and seeds were counted from 10 individual siliques from six
individual plants.
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Sensitivity to salt
Mutant and wild type seeds were sown directly on MS agar plates (0.5x MS, pH 5.7
(KOH)) in square Petri dishes and grown vertically for four days under long day light. On
day four, seedlings were transferred under sterile conditions to identical plates containing
either no salt (= control), 100 mM NaCl or 200 mM NaCl. The plates were turned upside
down by 180 degrees and grown vertically for another four days. Plates were then
unwrapped and photographed as described. The distance of root growth after the transfer
was measured using the ImageJ software by drawing lines along the roots from the point of
bending (pink arrowhead) to the root tip (yellow arrowhead).
IRGA measurements
Photosynthetic assimilation rates, transpiration rates and stomatal conductivities of mutant
and wild type plants were measured simultaneously in an LCpro+ infrared gas analyser
chamber (IRGA, ADC BioScientific). The smallest available chamber suitable for large
Arabidopsis rosette leaves was used for all measurements. Plants were grown in short day
light for 12 weeks. One individual rosette leaf (taken from the same relative position in the
rosettes) was attached to the chamber and carefully sealed. The pots were placed into small
trays filled with water to ensure maximum transpiration. For each measurement, one
mutant (either slp1-1 or slp1-2) and one wild type plant were always measured in parallel
using two identically programmed analysers. External light sources were placed directly
above the clamped leaves. A light response curve was set up that started with 0 PPFD and
ended with 1600 PPFD (in μmol/m2/s) under ambient CO2 concentrations and 25C
temperature. Leaves were left in darkness for 10 minutes, before light intensities were
increased stepwise by approximately 80 PPFD for 10 minutes over a time course lasting
approximately 90 minutes. The analysers were first calibrated to zero CO2 for at least one
hour before the settings were changed as described. All photosynthetic parameters were
calculated according to an Excel template provided by Dr. Peter Dominy (University of
Glasgow, UK). For the quantitative comparison between mutant and wild type plants, all
photosynthetic parameters were taken at 500 PPFD. No additional comparisons at different
light intensity values were made.
Water content and whole plant transpiration
Rosette leaves from 32 days old long day-grown mutant and wild type leaves were
carefully excised and their fresh weight determined immediately. They were then wrapped
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in pre-weighed aluminium foil pieces and put into a drying incubator set to 70 ºC for two
days. After this period the tin foil parcels were weighed again and the leaves’ dry weight
determined. From the difference between fresh and dry weights, the absolute water
contents were determined. The relative water content was then calculated as the percentage
of initial fresh weight.
Whole plant transpiration was measured in a customised environmentally-controlled
chamber (provided by a University of Glasgow workshop). The setup was such that the
chamber was connected to an external heating and cooling system, as well as a fogging
device. An attached fan allowed water vapour to enter the chamber set to a specified
relative humidity level (% RH). This allowed for the simultaneous control of relative
humidity and temperature. Inside the chamber two micro-balances were placed connected
to a computer that recorded the weight on each balance every two minutes. Additonally, a
temperature/RH sensor was also placed inside, hanging above the balances. Software
provided by Adrian Hills (University of Glasgow) allowed for the control of temperature
and RH conditions and simultaneously recorded the weights, temperature and RH inside
the chamber. Light banks were placed above the whole chamber and set to a light intensity
approximately corresponding to the level inside the growth chamber.
Two well-watered mature mutant and two wild type short day grown plants were placed on
each balance. The plants were grown in squared pots of five cm length/width and the pots
were completely sealed before placing them inside the chamber to avoid any water
evaporation from the soil. This was achieved by covering the soil around the rosette with
clear plastic sheets and sealing off any remaining holes with elastic tape. The small hole in
the middle of the sheet where the rosette emerged was additionally sealed with Vaseline.
The software was programmed to change RH levels every six hours from high (80%) to
low (40%) levels. The light was kept on constantly for the first three days (4800 minutes).
After this point, RH levels were set to 60% constantly, and the light period was changed to
short day light for the remaining time of the experiment.
Transpiration rates were calculated from the plants’ weights recorded every two minutes.
The difference in weight between each time step was divided by the time step (two
minutes) and expressed in mg/min. After each experiment was finished, the complete
rosettes were detached from the pots and all leaves removed. These were flattened out on
sticky tape and scanned. From the obtained images, the complete leaf surface area of each
plant was determined using the ImageJ software as described. The transpiration values
were then divided by the area in cm2 to account for differences in the size of plants and
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plotted using SigmaPlot software (version 8.0). The raw transpiration data were filtered
using the lowpass (80) function in the software.

2.20 slp1 mitochondrial phenotypes
TMRE imaging
Mutant and wild type seedlings were grown in hydroponic culture for five days as
described in section 2.7. A stock solution of TMRE was prepared at 1mM in DMSO,
aliquoted and kept frozen at –20 ºC. TMRE was diluted to 50 nM in MS medium identical
to the plant growth medium and seedlings were placed inside dye solution for five minutes.
They were then carefully transferred twice to fresh MS medium for one minute each to
rinse off excess dye. The whole seedlings were subsequently placed on microscope slides
mounted in water for imaging on the confocal microscope.
Seedling roots were imaged using a 20x Plan Apochromat objective. TMRE was excited
with a 543 nm Helium-Neon laser set to 15 % output. Laser light was passed through a
primary 488/543 nm dichroic mirror and transmitted light was collected in the brightfield
channel. Emitted fluorescence was reflected by a mirror and passed through a third
dichroic mirror (545 nm cutoff). Light passed through this mirror was filtered with a long
pass 560 nm filter and collected as TMRE fluorescence. Z-stacks were taken through the
entire root diameter and reconstructed into three-dimensional images using the Zeiss LSM
software.
TMRE fluorescence was quantified using the ImageJ software and three-dimensional
reconstructions of scanned roots. Black and white masks were created and superimposed
onto the original images (converted to 8 bit format). Fluorescence intensities were
measured from the combined images of each root area.
Oxygen consumption measurements
Mitochondrial pellets were extracted from mature slp1-1 and wild type plants grown under
short day light for 13 weeks. 25 grams of fresh weight tissue were harvested and chilled
immediately. The tissue was homogenised in 100 millilitres of buffer A (section 2.15
“Mitochondrial purification”) in a Waring blender using five strokes each lasting two
seconds at the lowest speed. The homogenate was filtered through two layers of MiraCloth
and centrifuged at 1100 g for five minutes at 4 ºC. The supernatant was carefully poured
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into a fresh centrifugation tube and spun at 3000 g for 10 minutes at 4 ºC. The supernatant
was again removed and centrifuged at 12000 g for 20 minutes at 4 ºC. The pellet after this
spin was the organellar pellet containing mitochondria. It was resuspended in 500 μL of
buffer MB (see below) using the fine paintbrush. The resuspension was kept on ice until
use in the oxygen electrode. The protein content of the organellar pellet was determined
with the Amidoblack protein assay.
A Clark-type oxygen electrode was set up as instructed by the manufacturer (Rank
Brothers, Cambridge, UK). A 3 M solution of potassium chloride was prepared as the
electrolyte. An oxygen-permeable Teflon membrane was cut to size (approximately 1 cm2)
and put into place above a drop of KCl on the electrode. The membrane was secured with
the help of a silicone O-ring and screwed into place. It was submerged into a water-filled
thermostat bath set to 25 ºC. The electrode was connected as instructed to the controller
and to a chart recorder. A voltage of –0.6 V was applied to the Pt electrode. The electrode
chamber was filled with three millilitres of mitochondrial assay buffer (see table below for
buffer compositions) and a magnetic stir bar was put into place. The buffer had previously
been fully oxygenated by vigorous stirring on a magnetic stirrer while being exposed to air.
Under this condition the oxygen content of the assay buffer was assumed to be 250 μM O2
at 25 ºC. The electrode was calibrated by adding a few crystals of sodium dithionite to the
buffer under stirring, which caused the complete deoxygenation of the assay medium. The
full deflection of the chart recorder thus represented the oxygen content of the medium.
Component Concentration
Mitochondrial assay buffer
MOPS pH 7.4 10 mM
Mannitol
300 mM
KH2PO4
5 mM
NaCl
10 mM
MgSO4
2 mM
BSA
0.1%
Buffer MB
MOPS pH 7.4 20 mM
Mannitol
300 mM
BSA
0.1 %
Buffer composition for the isolation of mitochondrial pellets.

200 μL of mitochondrial resuspension were added to 2.8 millilitres of assay medium
previously pipetted into the chamber. The magnetic stirrer was switched on to a low speed
and the chart recorder was started (1cm/min). Once the pen reached a steady rate, the first
substrate was added to the chamber via injection with a Hamilton syringe. The table below
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lists all substrates used and their concentrations. The injection protocol always consisted of
the substrate (succinate, NADH, pyruvate, malate/glutamate), followed by the addition of
ADP and inhibitors, the last one always being NaCN. Sufficient time was always given
until the next substrate/inhibitor was added. In some cases, oxygen consumption rates
clearly slowed down after a while, in other cases it was so slow that the next substance was
injected earlier. Once a run was complete, the chamber was rinsed thoroughly with
distilled water and filled for the next run.
Substrate/Inhibitor Concentration [mM] Stock solution [mM] Solvent Injected [μL]
Succinate
NADH
Pyruvate
Malate/Glutamate
ADP
SHAM
DNP
Oligomycin
NaCN

10
1
10
10
0.1
0.2
2 μM
2 μg/ml
1

610
61
610
610
30.6
30.6
0.3
1mg/ml
100

H2O
H2O
H2O
H2O
H2O
EtOH
H2O
EtOH
H2O

50
50
50
100
10
20
20
6
30

Substrates used for injection into the oxygen electrode.

The quantification of oxygen consumption rates was done manually. A line was drawn
with a ruler corresponding to the most steady slope visible on the chart recorder paper.
From the slopes, the amount of consumed oxygen (vertical direction) according to the full
chart recorder deflection was determined over time (horizontal direction). This value was
then normalised to the amount of protein present in the mitochondrial resuspension. Values
from three independent experiments were then averaged and presented in Figures 3-20 and
3-21.
DAB staining
Rosette leaves from 30 days old mutant and wild type plants grown under long day light
were detached and immediately immersed into 2.5 mM EDTA pH5.5 to limit the Ca2+mediated wounding response resulting in excessive ROS formation. The leaves were cut
again close to the submerged petiole and placed into two millilitre Eppendorf tubes filled
with 0.5 millilitres of DAB (Sigma) staining solution (1 mg/ml in 0.1 N HCl pH 3.8) with
the petioles dipping into the stain. The lids were kept open and the tubes were covered
slightly to avoid direct exposure to light. They were left standing in the solution for at least
6-8 hours to take up DAB stain through their transpiration stream. Leaves were then
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cleared in 80 % ethanol overnight, with two exchanges. Afterwards they were placed into
60 % glycerol until imaging by scanning.
H2DCFDA imaging
Mutant and wild type seedlings were grown in liquid MS medium for seven days under
long day light. A 100mM stock of H2DCFDA dye was prepared in DMSO (AnaSpec, San
Jose, USA). The final working concentration was 2 μM in MS medium. Seedlings were
placed for five minutes into H2DCFDA-containing MS medium. Afterwards they were
placed once for five minutes into fresh MS medium to wash out excessive dye. They were
then mounted in water on microscope slides and roots were imaged on the confocal
microscope. The roots of three seedlings per genotype were imaged by scanning through
the entire root at four independent areas.
Confocal images were taken with a 20x Plan Apochromat objective. H2DCFDA was
excited with an Argon laser using the 488 nm laser line set to a 1 % transmission output.
Laser light was passed through a primary HFT488 dichroic mirror and transmitted light
was collected in the brightfield channel. Emitted fluorescence was passed on to a mirror
where it was reflected and passed to a third mirror. The reflected fluorescence was filtered
through a long pass 505 nm filter and collected as H2DCFDA fluorescence.
H2DCFDA fluorescence intensity was quantified using the Zeiss LSM imaging software.
Briefly, three-dimensional images were reconstructed from z-stacks of roots. The outlines
of the root stacks were traced using the software, and the average fluorescence intensity
values inside the traced outline used for quantitative analysis.

2.21 Stable AtSlp RNAi lines
The RNAi fragments of AtSlps were ordered from the NASC (provided by AGRIKOLAwww.agrikola.org). For AtSlp1, the catalogue number was N264068 and for AtSlp2
N255522. These sequences were specific for the 3’regions of both genes and were obtained
as Gateway-based entry clones in the vector pDONR207. The clones were delivered as
bacterial stabs (E.coli) that were selected with 15mg/l gentamycin. The plasmids were
extracted by miniprep and the insertions verified by DNA-sequencing. The RNAi
fragments were subsequently cloned into the binary Gateway-based pOpOFF2(hyg) vector
using the standard recombination protocol given by Invitrogen. Positive clones were
selected on spectinomycin and transformed into Agrobacterium tumefaciens as described.
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Flowering Arabidopsis Col-0 plants grown under long day light were transformed using
the floral dip method as described and positive transformants selected on MS agar plates
supplemented with 50 μg/ml hygromycin. Positive transformants were propagated until
homozygous plants were obtained (based on their segregation pattern on hygromycin
selection).
RNAi-mediated gene knockdown was assessed in a time course. Seedlings were grown in
liquid culture as described for 10 days under long day light. Dexamethasone (water soluble
version from Sigma) was added to a concentration of 10 μM and samples were taken over
a time course of 48 hours as indicated. Samples were snap-frozen in liquid nitrogen and
ground to powder using the Qiagen Tissue Lyser as described. Proteins were extracted
under denaturing conditions and quantified with the Amidoblack protein assay. Two
micrograms of total protein per sample were loaded on a 10 % SDS-PAGE gel and
Western blotted. Slp1 protein was detected using anti-Slp1 at 1:5000 dilution. For
quantification of the knockdown level, band intensities from the Western blots were
quantified using the BioRad Chemi Doc transilluminator software as described for the
Northern blot quantification. The band intensities were normalised to the intensities of the
Rubisco bands seen on the Ponceau S stains.
Slp RNAi plants grown on soil were sprayed continuously with dexamethasone solution
(30 μM dexamethasone (ethanol soluble), 0.01 % Tween-20) using a mister every other
day. In parallel, identical plants were sprayed with control solution (0.15 % ethanol, 0.01
% Tween-20). Rosette leaves of plants that had been sprayed regularly for over two weeks
were harvested, frozen and their proteins were extracted. The protein content was
quantified using the Amidoblack assay and 10 micrograms of total protein were separated
on a 10 % SDS-PAGE gel followed by Western blotting as described.

2.22 Dominant-negative (DN) Slp overexpressing lines
Cloning of DN constructs
The dominant-negative fragments of both Slp open reading frames were amplified by PCR
using primers nos. 70-77. First, the DNA fragments were amplified using Phusion Taq
polymerase as described and primers nos. 70 and 71 for DN(Slp1), and primers nos. 72 and
73 for DN(Slp2). The PCR products were purified and used as templates in a second set of
PCR reactions in which the N-terminal myc tag was added and the restriction sites (XhoI at
the 5’end and SpeI ant the 3’ end of each fragment). These PCRs were performed with
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Phusion Taq enzyme and primers nos. 74 and 75 for DN(Slp1) and nos. 76 and 77 for
DN(Slp2). The resulting PCR amplicons contained the XhoI site followed by a myc tag
and the DN fragment with a SpeI site at the 3’ end. The PCR products were purified as
described and ligated into pTA7002 that had previously been opened with XhoI and SpeI.
Positive bacteria colonies were selected on kanamycin as described in section 2.4. Clones
were verified by DNA sequencing and transformed into Agrobacterium tumefaciens as
described. Flowering Col-0 plants grown under long day light were floral dipped with both
constructs as well as the empty pTA7002 vector. Positive transformants were selected on
MS agar plates supplemented with 50 μg/ml hygromycin as described. Resistant plants
were propagated until homozygous lines were obtained. At least three independent lines
were selected as homozygotes for each DN construct.
Dexamethasone induction properties
Dexamethasone induction was assessed in a time course as described for the Slp RNAi
lines. Plants were grown for 10 days in liquid medium under long day light.
Dexamethasone was added to 10μM and samples taken over a time course of 48 hours as
indicated in Figure 3-29. For the dexamethasone gradient, dexamethasone was added to the
indicated concentrations and samples harvested after 12 hours. Proteins were extracted as
described with denaturing buffer and quantified using the Amidoblack protein assay. Five
micrograms of total protein were loaded on a 12 % SDS-PAGE gel and Western blotted.
Proteins were detected using monoclonal anti-myc antibody from mouse (Sigma) at 1:1000
dilution.
Solubility of DN proteins
For the DN protein solubility test, DN Slp and wild type seedlings were grown sterile on
vertical MS agar plates under long day light for 14 days. Seedlings were harvested and
soluble and microsomal extracts prepared as described in section 2.15. One millilitre of
homogenisation buffer with added protease inhibitors (see table for protease K experiment)
was added to the ground seedling material. The samples were then centrifuged for 15
minutes at 10000 g at 4 ºC. The supernatant was transferred to a small ultracentrifuge tube
and spun at 100000 g for 30 minutes at 4 ºC. The resulting microsomal pellets were
resuspended in 200 μL of microsomal resuspension buffer (no CaCl2 added) and 5x SDS
buffer added. Samples were denatured and quantified with the Amidoblack protein assay.
Five micrograms of total protein were separated on a 12 % SDS-PAGE gel and Western
blotted. Proteins were detected with anti-myc used at 1:1000 dilution.
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BPA treatment of seedlings
Seedlings of both DN Slp constructs and wild type were grown on vertical MS agar plates
under long day light for 20 days. Medium contained either plain MS (with 0.5% sucrose),
MS supplemented with 10 μM dexamethasone, MS supplemented with 1 mM BPA, or MS
with added dexamethasone and BPA. BPA was dissolved as a 1 M stock in DMSO and
diluted appropriately. Before harvesting seedlings, the plates were unwrapped and
photographed as described.
Microsomal pellets were extracted as described in section 2.13. Seedlings were harvested
(approximately 20 seedlings/treatment) and snap frozen in liquid nitrogen, followed by
grinding in the Qiagen Tissue Lyser as described. The frozen powder was homogenised in
500 μL of homogenisation buffer with added protease inhibitors (see table for protease K
experiment for composition) and microsomal fractions extracted as described above. The
final pellets were resuspended in 200 μL of microsomal resuspension buffer (without
added CaCl2), and denatured by boiling with 5x SDS buffer. Proteins were quantified and
separated on 10 % SDS-PAGE gels followed by Western blotting. Anti-myc was used at
1:1000 and anti-Slp1 at 1:5000 dilutions.

2.23 Characterisation of DN Slp phenotypes
Growth and dexamethasone treatment of plants on soil
Homozygous plants were sown out directly on soil and grown under long day or short day
light. Dexamethasone was applied in a spray solution as described for the Slp RNAi plants
in section 2.21. Spraying was normally begun approximately one week after seed
germination. In some cases, dexamethasone induction was only started once plants were
flowering. For some short day grown plants, spraying with dexamethasone was only
started when the rosettes were larger, but still growing. The same DN Slp and wild type
plants were always grown in parallel in a separate tray and were treated with control
solution. Spray solution was applied with the aid of a mister until all plants were equally
covered with droplets of solution. Normally, plants were sprayed every other day until
senescent.
Plants grown in long day light for 29 days were photographed. The leaf surface areas were
quantified using the ImageJ software as described in section 2.19.
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Determination of leaf osmolarity and flowering time
For the measurements of leaf sap osmolarity, leaves were detached from treated plants
grown for 47 days under short day light. For one measurement, approximately 2-3 leaves
were harvested and placed into Eppendorf tubes. Measurements were carried out as
described in section 2.19 for knockout mutants.
The timing of flowering was determined as described in section 2.19 for knockout mutants.
For the counting of DN plants, 32 days old DN Slp and wild type plants grown under long
day light in the growth chamber were used. These plants had been treated with
dexamethasone from an early stage on to ensure continuous protein induction.
Guard cell imaging
Epidermal strips from long day grown DN(Slp) and wild type leaves were prepared by
peeling off pieces of the lower epidermis of rosette leaves using sharp forceps. The strips
were mounted on silicone-based glue stuck on cover slips and covered with depolarisation
buffer (10 mM MES-NaOH pH 6.1, 60 mM KCl). For imaging, the cover slips were
attached to a microscope perfusion chamber and images were taken on a Zeiss AxioVert
S100TV light microscope .
For confocal microscopy, mature rosette leaves were harvested from treated plants. A stock
solution of 30 mM propidium iodide (Sigma) was prepared in water. Leaf pieces were
infiltrated with 30 μM propidium iodide (Sigma) in water. This was achieved by placing
cut pieces of leaf into a 20 millilitre plastic syringe and de-aerating the tissue by applying a
vacuum. The tissue was then mounted in water on microscope slides and imaged on the
confocal microscope using a 63x water immersion objective. The infiltrated tissue was
simultaneously excited with a 458 nm Argon laser set to 52 % and a 543 nm Helium-Neon
laser set to 100 % output. Laser light was passed through a first dichroic mirror (458/543)
and transmitted light collected in the brightfield channel. Emitted fluorescence was passed
through a second dichroic mirror (635 VIS). Passed light was collected using the Metahead
detector between 574 and 713nm as chlorophyll fluorescence. Reflected light was passed
through a third dichroic mirror (545). Light that was passed through was filtered using a
band pass 560-615 and collected as propidium iodide fluorescence.
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Guard cell density
DN Slp and wild type plants were grown for 38 days under long day light and treated with
dexamethasone from an early stage on. Three plants were chosen per line and per treatment
to determine stomatal densities. Per plant, two leaves were harvested, one mature and one
expanding leaf. All stomata inside 12 randomly chosen areas were counted per leaf, each
area spanning 230x230 μm2. Stomata were counted using the confocal microscope and a
HeNe laser with 11 % transmission at 543nm. Brightfield images were collected and
divided into the counted areas. Stomata were counted per area by focussing up and down
while running fast xy scans.
Leaf water content
Rosette leaves were harvested from the same relative positions from treated DN Slp and
wild type plants. For Figure 3-42 (A), leaves were harvested from short day grown plants
that were 53 days old and had been sprayed with dexamethasone from a later stage on. For
Figure 3-42 (B), leaves were taken from long day grown plants (23 days old). The water
contents were determined as described in section 2.19 for knockout plants.
Whole plant transpiration
To follow water loss over time from excised shoots, rosettes were harvested by cutting just
above the soil. The shoots were taken from 42 days old short day grown treated plants. The
cuts were sealed with Vaseline and plants were placed onto pre-weighed trays. Their fresh
weight was recorded immediately (t = 0). Weight loss was then recorded every 15 minutes
for the first hour after cutting, and then every 30 minutes up to eight hours post-harvesting.
After eight hours, the shoots were wrapped in aluminium foil (pre-weighed) and let to dry
out in an incubator set at 70 ºC for two days. At each measured time point, the water
content was calculated as the % of the initial fresh weight. Water loss over time was
expressed as the deficit of the initially calculated water content in percent.
Whole plant transpiration measurements were carried out in the fogging chamber as
described in section 2.19 for knockout mutants. For Figure 3-44 (A), DN(Slp1) plants were
grown under short day light for 52 days and treated with dexamethasone. During the first
4000 minutes of the experiment, the light was kept on constantly, and the humidity levels
changed every six hours from 80 % to 40 %. Afterwards the light was still kept constant,
but the humidity level was set to 60 % to follow internal stomatal rhythms. For the result
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shown in Figure 3-44 (B), wild type plants were grown under long day light for 29 days
and treated with dexamethasone or control solution. For the transpiration measurements,
the long day light regime was kept according to the conditions set in the growth chamber.
The humidiy levels were changed as described before every six hours. Transpiration rates
were calculated as described before and plotted using the SigmaPlot software.
DAB staining
Leaves were harvested as described from DN and wild type plants grown under long day
light for 21 days. DAB staining was carried out exactly as described before in section 2.20
for knockout mutant plants.
H2DCFDA imaging and quantification
DN Slp and wild type seedlings were grown for five days under long day light in liquid
culture as described in section 2.7. The plants were then stained with the ROS probe as
described in section 2.20 for the knockout mutants. Confocal imaging was carried out
exactly as described in the same section using identical microscope settings. Four seedlings
per treatment and genotype were imaged at three areas across the root length. Fluorescence
was quantified using ImageJ software as described for the TMRE staining of knockout
mutants in section 2.20.
Trypan Blue staining
Rosette leaves from 33 days old long day grown DN Slp and wild type plants were
harvested. Trypan Blue (Sigma) staining solution was prepared (0.025 % Trypan Blue, 25
% lactic acid, 25 % phenol, 25 % glycerol). The harvested leaves were placed into tubes
filled with 10 millilitres of staining solution and gently shaken for two weeks at room
temperature. Leaves were subsequently destained in 2.5 g/ml chloral hydrate (VWR
International) for one week and washed with several exchanges of distilled water. The
leaves were then placed between plastic sheets and scanned.
TMRE imaging and quantification
DN Slp and wild type seedlings were grown in hydroponic culture for three days under
long day light with 10 μM dexamethasone as appropriate. The seedlings were stained with
TMRE exactly as described for knockout mutants in section 2.20. Three seedlings per
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genotype and treatment were scanned on the confocal microscope at three to four areas
along the entire root length. The microscope settings were identical as described in section
2.20. TMRE fluorescence was quantified using the ImageJ software as described.
Cross of DN(Slp1) and slp1-1 plants
For crossing, closed buds of slp1-1 plants grown in long day light were carefully opened
under a dissecting microscope using a pair of sharp forceps. The anthers (which were still
completely green) were all removed, together with the sepals and petals. The unfertilised
pistil was left over and pollinated. Pollen from untreated flowering DN(Slp1) plants were
used for fertilisation by gently dipping opened flowers onto the pistils. The seeds of
developed siliques were harvested and sown out directly on soil. All plants were supposed
to be heterozygous for slp1-1 and the DN(Slp1) insertion. In parallel, slp1-1 mutants and
wild type plants were also sown out. Plants were grown in long day light for 45 days until
photographing. Dexamethasone treatment was started at an early stage before flowering.
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Results Chapters
3 Arabidopsis Stomatin-like Proteins- Phylogeny,
Structure and Tissue Expression
Introduction
So far, the study of band-7 family proteins and stomatins in particular has mainly focussed
on proteins from animals and human (see general introduction). This chapter provides
detailed phylogenetic and structural information as well as expression data about the
Arabidopsis stomatins, and more generally the Arabidopsis band-7 family. The first part
investigates the phylogenetic context of stomatin-like proteins and the remaining
Arabidopsis band-7 family members, and investigates the phylogenetic relationships of the
Arabidopsis proteins with the band-7 family as a whole. This type of analysis has been
published before for animal stomatins and prohibitins from plants and animals
(Tavernarakis et al., 1999;Browman et al., 2007;Van Aken et al., 2007;Green & Young,
2008), but not in detail for Arabidopsis stomatins and the Arabidopsis band-7 family. With
the availability of more genome sequences from plants such as grape, rice, maize and
moss, this study extends the previous analyses by including sequences from more species
and detailed information about differences on the sequence level.
Following up the phylogenetic analysis is a study investigating the structural features
occurring in Arabidopsis stomatin-like proteins and human stomatin-like protein-2, the
closest related and best-studied human homolog. The information gained from this analysis
was used to design suitable epitopes for the production of specific antibodies against
AtSlp1 and AtSlp2. Two different approaches are described, the first one involving
overexpression of epitope-tagged fusion proteins in bacteria, and the second one the design
of short peptide epitopes. Both approaches have been used in the past to produce specific
antibodies obtained by immunisation of host animals. The last part of this chapter presents
a comparison of results obtained by different approaches about the tissue-specific
expression of Arabidopsis stomatins and the implications of these data for their putative
functions. Public microarray data from the eFP browser (Winter et al., 2007b) provide vast
knowledge about changes in transcript levels during development and upon treatments
with chemicals or stresses. To supplement and verify these data, alternative approaches
were taken involving transcript analysis by Northern blotting, RT-PCR, Western blotting
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and assaying the promoter activities. The advantages and disadvantages of these
approaches are further discussed at the end of this chapter. A picture of the tissue
distribution of AtSlps and their responses to internal and external stimuli emerges from
overlapping information of all these approaches. None of these aspects have so far been
studied before and give novel insight about plant stomatin-like proteins and the relations to
their animal and human homologs.
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3.1 Arabidopsis stomatins and their phylogenetic context
To give an overview of Arabidopsis stomatin-like proteins and their evolutionary and
functional context, phylogenetic trees and sequence alignments are presented. First, the
position of the Arabidopsis Slps amongst the other band-7 proteins in Arabidopsis and
other stomatin type proteins in the plant kingdom was investigated. Secondly, phylogenetic
data are presented that deal with the relationship of Arabidopsis stomatin-like proteins and
animal, yeast and bacterial band-7 proteins, with a particular focus on the stomatin
subfamily. Tables 3-2, 3-3 and 3-4 give an overview of the proteins used in this survey
together with their UniProt identifiers, amino acid lengths and proposed or confirmed
subcellular localisations. A more detailed version of these tables is included in Appendix 1
that also contains information about other conserved domains and their position in the
protein sequence. These compiled lists are by no means complete, but aim to give
information about a representative section of the band-7 family from a wide variety of
species. An overview over all conserved domains of the band-7 family members
investigated here is given in Table 3-1.
Class
PROSITE
InterPro
InterPro
InterPro
InterPro
InterPro
InterPro
InterPro
PANTHER

Identifier
PS01270
IPR001107
IPR001972
IPR003033
IPR000163
IPR004851
IPR010200
IPR010201
PTHR13806

Name
Stomatin
Band7
Stomatin
SCP2 sterol carrier protein domain
Prohibitin
Flotillin
HflC
HflK
Flotillin-related*

Table 3-1. Overview over the domains of all band-7 family proteins investigated in this
study. Abbreviations are according to InterPro, PROSITE and TAIR databases. The asterisk
indicates that this domain is not fully annotated by either of these databases.
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UniProt ID
Q93VP9
Q9LVW0
Q9SRH6
Q9FHM7
Q9FM19
Q9CAR7
Q9ZQ87
Q501E6
Q4V3D6
Q9LV90
O49460
Q9ZNT7
Q3EDJ1
O04331
Q9LK25
Q9LY99
Q9SIL6
Q9FFH5
A7P6L9
A9T1F8
Q7EZD2
A2YRF1
A3BPU1
Q9M585
A8JI52

Species
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Vitis vinifera
Physcomitrella patens
Oryza sativa subsp. japonica
Oryza sativa subsp. indica
Oryza sativa subsp. japonica
Zea mays
Chlamydomonas reinhardtii

Name
Abbreviation used Length (aa)
Stomatin-like protein-1 AtSlp1
411
Stomatin-like protein-2 AtSlp2
401
HR induced (HIR)
At3g01290
285
Band7/HIR-like protein At5g51570
292
HR induced (HIR)
At5g62740
286
HIR-like
At1g69840
286
ER protein (Erlin-like) At2g03510
356
Flotillin/nodulin-like
At5g25250
470
Flotillin/nodulin-like
At5g25260
463
Flotillin/nodulin-like
At5g64870
479
Prohibitin-1
At4g28510
288
Prohibitin-2
At1g03860.1
286
Prohibitin-2
At1g03860.2
221
Prohibitin-3
At5g40770
277
Prohibitin-4
At3g27280
279
Prohibitin-5
At5g14300
249
Prohibitin-6
At2g20530
286
Prohibitin-7
At5g44140
278
Band7 protein
A7P6L9
420
pred. protein (fragment) A9T1F8
292
Band7 protein
Q7EZD2
377
Band7 protein
A2YRF1
377
Band7 protein
A3BPU1
405
Stomatin-like protein
Q9M585
394
pred.protein (fragment) A8JI52
372

Subcellular Localisation
Mitochondrion, Plastid
Mitochondrion, Plastid
Membrane, PM
Membrane
PM
PM
ER
unknown
unknown
unknown
Mitochondrion
Mitochondrion, Plastid
Membrane
Mitochondrion
Mitochondrion, Cell wall?
Mitochondrion
Mitochondrion
Membrane/Mitochondrion
Membrane
Membrane
Membrane
Membrane
Membrane
Membrane
Membrane

Table 3-2. Plant band-7 proteins (as identified by IPR001107) that were used for the phylogenetic analysis. Sequences and
other related information were downloaded from the UniProt and TAIR database using the identifiers given. The column
entitled “Abbreviations used” refers to the abbreviations that are given in the following phylogenetic trees. Highlighted in
blue are proteins that have an additional stomatin domain (IPR001972). Length (aa) refers to amino acids. All information
given in this table was retrieved from the UniProt database or TAIR.
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UniProt ID
P27105
Q9NP85
Q9UBI4
Q9UJZ1
Q8TAV4
P35232
Q99623
O75955
Q14254
O75477
O94905
P54116
Q8CI66
Q99JB2
Q6PE84
P67778
O35129
Q27433
Q19200
Q19958
Q20657
Q22165
Q21190
Q17372
P0ABC3

Species
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Escherichia coli

Name
Stomatin
Podocin
Stomatin-like protein-1
Stomatin-like protein-2
Stomatin-like protein-3
Prohibitin
Prohibitin-2
Flotillin-1
Flotillin-2
Erlin-1
Erlin-2
Stomatin
Stomatin-like protein-1
Stomatin-like protein-2
Stomatin-like protein-3
Prohibitin
Prohibitin-2
Mec-2
Stomatin-1
Stomatin-2
Stomatin-3
Stomatin-4
UNC-1
UNC-24
HflC

Abbreviation used Length (aa)
HsStomatin
288
HsPodocin
383
HsSlp-1/STORP
398
HsSlp-2
356
HsSlp-3
291
HsPHB
272
HsPHB-2
299
HsFlotillin-1
427
HsFlotillin-2
379
HsErlin-1
346
HsErlin-2
339
MmStomatin
284
MmSlp-1
399
MmSlp-2
353
MmSlp-3
287
MmPHB
272
MmPHB-2
299
CeMec-2
481
CeSto-1
330
CeSto-2
314
CeSto-3
267
CeSto-4
281
CeUNC-1
285
CeUNC-24
415
EcHflC
334

Subcellular Localisation
PM, Endosomes
PM
Membrane
Mitochondrion
Membrane
Mitochondrion
Mitochondrion
PM
PM
ER
ER
PM
Membrane
Membrane
PM
Mitochondrion, Cytoplasm, Nucleus
Mitochondrion, Cytoplasm, Nucleus
Membrane
Membrane
Membrane
Membrane
Membrane
Membrane
Membrane
Membrane

P0ABC7

Escherichia coli

HflK

EcHflK

Membrane

419

Table 3-3. Animal and bacterial band-7 proteins (identified by IPR001107). These sequences were downloaded from UniProt and
used in phylogenetic analysis. Highlighted in blue are again proteins with a stomatin signature domain (IPR001972).
Abbreviations are as before.
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UniProt ID
P40961
P50085
Q9P7H3
O94550
O60121
Q59X52
Q59XK2
Q5A411
Q59SS4
Q5AEB1
Q5AND0
A3LYB1

Species
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Schizosaccharomyces pombe
Schizosaccharomyces pombe
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Pichia stipitis

Name
Prohibitin-1
Prohibitin-2
Prohibitin-1
Prohibitin-2
N/A
Stomatin-like protein-2
Stomatin-like protein-2
Stomatin-like protein-99
Prohibitin-1
Prohibitin-12
Prohibitin-2
Stomatin-like protein-3

Abbreviation used Length (aa)
ScPHB-1
287
ScPHB-2
310
SpPHB-1
282
SpPHB-2
279
O60121
354
Q59X52
263
Q59XK2
263
Q5A411
350
Q59SS4
283
Q5AEB1
321
Q5AND0
303
A3LYB1
340

A3LTY5

Pichia stipitis

Stomatin family protein A3LTY5

367

Subcellular Localisation
Mitochondrion
Mitochondrion
Mitochondrion
Mitochondrion
Mitochondrion
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 3-4. Yeast band-7 proteins (as identified by IPR001107). The sequences of these proteins were retrieved from UniProt
after a search for yeast band 7 proteins. Only those are shown and were used in the analysis, which were already annotated as
stomatins or prohibitins. Highlighted in blue are proteins with a stomatin domain.
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3.1.1 The Arabidopsis band-7 family
The genome of Arabidopsis thaliana contains altogether 17 different genes that encode for
proteins with a band-7 domain (as identified by InterPro IPR001107). These genes give
rise to 18 proteins, amongst these three with an additional stomatin domain (InterPro
IPR001972), 8 with a prohibitin domain (InterPro IPR000163)) and 3 proteins that have
domains similar to those found in animal flotillins (PTHR13806). The remaining
Arabidopsis band-7 members are made up of 4 HIR (for hypersensitive induced reaction)
proteins and one ER-localised protein. The genes of the HIR proteins are commonly
upregulated during the hypersensitive response. One of these, encoded by the gene
At3g01290, also has a stomatin signature domain (recognised by InterPro IPR00192),
although the structural similarity to AtSlp1 and AtSlp2 is low (see section 3.1.5).
To investigate the relationships between the Arabidopsis band-7 proteins, a series of
phylogenetic trees were constructed based on ClustalW multiple sequence alignments.
Figure 3-1 shows a tree (presented as a rectangular cladogram using TreeView with
bootstrap values from 1-10000) that includes all members of the Arabidopsis band-7
family. The tree reveals one large cluster that contains most of the band-7 family members,
including AtSlp1 and AtSlp2 (marked in red). AtPHB1 and AtPHB6 fall out of this group
and represent the most distantly related proteins to these ones. Amongst the proteins of the
largest cluster, the two splice variants of AtPHB2 separate and represent an own group
with AtPHB7 as its next close relative. The remaining proteins clearly divide into three
separate groups, which can be assigned as prohibitins 3-5, flotillin-like proteins and AtSlps
together with the HIR proteins. The tree reveals that the stomatin-like proteins probably
share a common ancestor with the HIR proteins, as these represent the closest neighbours.
Amongst the HIRs, At5g51570 is the next closely related protein to AtSlp1 and 2. The tree
also shows a closer relationship of the stomatins and HIR proteins with the group
containing the flotillin-like proteins rather than with the prohibitins. The group containing
the flotillin-like proteins also contains a so far uncharacterised ER protein that resembles
mammalian Erlin proteins but has otherwise only little similarity to any of the other band-7
proteins. Previously, Arabidopsis prohibitins have been demonstrated to fall into two
subtypes: AtPHB1, 6, 2 and 7 form type II prohibitins and AtPHB3, 4 and 5 type I
prohibitins (Van Aken et al., 2007). In accordance with this, prohibitins 3, 4 and 5 fall into
a cluster representing type I prohibitins that has separated earlier from the group containing
the stomatins, HIRs and flotillins.
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In addition to the tree, the actual identity and similarity values in percent were calculated
between each Arabidopsis band-7 family member. These values are based on pairwise
sequence alignments that were performed using the Emboss-needle method for global
alignments (available on www.ebi.ac.uk) and are shown in Table 3-5. From this table it
becomes obvious that apart from a significant percentage of identity between AtSlp1 and
AtSlp2 (61.8 % identity and 66.3 % similarity) there is actually very little sequence
identity between these two proteins and all other Arabidopsis band-7 family members.
Even the identity between stomatins and their closest neighbour, the HIR protein
At5g51570, is surprisingly low at only 17.5 % (31.1 % for similarity to AtSlp1). Amongst
the HIR proteins, the level of identity is generally high, for example up to 85.7 % between
At5g62740 and At1g69840. This can also be seen from the tree in which these two proteins
represent the closest neighbours. Sequence identity inside the flotillin group is also high,
particularly between the three proteins that contain the flotillin-like domain (for example
>90 % identity between At5g25250 and At5g25260. The ER protein At2g03510 falls into
the same cluster with the flotillin-like proteins, but the actual identity to the flotillins is
very low at only 14 to 16 %. As expected from the tree, the level of identity amongst the
prohibitins also reflects their division into the prohibitin subtypes. PHB3, 4 and 5 (type I)
share between 60 and almost 90 % sequence identity, whereas these levels drop to around
40 % when they are compared to the prohibitins belonging to subtype II. These prohibitins
(PHB1, 6, 2 and 7) also share much higher levels of identity amongst themselves (ranging
from 60 to > 80 %). According to these results, the Arabidopsis band-7 family clearly
divides into distinct subgroups, similar to those previously identified from animals
(Tavernarakis et al., 1999). However, the Arabidopsis genome also contains novel
members in the shape of the HIR proteins that appear to be unique to plants. The total
number of stomatin-domain containing proteins is low in Arabidopsis (only 3) compared to
animals and humans. On the contrary, Arabidopsis contains 7 prohibitin genes that give
rise to 8 proteins compared to only 2 proteins in humans and yeast.
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At2g20530
At5g44140
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Slps

At5g54100

PHB1 PHB6 PHB7

At4g28510

At4g27585
6934

At5g51570
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At3g01290

9709

At5g62740

10000
9823

At1g69840

5589

At5g64870
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At5g25260
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Flotillins

10000

8929
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At2g03510

At5g25250
At5g14300
At5g40770
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At3g27280

10000

At1g03860.1

Figure 3-1. A phylogenetic tree of the Arabidopsis band-7 family. The tree is
based on a ClustalW multiple sequence alignment and was constructed using the
TreeView software. Bootstrap values of 1-10000 are given at each branch point.
AtSlp1 and AtSlp2 fall into an own clade that is marked in red. Other functional
group names are given on the right. Abbreviations are PHB (prohibitin), HIRs
(hypersensitive induced reaction). Names given are according to Table 3-2.
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% Identity

Slps

ER
protein

HIRs

Flotillin-like

Prohibitins

AtSlp-1 AtSlp-2 At5g51570 At3g01290 At5g62740 At1g69840 At2g03510 At5g64870 At5g25260 At5g25250 At5g14300 At5g40770 At3g27280 At5g44140 At1g03860.1 At1g03860.2 At2g20530 At4g28510
AtSlp-1

61.8

AtSlp-2 66.3

17.5

18.5

17.1

16.3

18

10.6

10.8

10.4

18.8

18.7

18.1

16.7

13.2

11.5

9.6

9.7

14.9

55.8

55.8

55.4

18.2

10.4

12.6

11.6

20.9

79.7

73.8

18.7

10.1

14

11.8

17.6

17

15.5

16.5

16.5

85.7

18.5

12

14.2

14.1

15.9

15.1

16.3

17.4

16.6

17.4

10.5

11.1

10.8

17.7

15.5

14.9

17.2

14.2

14.1

16.6

16.1

16.1

16.5

17.8

19.2

82.5

84.6

10.9

10.2

10.3

10.1

93.2

11.2

12.3

12.7

10.8

7.7

12

60.8

At5g51570 31.1

32.1

At3g01290 32.4

31.1

76

At5g62740 30.8

31.5

77.1

91.6

At1g69840 28.9

30.4

74.5

87.8

At2g03510 31.3

26

33.8

32.7

32.5

33.7

At5g64870 23.5

23.4

19.5

19.9

22.8

22.4

At5g25260 23.7

20.8

23.5

25.9

26

23

29.7

90

At5g25250 23.3

19.9

22.3

22.9

25.2

22.7

27.7

92.1

92

23.9

95.3

18.5

16.3

16.4

13.9

15.6

12.6

15.9

14.2

15.5

15.9

15.2

16.4

12.5

13.2

16.6

16.3

17

17.7

15.9

14.3

17.9

16.6

15.3

14.9

15.4

15.4

16

14.6

13.8

16.4

15.9

13.9

12

17.1

18.1

15.2

8.3

11.8

14.7

11

9.2

8.7

10.4

13

9.7

9.4

9.4

9.2

14.5

60.8

40.4

42.8

36.7

45

41.7

88.9

46.9

48.5

40.8

45.8

45.3

46.9

48.3

41

45.6

48.3

78.7

62.2

73.1

77.4

77.3

81.7

85.4

At5g14300 29.6

26.7

32.7

33.2

27.9

33.3

30.7

19.4

19.2

18.3

At5g40770 30

30.8

31.7

28.8

26.5

28.5

30.3

19.8

20.3

16.1

At3g27280 31.9

33.7

28.4

29.7

30

27.8

31.9

19.3

22.7

22.1

73.1

93.9

At5g44140 27.7

28.3

33.3

32.1

31.5

31.5

35.2

18.5

19.1

17.8

59.6

65.7

65.6

At1g03860.1 25.1

26.1

32.6

31

29.6

30.9

25.1

26.5

20.6

20

61

65

66

89.5

At1g03860.2 24.2

72.8

20.4

31.5

30.6

29.4

30.5

23.4

19.2

19.8

20.2

52.2

55.3

55.8

68.9

77.3

At2g20530 28.2

26

31.5

30

29.4

31.5

32.6

21.5

20.7

19.4

61.9

64.1

63.9

83.1

90.7

74.5

68.9

At4g28510 27.3

30.2

32.9

31.7

29.4

30.3

34.9

26.4

21.8

27.9

61.4

63.3

66

85.4

92.7

74

69.4
87.2

93.4

% Similarity
Table 3-5. Identities and similarities between protein sequences of the Arabidopsis band-7 family. Identities and similarities (in %) were calculated using the
Emboss pairwise alignment algorithm. Identity numbers are given in the top half of the table and similarity values in the bottom half.
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3.1.2 The relationship of Arabidopsis stomatins with those from
other species
On the next level of phylogenetic analysis, the relationships amongst stomatins from
various kingdoms were investigated. Stomatin domain (IPR001972) containing protein
sequences were downloaded from the UniProt database from various animals, humans,
yeast, bacteria and plants. Altogether 33 different sequences were used to construct a
phylogenetic tree that is presented in Figure 3-2. It is apparent that there seems to be a
clear division between animal, nematode and mouse stomatins, C.elegans-specific proteins
and other types of stomatin-like proteins from plants, animals and yeast. The tree shows
that 2 clusters containing animal stomatins and stomatin-like proteins 3 separated early on
from the remaining large group that contains all other sequences. The first cluster closest to
the bottom contains four proteins from the nematode C.elegans. The second cluster that
separated includes 2 subgroups: one that contains the human and mouse stomatin proteins
and a second one that contains human and murine stomatin-like proteins 3 as well as the
C.elegans protein stomatin 2. The remaining large cluster that contains all other sequences
can be further divided: C.elegans stomatin 3 represents a sole branch that seems to have
separated early from the remaining proteins. Human podocin, a kidney specific stomatin
isoform also clearly separated from these proteins and forms an own branch. Next in the
tree, a cluster is formed by orthologues of the stomatin-like 1 proteins. These human,
murine and nematode bipartite proteins all contain a sterol-carrier protein domain
(IPR003033, Table 3-1) additionally to their stomatin domain. Two uncharacterised
stomatin-like proteins from 2 yeast species form the next group, followed by a cluster that
contains the E.coli HflK protein together with the Arabidopsis HIR protein At3g01290.
This result is surprising, especially considering the species divergence between a bacterium
and a higher plant. The HflK protein is involved in the life style decision of the lambda
phage upon infection of its host (Noble et al., 1993), whereas the Arabidopsis protein is
implicated to function in plant defence during the hypersensitive response. The remaining
large cluster is made up of plant and yeast stomatins and stomatin-like 2 proteins. It can be
divided into two subgroups, one containing the plant proteins and the other consisting of
mammalian stomatin-like proteins 2 (Slp2) and yeast stomatin-like proteins. Amongst the
plant proteins, a protein with a stomatin domain from the unicellular alga Chlamydomonas
represents an early descendant. The remaining proteins can be divided into clusters
according to monocotyledons and dicotyledons/moss. To the monocotyledon proteins
belong stomatin domain proteins from rice and maize, with the rice proteins clearly
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grouping together. The dicotyledon/moss cluster contains sequences from the moss
Physcomitrella patens, grape (Vitis vinifera) and Arabidopsis thaliana.
Taken together, plant stomatin-like proteins fall into one clade with stomatin-like proteins
2 from mammalians and stomatin-like proteins from yeast. Thus it appears that a common
ancestor of these proteins separated from the bipartite proteins and other stomatins from
yeast and animals. Yeast stomatin proteins also seem to have split into two different
subgroups, of which the larger one is closely related to mammalian stomatin-like proteins
2. Notably, the budding yeast Saccharomyces cerevisiae does not contain a stomatin
domain protein in its genome, but two prohibitins. Fission yeast (Schizosaccharomyces
pombe) does encode two prohibitins and one protein with a stomatin domain (O60121), a
close relative of human stomatin-like protein 2. Complementing this tree of stomatin
proteins is Table 3-5, which shows the actual values of calculated identity and similarity
(in %) between Arabidopsis stomatin-like proteins and their neighbours from the same
clade. This table reveals that the closest match to AtSlp1 in terms of sequence identity is
the stomatin domain protein from grape with 67 % identity and 75% similarity, higher than
the identity level even between AtSlp1 and AtSlp2. The degree of identity amongst the
plant stomatins is around 50 %, but much higher between the monocotyledons (>90 %).
The identity between AtSlps and the moss protein is higher (57 %) or as high as with the
monocot sequences (52-57 %). This is surprising, since the Physcomitrella protein is only a
predicted fragment rather than a complete sequence, but also considering the divergence
between mosses and dicots. The protein that has been studied most in mammalians out of
this clade is the human stomatin-like protein 2 (HsSlp2), which shares 41.7 % and 39.8 %
identity with AtSlp1 and AtSlp2 respectively, and a similar identity value with the other
plant proteins. Yeast stomatin proteins share approximately 40-50 % identity with human
and mouse Slp2. The sequences from the multicellular yeast Candida albicans share the
lowest % identity with all other sequences, even with those ones from other yeasts.
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Figure 3-2. A phylogenetic tree of stomatin protein sequences from various species.
Abbreviations are as indicated in tables 3-3 and 3-4. Where only the UniProt ID is given as a
sequence name, the species is indicated in brackets right next to the abbreviated name. A
red bar indicates the position of AtSlp1 and 2. Species are as follows from top to bottom:
Sp (Schizosaccharomyces pombe), Ps (Pichia stipitis), Ca (Candida albicans), Cr
(Chlamydomonas reinhardtii), Pp (Physcomitrella patens), Vv (Vitis vinifera), Zm (Zea
mays), Os (Oryza sativa). Bootstrap values from 1-10000 are given at each branch point.
Abbreviated names are given according to tables 3-2 to 3-4.
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57.8
52.4
56.9
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44.6
48.6
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22.2
59.5
55.1
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60.6
61.9
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52.6
56.9
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44.4
48.3
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60.3
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50.7
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61.4
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49.7
27.6
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55.4
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54.8
54.4
54.9
53
55.4
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65.4
26
25.7
33
34.9
31.7
31
29.3
33.2
33.2
31.3
37.7
31.5
33.1
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31.9
37.1
31.7
31.2
29.6
33
33
31.2
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33.8
33.1
40.7
37.4
99.2

% Similarity
Table 3-6. Identities and similarities between the closest relatives of AtSlp1 and AtSlp2. Identities and similarities (in %) were calculated
using the Emboss global pairwise alignment algorithm. Identity numbers are given in the top half of the table and similarity values in the
bottom half. Values were calculated as described before with the Emboss pairwise global alignment algorithm.

137

3.1.3 Arabidopsis Slps and band-7 proteins from a variety of
species
Finally, the relationship of AtSlps with band-7 proteins from Arabidopsis, animals,
bacteria and yeast was investigated. A bootstrap tree (rectangular cladogram) was
constructed based on a ClustalW multiple sequence alignment of altogether 57 sequences
that is presented in Figure 3-3. From this tree, a clear division between stomatins,
stomatin-like proteins 2, prohibitins, flotillins, erlins and the bacterial HflC/K proteins
becomes visible. The stomatin-like proteins 2 form an own clade at the bottom of the tree
that includes AtSlp1 and 2 (highlighted by a red bar). As before, they cluster together with
mammalian Slp2s and yeast Slps. The Arabidopsis HIR proteins are not a part of this group
and form a separate clade. On this level of evolutionary conservation, AtSlp1 and 2 are
clearly more related to yeast and mammalian Slps and Slp2s rather than with the HIRs. The
clade above the Slp2 cluster is comprised of the other stomatins and Slps from C.elegans,
mouse and human. Again the bipartite stomatin-like proteins 1 form another cluster that is
separated from the other stomatins and stomatin-like proteins 3. All remaining proteins fall
into one clade that contains the flotillins, erlins, prohibitins and bacterial proteins. These
bacterial band-7 members are clearly the most distantly related ones from the other
subgroups. E.coli HflK has separated earliest from these; E.coli HflC also represents an
early divergent that has not much similarity with the eukaryotic members of the clade. The
remaining proteins form two distinct clusters containing prohibitins and flotillins together
with erlins. The flotillins and erlins fall again into the same cluster in which they divide
accordingly. The Arabidopsis ER protein At2g03510 is clearly related to mammalian erlins
and is therefore referred from this point as an erlin-like protein. The Arabidopsis flotillinlike proteins fall into one group with the human flotillin proteins. However, they are not
recognised by the flotillin specific domain IPR004851 like the human proteins are. So far
they have only been classified as flotillin-like by the domain PTHR which has not been
fully annotated yet. They also do not contain the band-7 domain as recognised by the
domain IPR001107, but are otherwise related to human flotillins. Most likely, these plant
proteins have evolved further from their mammalian orthologs. The prohibitin group can
be divided into 2 large subgroups in accordance with the results published by van Aken et
al. (2007). Arabidopsis PHBs fall into the same two subtypes as seen before in Figure 3-1.
Type I prohibitins include mammalian and S.cerevisiae PHB1 proteins as well as
Arabidopsis PHBs 3, 4 and 5 and the S.pombe ortholog Q9H7P3. Arabidopsis PHBs 1, 6, 2
and 7 form a cluster in the type II prohibitin clade, separated from the other subgroup
containing mammalian and yeast prohibitins 2. Taken together, this tree clearly
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demonstrates that both AtSlps belong to the subgroup of the stomatin-like proteins 2 that
contains members from mammalians, yeast and plants.
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Figure 3-3. A phylogenetic tree (presented as a rectangular cladogram) of all band-7
sequences from various species. Abbreviations are as indicated in tables 3-3 and labelling is
the same as in Figure 3-2. Bootstrap values ranging from 1-10000 are displayed at each node.
The red bar is indicating the position of AtSlp1 and 2.
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3.1.4 Comparison of Slps on the sequence level- AtSlps and
HsSlp2
The phylogenetic analysis presented so far has dealt with the overall protein similarities.
To look in more detail at the level of the actual protein sequences, multiple sequence
alignments using the ClustalW algorithm were prepared and colour-coded with the
Boxshade software. An alignment of AtSlp1, AtSlp2 and HsSlp2 is presented in Figure 34. As mentioned above, the overall similarity between these proteins is almost 60%. From
the BoxShade plot it can be seen that most of those residues lie inside the conserved band7 domain. Inside this domain, several stretches of amino acids are highly conserved
amongst all three proteins, lots of which contain alanine residues and an abundance of
charged amino acids. Most of these conserved amino acids lie in the centre and around the
band-7 domain. Amongst these, a short stretch containing a conserved cysteine residue
(marked with a black arrowhead) is apparent. This cysteine might be putatively posttranslationally modified by S-acylation and therefore an important feature of the stomatinlike proteins. Palmitoylation might have an important function in the proteins’ ability to
attach to membranes analogous to the palmitoylated cysteine residue in the human
stomatin protein (Cys29) (Snyers et al., 1999b). There are two more cysteine residues
highlighted by an asterisk, one each in the AtSlp2 and the HsSlp2 sequences. Both lie
inside the band-7 domain and might also be modified to aid membrane attachment of these
proteins. Alternatively, they could be oxidised to form disulfide bridges. That seems a
possible scenario especially for HsSlp2, since the two cysteines lie so close to each other.
Furthermore, an alanine residue just outside the band-7 domain is indicated by a pink
arrowhead. This residue is completely conserved amongst all members of the Arabidopsis
band-7 family, and also in the human stomatin-like 2 protein. The overall similarity
between the two Arabidopsis proteins becomes clearly visible in this alignment. It appears
that only the very N-and C-termini of the proteins are unique, whereas the central parts are
highly conserved, especially inside and proximal to the band-7 domain. The N-termini of
both Arabidopsis proteins contain an unusual high number of proline residues that are
putatively contributing to their peculiar way of membrane attachment (described later in
this chapter in section 3.2.1). The unique elongated N-terminus of the AtSlp2 protein
probably arises from the presence of an additional exon in the gene structure (section
3.5.3.1). AtSlp1 on the contrary has a unique C-terminus of about 80 amino acids that
partly aligns with the human protein, but stretches another 30 residues beyond that.
Overall, the human protein aligns better and seems more closely related to AtSlp1 than
AtSlp2. However, both Arabidopsis proteins are longer in their sequences than any of the
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human stomatin-like proteins. Also marked in Figure 3-4 are the positions of areas that
were chosen as epitopes for the production of antibodies against the Arabidopsis proteins.
These will be further explained in the next section of this chapter. Overall, this alignment
highlights the high level of conservation in the band-7 domain that might hold important
information for the function of these proteins. It also shows that only few residues are
conserved on the N-termini of the proteins, those ones probably being important for correct
subcellular targeting (e.g. arginine). The C-terminus of AtSlp1 appears to bear unique
features that are putatively related to its individual function.
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Figure 3-4. A multiple sequence alignment of AtSlps and HsSlp2 with BoxShade colour coding. Colours correspond to the degree of
conservation between residues as indicated at the bottom left. Areas that were chosen as epitopes to raise antibodies are colour coded as
follows: Orange line (Epitope AtSlp1 used for protein expression in bacteria); Yellow line (Epitope AtSlp2 used for attempted protein expression
in bacteria); Dark green line (Peptide epitope used for commercial antibody production by AgriSera); Light green line (Peptide epitope chosen
for commercial antibody production by AgriSera); the red box indicates the position of the band 7 domain.
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3.1.5 Sequence comparison of AtSlps and stomatins from other
species
To gain more information about the sequence similarities amongst other stomatin domain
proteins, a BoxShade coloured ClustalW multiple sequence alignment of 33 stomatin
sequences (the same ones used to construct the tree in Figure 3-2) is shown in Figures 3-5
(A-C). For simplicity, only the sequences around the band-7 domain are shown. Outside
the band-7 domain there is very little sequence conservation amongst these proteins. In
total, only three residues inside the band-7 domain are completely conserved. Two of those
are glycine residues and one is an aspartate residue. Several other short stretches of amino
acids bear high similarities in the conserved domain from this diverse set of proteins. The
residue just in front of the second conserved glycine (glycine 194 in AtSlp1) is almost
completely conserved as a tryptophane in all sequences apart from the C.elegans UNC24
protein, the E.coli HflK protein and the Arabidopsis HIR protein At3g01290. It appears
that this Arabidopsis protein and the bacterial HflK have the least similarity to all other
stomatins used in this study. This is in agreement with the results from the phylogenetic
tree in Figure 3-2 that shows a separation of these proteins from the other plant, yeast and
mammalian Slp-2 type proteins. It also becomes now clear that the cysteine residue in the
AtSlp2 sequence marked by an asterisk in Figure 3-5 (A) is exclusively at this place in this
protein and unrelated to the other stomatins. Thus, it probably has no crucial role related to
general stomatin function; however, it might still serve as an additional membrane anchor
in this particular protein. The second cysteine marked by the black arrowhead in Figure 3-5
(C) is only conserved in the mammalian Slp2 proteins and the yeast and plant Slps, but not
in the other stomatin type proteins. These proteins have a hydrophobic residue such as
isoleucine, leucine or valine at this position. This property mirrors the division of the
cysteine-containing proteins into one phylogenetic clade as previously seen in the tree of
Figure 3-2. Other chunks of sequences are identical throughout the stomatin proteins, for
example stretches containing an abundance of alanines and glutamates towards the end of
the band-7 domain. The alanine residue that is conserved amongst all Arabidopsis band-7
proteins is present only in the mammalian Slp2 type proteins, the bacterial HflK protein,
the Chlamydomonas protein and the dicot and moss sequences. It is absent from the
monocot proteins or replaced by a serine residue as in the case of the maize protein. It is
also not present in the yeast proteins apart from the S.pombe and Pichia sequences. In
short, this residue is present in most members of the Slp2 type clade as identified in Figure
3-2. Overall, the sequence conservation between stomatins and Slps is unsurprisingly
highest in the conserved band-7 domain. A total of only three residues are conserved
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amongst all sequences, these being putatively important for specialised functions unique to
stomatin proteins amongst the band-7 family.
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A)

Figure 3-5 (A). A multiple sequence alignment of all stomatins analysed in this study. The alignment was colour coded by the
BoxShade algorighm according to the degree of conservation as indicated. Where only the UniProt ID is given as the name, the
species is given abbreviated next to it as before as explained in Figure 3-2. The red box indicates the position of the band-7
domain and numbers on the right indicate the position in each sequence. The asterisk marks the unconserved cysteine of
AtSlp2. The red bar on the left marks the two AtSlps. This figure is continued on the following two pages.
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B)

Figure 3-5 (B). Continued from the previous page. Labelling is as described above. The alignment continues on the following
page.
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C)

Figure 3-5 (C). The last part of the alignment. Labelling is as described above. The black arrowhead
indicates the position of the conserved cysteine of the stomatin-like proteins 2. The pink arrowhead
marks the position of an alanine residue that is conserved amongst all members of the Arabidopsis
band-7 family.
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3.2 Structural

features

of

Arabidopsis

and

human

stomatin-like proteins
The aim of this section is to give an overview over secondary structural features of selected
stomatin-like proteins and to investigate whether sequence similarities translate into similar
structural features. The following proteins were chosen: the Arabidopsis proteins Slp1 and
Slp2 and their human ortholog Slp2. Only very basic features are presented as part of this
section.

3.2.1 AtSlp1- structural features
Figure 3-7 summarises a schematic presentation of the AtSlp1 protein. Part (A) represents
a Kyte-Doolittle hydropathy profile in which positive values indicate the degree of
hydrophobic properties and negative values correspond to hydrophilic residues. This plot
shows that the overall degree of hydrophilicity increases towards the C-terminus of the
protein, with the last 50 amino acids being entirely in the negative range of the plot. The
N-terminus of the protein has several hydrophobic stretches. One of these (marked with a
red box in part B of Figure 3-7) is 26 amino acids long (position 78-103) and predicted to
be a membrane spanning region according to the TMAP algorithm (SDSC Biology
Workbench). However, the prediction has only a very low probability score and therefore
this region presents most likely no true transmembrane domain. Despite this it does
probably contribute to membrane attachment of the protein as discussed in chapter 4.
In part B a schematic presentation of the protein is given with an indication of the positions
of the band-7 domain in blue and the stomatin domain in violet underneath (according to
InterPro database). AtSlp1 consists of 411 amino acids with the band-7 domain spanning
from position 62-236 (174 amino acids). The band-7 domain contains the hydrophobic
region important for membrane attachment as indicated in red. The stomatin domain
(InterPro IPR001972) actually consists of 5 individual sequence blocks but is drawn as a
continuum for clarity. It is slightly shorter than the band-7 domain and does not stretch as
far into the N-terminal region. The conserved cysteine residue (position 197) lies towards
the end of the band-7 domain and is indicated by a black arrowhead.
Part C shows some basic structural features obtained with the DNA Star Protean software.
Shown in blue are alpha helical regions and below in black regions with a higher
likelihood to form beta sheets (as predicted by the Garnier-Robson algorithm). Overall
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more alpha helices are located towards the C-terminus and more sheets towards the Nterminus. A prediction indicating the presence of a coiled-coil is shown in green. However,
this prediction has again a very low confidence score and represents most likely no real
secondary structure. Underneath the Kyte-Doolittle profile a charge distribution plot is
drawn that supports the hydrophilic nature of the very C-terminus that includes many
negatively charged residues. In the centre of the protein around position 240 is another area
with many positively charged residues. This area also corresponds to a negative peak in the
hydrophobicity profile. Some positive residues are located at the very N-terminus. These
are most likely important for correct subcellular targeting and will be further investigated
in chapter 4. A plot indicating the likelihood of alpha (blue shaded) and beta (black
shaded) amphipathic regions is shown below. From this plot it can be seen that three
blocks of predicted amphipathic alpha helices are located at the very N-terminal end that
correspond to the positively charged areas as indicated in the charge distribution plot. This
supports the possibility of the formation of an amphipathic alpha helix in this part of the
protein.
Figure 3-6 gives an impression of the proposed membrane topology of the human stomatin
protein. The hydrophobic region (shown in red) does not span through the membrane, but
gives rise to a hairpin loop insertion. As a consequence of this, both the N-and the Cterminus face the same side of the membrane. This model has also been suggested for other
members of the band-7 family and related coat proteins (eg caveolin) (Bauer & Pelkmans,
2006). All the results presented in Figure 3-7 strongly suggest that a similar topology is
also adapted by the Arabidopsis and human stomatin-like proteins.

Lipid bilayer

N

C
Figure 3-6. A schematic presentation of the membrane insertion model of human stomatin.
Most likely this model also applies to AtSlp1. Colour coding is identical to Figure 3-7. Shown
in blue is the band 7 domain with the hydrophobic region in red penetrating the lipid bilayer.
Both termini are located on the same side of the membrane.
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Figure 3-7. Structural features of the AtSlp1 protein.
A) Hydrophobicity profile after Kyte-Doolittle. Positive values correspond to hydrophobic
residues (CH3), negative ones to hydrophilic amino acids (H2O). The plot was constructed
with a window size of 7 amino acids. Numbers at the bottom scale correspond to amino
acids (aa).
B) A schematic presentation of AtSlp1 and the position of the band 7 (light blue) and
stomatin domains (violet). Indicated in red is the hydrophobic domain that is predicted to
mediate membrane spanning (after the TMAP algorithm). Indicated as a black arrowhead
is the conserved cysteine residue. The grey arrowhead indicates the cleavage site of the
mitochondrial targeting sequence according to TargetP (see Chapter 4).
C) Secondary structural features obtained from Protean. Alpha (blue) and beta (black)
regions correspond to predicted stretches of alpha-helices and beta-sheets according to
the Garnier-Robson algorithm. Regions with a prediction for coiled coil conformations
are shown in green. A charge distribution plot indicates areas of positive and negative
charges as indicated on the left. Alpha (blue diagonal stripes) and beta (black diagonal
stripes) amphipathic regions indicate the likelihood of the formation of amphipathic
helices according to the Eisenberg method.
The whole figure is drawn to scale.
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3.2.2 AtSlp2- structural features
A structural presentation of AtSlp2 is shown in Figure 3-8. This protein is 401 amino acids
long and has a different hydrophathy profile from AtSlp1. Part A) shows the KyteDoolittle hydrophobicity plot of this protein. Similar to AtSlp1, it has a stretch of
hydrophilic residues towards its C-terminus (position 260-290), but the overall profile
changes towards the hydrophobic area of the plot at the end of the sequence. Compared to
AtSlp1 it has an even more hydrophobic N-terminus that includes two predicted
membrane-spanning domains (shown as red boxes underneath the plot in part B) according
to the TMAP prediction. The profile as a whole only resembles that of AtSlp1 in the area
of the band-7 domain that is indicated in B) as a blue box.
Part (B) presents the position of the band-7 and the stomatin domains in the AtSlp2
sequence. The first membrane-spanning domain is 29 amino acids long and located at
position 12-40 in the protein. The second TMAP predicted hydrophobic domain is 26
amino acids long (position 121-146) and corresponds to the one seen in AtSlp1 with the
same relative position inside the band-7 domain. The conserved cysteine residue (position
240) is also located in the same relative position towards the end of the band-7 domain as
in AtSlp1. The second cysteine that is unique to AtSlp2 (position 115) is located at the
beginning of the band-7 domain, close to the hydrophobic domain. Overall the position of
the band-7 domain (105-279) is shifted towards the C-terminus by 43 amino acids
compared to the location in its paralog. The stomatin signature domain is shifted
accordingly and ends at the same position as the band-7 domain.
In Part (C) of this figure the same secondary structural profile is given as in Figure 3-7.
The overall distribution of alpha helices and beta sheets in AtSlp2 looks similar to AtSlp1,
with most helices located towards the C-terminal end. Looking in more detail, the two
profiles are in fact different. The alpha helix stretches are much longer in AtSlp2, and there
are more frequent but shorter stretches of beta sheets predicted near the N-terminal end.
The coiled coil prediction is also shifted towards the C-terminus with a slightly higher
prediction probability. The charge distribution plot shows several positively charged areas
towards the C-terminus and in a part of the protein that has the highest predictions for
hydrophilicity; this corresponds again to an area in AtSlp1, but is shifted further towards
the C-terminus. The characteristic highly negatively charged stretch of amino acids at the
AtSlp1 C-terminus is missing in AtSlp2. The distribution of alpha and beta amphipathic
regions is also slightly different between these two proteins. The AtSlp2 profile also shows
alpha amphipathic stretches close to the N-terminus, but these are slightly longer than in its
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paralog. Potentially these stretches will also form structures important for correct
subcellular localisation of this protein (see chapter 4).
Also on a structural level there are clear differences between the two Arabidopsis stomatinlike proteins. Despite the high sequence similarity in the centre of the proteins, their unique
termini result in different structural properties that will have impact on their subcellular
environments and functions.

3.2.3 HsSlp2- structural features
The human Slp2 protein is shorter than the Arabidopsis orthologs with only 356 amino
acids. The hydrophobicity profile of the human protein looks overall very similar to that of
AtSlp1 (Figure 3-9 A). The area of the band-7 domain has the same characteristic shape as
in the Arabidopsis proteins and is followed by an almost identical hydrophilic region at the
very C-terminal end when compared to AtSlp1. The position of the band-7 domain is
shifted towards the N-terminus compared to the Arabidopsis proteins (Figure 3-9B). No
region of human Slp2 is hydrophobic enough to be predicted as being membrane spanning
when the TMAP algorithm is applied. The conserved cysteine residue is located at the
same relative position than in the Arabidopsis proteins (Figure 3-9 B). The general
distribution of alpha helices and beta sheets resembles that of AtSlps in the sense that
helices are more abundant towards the C-terminus and sheets at the N-terminal end (Figure
3-9 C). However, the C-terminal end does contain a stretch with more beta sheets followed
by helices at the very end. This protein has two predicted coiled coil regions. The first one
is similar in length to the ones seen in the Arabidopsis proteins, and the second one is
longer, but in the same relative position compared to AtSlp1. The charge distribution plot
also resembles that of AtSlp1. There is an area of highly positively charged residues
towards the end of the band-7 domain and a stretch of negative charges at the C-terminus.
The N-terminus also contains a series of positive charges that are putatively involved in
subcellular targeting. This area corresponds to predicted alpha amphipathic helices shown
in the plot beneath, strongly suggesting the presence of a mitochondrial signal sequence. It
appears that the human Slp2 protein has an overall highly similar profile to AtSlp1, with
the only difference lying in the truncated N-terminus.
The overall structure of these three proteins resembles that of most other investigated
band-7 proteins. Most of these have a hydrophobic domain close to their N-terminus and a
comparably rather hydrophilic C-terminus (Browman et al., 2007).
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Figure 3-8. Structural features of the AtSlp2 protein.
A) Hydrophobicity profile after Kyte-Doolittle (window size 7). Labelling is identical to
Figure 3-7. CH3 indicates hydrophobicity, H2O stands for hydrophilicity.
B) A schematic presentation of AtSlp2 and the position of the band 7 (light blue) and
stomatin domains (violet). Indicated in red are the two hydrophobic domains predicted to
be membrane spanning (after the TMAP algorithm). Indicated as a black arrowhead is the
conserved cysteine residue and with an asterisk the unique cysteine. The grey arrowhead
indicates the cleavage site of the mitochondrial target sequence according to TargetP
(see Chapter 4).
C) Secondary structural features obtained from Protean. Predicted stretches of alphahelices (blue) and beta-sheets (black) according to the Garnier-Robson algorithm. A
coiled coil prediction is shown in green. The charge distribution plot beneath indicates
charge distribution as explained before. Alpha (blue diagonal stripes) and beta (black
diagonal stripes) amphipathic regions are drawn underneath according to Eisenberg.
The whole figure is drawn to scale.
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Figure 3-9. Structural features of the human Slp2 protein.
A) Kyte-Doolittle hydrophobicity profile with window size 7. Labelling is as before.
B) Schematic presentation of HsSlp2 with the band- 7 (light blue) and stomatin domains
(violet). No membrane-spanning domains are predicted using TMAP. Indicated as a black
arrowhead is the conserved cysteine residue and with an asterisk the unique cysteine.
The grey arrowhead indicates the mitochondrial target sequence cleavage site according
to MitoProt II (see Chapter 4).
C) Secondary structural features obtained from Protean. Alpha (blue) and beta (black)
regions according to Garnier-Robson. Two regions with a prediction for coiled coil
conformations are shown in green. Charge distribution is indicated in the plot below.
Alpha (blue diagonal stripes) and beta (black diagonal stripes) amphipathic regions
according to the Eisenberg method.
The whole figure is drawn to the amino acid scale given in A).
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3.3 Cloning of AtSlp open reading frames
The open reading frame of AtSlp1 (At4g27585) was originally amplified by Petr Obrdlik
for the preparation of the split ubiquitin screen conducted by Dr. Rejane Pratelli. A clone
made by Rejane Pratelli designed for protein expression in Pichia pastoris was used as a
template for further cloning in this project. However, a point mutation had to be removed
by site-directed mutagenesis to yield the correct frame as published by TAIR. This
procedure was carried out during this project but will not be described here any further.
Finally, a correct full-length open reading frame was obtained by myself and further
subcloned into the pDRIVE cloning vector (Qiagen) by Annegret Honsbein (University of
Glasgow). This was the final template used in all following cloning procedures for
constructs of AtSlp1.
The open reading frame of At5g4100 (AtSlp2) had to be newly cloned from cDNA. This
was done in a series of steps as outlined below and yielded a clone in the pUC18 cloning
vector using the PstI and EcoRI sites of the multiple cloning site. In the first step, cDNA
was synthesised from 1 μg of total RNA according to the manufacturer’s protocol. The
RNA was previously extracted by Dr. Patrick Armengaud from 14 days old Arabidopsis
seedlings (ecotype Col-0) that were potassium starved for 3 days. The obtained cDNA was
used as a template for PCR with primers spanning the complete open reading frame of
AtSlp2. 30 cycles of PCR were necessary to amplify weakly visible bands of the correct
size that were purified and used as a template for a second round of PCR. This time,
primers were used with PstI and EcorRI restriction sites as overhangs that amplified the
complete reading frame. The resulting products were restriction digested and cloned into
the pUC 18 vector as described above. Several clones were obtained and the insertion
verified by sequencing. All of the isolated clones had a point mutation at the same position,
which resulted in an exchange of alanine to valine at amino acid 380. This mutation was
removed in another cloning step using the megaprimer method (Kammann et al.,
1989;Ling & Robinson, 1997b) and yielded one final clone with the complete open reading
frame of At5g54100 inside pUC18. This clone was subsequently used in all of the
following cloning procedures involving AtSlp2 as a template for PCR. As mentioned, a
rather high number of cycles were necessary to amplify the open reading frame of this
gene; even after 30 cycles of PCR the amplified product was barely visible. This already
indicates that AtSlp2 is not expressed at high levels in Arabidopsis seedlings.
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3.4 Production of specific antibodies against AtSlp1 and
AtSlp2
Specific antibodies present a powerful tool for the study of protein localisation, molecular
aspects, and for the verification of mutants. For this reason, areas with good epitope
properties were chosen within the AtSlp sequences to raise polyclonal antiserum in rabbits.
Two strategies were designed: in the first one, longer stretches of amino acids were chosen
for inducible overexpression in bacteria as 6x His- or GST-fusion proteins. In the second
strategy, short peptide epitopes were selected. These were synthesised artificially and
injected into rabbits as carrier protein conjugates by a company (Agrisera, Sweden). This
section begins with the description of the epitope design for both strategies. The epitope
design is followed by a description of the bacteria overexpression, protein purification and
the testing of the received antiserum. In the second part of this section (3.4.5), the results
from the commercial antibody production are presented and discussed.

3.4.1 Design of AtSlp1 and AtSlp2 epitope expression constructs
in bacteria
As seen in the multiple sequence alignment in Figure 3-4, both Arabidopsis Slps share a
high degree of sequence identity in their central parts. There are several requirements for
successful overexpression of a plant protein epitope in bacteria: the epitope must be unique
and large enough to be stably expressed and purified; it is preferable that the epitope is
soluble to avoid formation of inclusion bodies; finally it should be surface exposed in the
endogenous protein and have good antigenic properties when injected into a host animal.
Both protein sequences were scanned for unique areas that bear all these features and lie
outside the conserved band-7 domain. For AtSlp1, the last 71 amino acids (341-411) were
chosen and for Slp2 an N-terminal stretch of 91 amino acids (position 2-92). Both areas are
indicated in Figure 3-4, 3-10 and 3-11 by orange and yellow bars, respectively. Figure 3-11
also shows plots (obtained with the Protean software) indicating the probability of surface
exposure (after (Emini et al., 1985)) and antigenicity (after (Jameson & Wolf, 1988)) for
both proteins. The surface probability plot of AtSlp1 shows that the highly hydrophilic Cterminal end is also predicted to be surface exposed. The antigenic index also indicates
high probability scores in this region to cause immunogenic reactions in animals. It gives a
measure of how potentially antigenic a particular area is likely to be based on structural
properties according to (Jameson & Wolf, 1988). For AtSlp2, the N-terminal part was
mainly chosen to keep the epitope as unique as possible. The surface probability plot gives
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an indication that at least part of this area is surface exposed. The antigenic index also
predicts this part of the epitope to have good immunogenic properties. The two areas were
amplified by PCR and fused in frame to an N-terminal tag consisting of 6 histidine
residues in the pQE80L vector (Qiagen). These fusion constructs allow for easy one step
affinity purification on Ni-NTA agarose (Qiagen) to obtain a purified epitope ready for
injection into rabbits.
Figure 3-10 gives an overview over the two pQE80L constructs cloned, together with the
resulting fusion protein sequences. The AtSlp1 epitope was cloned in frame by using the
SphI and PstI sites in the multiple cloning site of the vector. The resulting 6x His tagged
epitope is 91 amino acids long and has a predicted molecular weight of 10 kDa. The
AtSlp2 epitope was cloned using the BamHI and HindIII restriction sites and results in a
protein that is 106 amino acids long and is approximately 11.3 kDa in size.

pQE80L-6xHis::Epitope Slp1:
PT5

lacO

lacO

RBS

ATG

SphI
6xHis

PstI

Epitope Slp1

STOP

Fusion protein Slp1:
MRGSHHHHHHGSACYKSLVINGPSKDHQETQALDETDLEELEDMGEKH
ISEGSNNRSGSISFDTEKPGHTGEPRFSLQNRNKDPQAAAKLN.

pQE80L-6xHis::Epitope Slp2:
PT5

lacO

lacO

RBS

ATG

BamHI
6xHis

HindIII

Epitope Slp2

STOP

Fusion protein Slp2:

pQE80L

Lac lq

MRGSHHHHHHGSNQLALSRSGYTAAVRFLPMLSAAVPKILSSLAAASTVR
NFSSTGSPLTSYQINKPSPSKSFTSRLLHQSSSAGTPPQQLFGARSFSSPS
SDKLN.

ColE1

Figure 3-10. Overview of pQE80L constructs. The His tag is highlighted in red and the epitopes in
orange and yellow respectively. Shown on top is the expression cassette under the IPTG inducible
operon system and below a schematic presentation of the vector. The vector also contains an
ampicillin resistance gene, a ColE1 origin of replication and the laclq repressor gene for additional
control of protein expression. Abbreviations are: PT5 (T5 promoter), lacO (lac operator), RBS
(ribosome binding site), ATG (start codon).
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A) AtSlp-1
1
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27
Peptide epitope AtSlp-1
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411
Epitope Slp-1
Scale (aa)
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Surface regions

Antigenic Index

B) AtSlp-2
*

1
2

92

401
Band 7 domain

Epitope Slp-2
84
97
Peptide epitope AtSlp-2
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Surface probability plot

Surface regions
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Figure 3-11. Schematic presentations of AtSlp1 and AtSlp2 and the areas chosen as
unique epitopes.
A) The band-7 domain is indicated in blue and the hydrophobic domain in red as before.
The black arrowhead indicates the conserved cysteine residue. The area chosen as an
epitope for bacterial overexpression is indicated by an orange bar and the peptide
epitope in dark green. Numbers indicate amino acid positions. Shown below is a surface
probability plot indicating surface exposed regions as displayed below by blue bars. The
antigenic index gives an indication for the likelihood of areas causing an immunogenic
response in animals.
B) The same parameters as described above are drawn for AtSlp2. The area chosen as an
epitope for bacterial overexpression is indicated by a yellow bar, and the peptide epitope
by a light green one. Labelling is as described in A).
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3.4.2 Overexpression and purification of His-tagged fusion
proteins
The resulting plasmids were transformed into the E.coli strain M15 (Qiagen) that is
particularly suitable for this type of protein expression. Figure 3-12 gives a detailed
overview of the protein expression and purification strategy including the steps taken that
follow these. Briefly, a bacterial pre-culture of small volume is set up and used to inoculate
a larger volume. This is grown to a density of ca. 0.6 (measured at 600nm) and IPTG
(isopropyl-β-D-thiogalactoside) added to a final concentration of 1 mM. The culture is
grown for another four hours and bacteria are harvested. In the following steps these are
lysed with the aid of lysozome and sonication, and the soluble proteins are separated from
the insoluble matter by centrifugation. The resulting lysate is then incubated with Ni-NTA
agarose overnight at four degree Celsius. Unbound proteins are washed off and bound
proteins eluted with an increasing amount of imidazole. The imidazole ring is part of the
histidine structure and replaces bound His-tagged proteins from the agarose support into
the surrounding solution. The eluates are pooled and dialysed against a low ionic strength
buffer that does not interfere with rabbit immunisation. The dialysed proteins are then
lyophilised and the final protein content analysed by the Bradford method. A suitable host
animal is selected based on the ability of its preimmune serum not to bind to plant protein
extracts. Finally the animal is immunised by a series of injections, the antiserum is
collected and tested for its specificity using Western blotting.
Before any large-scale protein purification was attempted, several small-scale test
experiments were carried out to assess the solubility and induction properties of the
proteins.
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Bacterial pre-culture o/n 37 ºC
Bacterial culture OD 0.6-0.8
Induction with 1 mM IPTGgrowth for 4h 37 ºC
Cell harvest
Cell lysis
(Lysozyme digestion, sonication)

Separation of soluble proteins
from insoluble matter
Incubation with Ni-NTA agarose
(o/n 4 ºC) (batch procedure)
Washing away of unbound
protein
Elution (100mM-1M Imidazole)
Quantification (Bradford assay)
SDS-PAGE/Western blot
Pooling of suitable fractionsDialysis
Lyophilisation of sample and
quantification of protein content
Selection of suitable host animal
(rabbit)
Injection/Immunisation of host
animal
Figure 3-12. Outline of protein expression and purification steps with follow-up procedures.
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3.4.2.1 Assessment of protein induction properties (denaturing)
To get an idea of whether the transformed M15 bacteria were actually capable of
expressing the His-tagged fusion proteins, small volumes of bacteria (50 ml) were
inoculated with starter cultures for both constructs and grown to a suitable density. IPTG
was added and samples of 10 ml taken after 2, 3, 4 and 5 hours to assess the development
of induction in a time course. The cells were lysed under denaturing conditions in the
presence of 8 M urea, and purified on Ni-NTA spin columns (Qiagen-see Materials and
Methods). These conditions were chosen as a quick measure for protein expression
because they allow for detection of any His-tagged proteins independent of their solubility
in bacteria. The spin columns contain a macroporous silica support with Ni-NTA that binds
the tagged proteins. They allow for rapid purification of small protein amounts using a
micro-centrifuge. As a control sample, a culture containing the empty pQE80L vector was
treated in the same way. Following washing and elution steps using an acidic pH gradient,
samples were run on a 12 % SDS-PAGE gel and Coomassie stained to detect eluted fusion
protein. Fusion protein of the Slp1 epitope was detectable in this way already 2 hours after
initial induction (not shown) and peaked at 4 hours post-induction. Unfortunately, no
fusion protein of the Slp2 epitope was detectable in this time course. As an example for the
denaturing purification, Figure 3-13 A) shows a Coomassie-stained gel showing 3 elution
fractions (E1-E3) 4 hours after induction of the 6xHis::Slp1 and 6xHis::Slp2 cultures. Only
the Slp1 epitope can be clearly seen as a single band migrating at around 15 kDa. The
control and the Slp2 samples are empty.
To assess whether the Slp epitopes were soluble in bacteria, 50 ml cultures (control, Slp1
and Slp2 epitopes) were inoculated and induced for four hours at 37 ºC. The cells were
harvested and lysed under native conditions (no urea present) in the presence of a low
amount of imidazole (10 mM) in the lysis buffer. Cell lysis was achieved by the addition of
1mg/ml lysozyme and incubation for 30 min on ice; this was followed by sonication with
breaks in between to avoid denaturation. Following cell lysis, the soluble proteins were
separated by centrifugation from the insoluble matter. The supernatant containing soluble
proteins was taken off and SDS loading buffer added directly. The pellet was resuspended
in the same amount of lysis buffer and SDS loading buffer added to the same volume. The
samples were loaded on a 12 % SDS-PAGE gel and Western-blotted. Bands were detected
using monoclonal Histidine antibody. The Western blot in Figure 3-13 B) shows two
prominent bands in the soluble fractions of Slp1 epitope lysate, but no bands in the control
or in the Slp2 epitope lysates. The majority of the Slp1 epitope is clearly present in the
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soluble fraction. Upon prolonged exposure of the blots, faint bands could also be detected
in the insoluble matter, but to a much lesser extent. Thus, the Slp1 epitope had good
solublility properties and was suitable for large scale batch purification on Ni-NTA agarose
under native conditions.
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Figure 3-13. Detection of His-tagged epitope proteins.
A) Coomassie stained SDS-PAGE gel with elution fractions (E1-E3) of Slp1 and Slp2
epitopes following denaturing protein purification on spin columns 4 hours after induction
at 37 ºC . The control sample (C) represents the empty induced pQE80L vector. The Slp1
epitope is visible (marked with an orange asterisk) in all three elution fractions. The Slp2
epitope is not expressed. Mw indicates molecular weight markers (NEB) and the numbers
correspond to kDa units.
B) Western blot to assess protein solubility of Slp1 and Slp2 epitopes 4 hours postinduction at 37 ºC. The samples were probed with anti-His antibody from mouse at 1:5000.
Slp1 protein is almost exclusively in the soluble fraction. The control does not express any
His-tagged protein as expected. Mw indicates the protein marker used (Invitrogen) with
numbers corresponding to kDa.
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3.4.2.2 Purification of epitope proteins under native conditions in
a small scale batch format
In the next step of assessing purification properties, larger volumes of bacteria (100ml)
were inoculated and induced for 4 hours, followed by purification under native conditions.
For the Slp1 epitope, the growth temperature was kept at 37ºC, and for the Slp2 epitope it
was set down to 30 ºC, in the hope this reduction might lead to improved protein stability.
The cells were harvested by centrifugation and lysed in the presence of 10 mM imidazole
using lysozyme (1mg/ml) and sonication as described. The soluble supernatant was
separated and incubated with a small volume of Ni-NTA agarose (Qiagen) overnight at 4
ºC. The flow-through fractions (unbound proteins) were collected by centrifugation and the
bound proteins washed in the presence of 20 mM imidazole altogether 5 times. Elution was
achieved by addition of buffer containing 250 mM imidazole at physiological pH 8
altogether 6 times. The protein content of the samples collected throughout the purification
procedure was quantified using the Bradford method (BioRad protein assay). It revealed
that approximately 800 μg of purified Slp1 epitope could be extracted from a culture of
100 ml volume. SDS loading buffer was added to the various fractions and loaded on a 12
% SDS PAGE gel that was stained with Coomassie Blue to detect proteins. Figure 3-14
shows a Coomassie Blue stained gel with wash (W) and elution (E) fractions of the Slp1
epitope. This protein is clearly visible in the first two elution fractions around 15 kDa and
to a lesser extent in the third elution fraction. The control samples by comparison do not
show this band. The wash fractions 1-4 do not contain the band either, but multiple
contaminants of higher molecular weight. The elution fractions are not completely pure, as
contaminating bands of higher molecular weight are visible in the lanes of the control and
Slp1. The Slp2 epitope was again not detectable (gel not shown). Changing the growth
temperature of the bacteria did not result in an increased stability as it was anticipated.
For the Slp2 epitope, no further experiments using the Ni-NTA system were performed.
Most likely, the fusion protein was not stable in E.coli because it might have had toxic
effects for the bacteria, or it was readily degraded upon translation. The chosen epitope site
for Slp2 lies partly inside a putative signal sequence and might have lead to toxic side
effects. As an alternative to the His fusion system, the same epitope was cloned into the
pGEX4T-1 vector (Novagen) that results in an N-terminal GST (glutathione-S-transferase)
fusion protein (see section 3.4.4). The rationale behind this type of fusion is that the larger
GST tag might lead to increased stability in bacteria upon induction and can be purified on
glutathione sepharose.
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62
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* 16.5
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Figure 3-14. Coomassie stained SDS PAGE gel of wash (W) and elution (E) fractions from NiNTA purification of Slp1 epitope. W1 and W4 stand for wash fractions 1 and 4 respectively.
E1-E3 indicate elution fractions 1 to 3. Mw indicates molecular weight marker with numbers
corresponding to kDa. The orange asterisk indicates the position of the 6xHis::Slp1 epitope.

3.4.2.3 Large scale purification of 6xHis-tagged Slp1 epitope
To cause an immune reaction in a host animal like a rabbit, the epitope must be of high
purity and present in a quantity of at least 2 mg per injection. It was estimated that under
the tested conditions, a bacteria culture of 1-2 litres in volume would provide sufficient
amounts of purified epitope for the immunisation procedure. In a first attempt, a culture
volume of 1 litre was induced for 4 hours at 37 ºC. To increase purity of the epitope, two
separate wash buffers were prepared containing 20 mM and 100 mM imidazole
respectively. The cells were lysed in the presence of 10mM imidazole and washed 4 times
with 20mM imidazole wash buffer and one time (W5) with 100mM imidazole. Altogether
5 elution fractions were collected, the first four with a buffer containing 250mM imidazole
and the last one with a high stringency buffer with an imidazole content of 1M. All
fractions were quantified using the Bradford protein assay and loaded on a SDS-PAGE gel
followed by Coomassie staining. From this purification, a total amount of 3 mg protein in
the combined elution fractions was purified. Figure 3-15 shows the stained gel with the
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flow-through, wash and elution fractions. It can be seen that the first 2 washes (W1 and
W2) eluted little epitope protein, but the last wash (W5) in the presence of 100 mM
imidazole caused a significant release of the protein. The following elution fractions 1-4 ºC
ontained the majority of protein, but also high levels of contaminating proteins of higher
molecular weight (ca. 26 kDa) that were not present as much in the W5 fraction. From this
gel it seems that increasing amounts of imidazole also release more contaminants. These
contaminating proteins seem to bind with even higher affinity to the Ni-NTA than the
actual epitope. Because of this high contamination level, it was decided to re-purify these
elution fractions and to modify the washing and elution steps. In order to bind again to NiNTA agarose, the eluted fractions had to be dialysed against lysis buffer to overcome the
high imidazole content of the elution buffer. However, while dialysing in a tubing with a
molecular weight cutoff of 8 kDa against an excess volume of lysis buffer, most of the
sample was lost due to a hole and only a small amount could be rescued. Thus, a new
bacteria culture of 1 litre was set up and a new purification protocol established.

Mw

FT

W1

W2

W5

E1

E2

E3

E4

E5

182
116
82
64
49
37

26
19
15

*

6

Figure 3-15. Coomassie-stained SDS-PAGE gel of the first large scale purification. The pellet
of 1 litre of bacteria culture was lysed and bound to Ni-NTA agarose. Wash 1 and 2 (W1 and
W2) were done in the presence of 20 mM imidazole and wash 5 (W5 marked in red) with
100mM imidazole. Elutions 1-4 (E1-E4) were done with 250 mM imidazole present and E5
with a high stringency buffer containing 1M imidazole. FT indicates the flow-through
fraction (unbound proteins) and Mw stands for molecular weight markers. Numbers
represent kDa molecular weight. The orange asterisk marks the position of the eluted Slp1
epitope.
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Major changes were introduced to the washing and elution steps. To reduce contamination,
1% Triton-X100 and 20 mM β-mercaptoethanol were included in the lysis, wash and
elution buffers. Additionally, the imidazole content of the wash buffer was raised to 30
mM and elution was done with an imidazole gradient ranging from 100 mM up to 250 mM
in steps of 50 mM. A final elution with the high stringency buffer (1 M imidazole) was
included to achieve complete removal of any His-tagged proteins. Figure 3-16 shows two
Coomassie stained SDS-PAGE gels with representative samples from the final large scale
purification. Samples from the purification included new samples from a fresh 1 litre
culture (marked as “1” in Figure 3-16), the rescued combined eluates from the dialysis
tubing (designated “1**” in Figure 3-16) and some leftover eluates from the previous
purification that were not used in the dialysis (marked “1*”). All samples were purified in
the same way: following cell lysis as described, the lysates were incubated with Ni-NTA
agarose overnight at 4 ºC. Unbound proteins were washed off with buffer containing 30
mM imidazole. Elutions were performed as follows: Eluates 1-4 (E1-E4) in the presence of
100mM imidazole, eluates 5-6 (E5-E6) with 150mM imidazole, eluates 7-8 (E7-E8) with
200mM imidazole and eluates 9-10 (E9-10) with 250mM imidazole. The final two elutions
(E11-E12) were done with high stringency buffer in 1 M imidazole. The Coomassie
stained gel shows the same result as seen in Figure 3-15. Imidazole concentrations of
150mM or higher release more contaminating proteins but not more His-tagged protein
than concentrations of 100 mM. The wash fractions with 30 mM also released some Histagged protein (seen in lanes marked with “1”), but not to a significant extent. Eluates 1-4
on the other hand gave the purest results with good amounts of protein released. Thus, all
elution fractions 1-4 (from all three samples 1, 1* and 1**) were pooled and combined
with leftover fractions of W5 from the previous purification. The pooled fractions had a
total protein content of 15.5 mg and were dialysed against excess amount of low stringency
buffer (20 mM sodium hydrogen carbonate and 0.02 % SDS). Following dialysis, the
sample was lyophilised and its final protein content determined using the Bradford protein
assay.
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Figure 3-16. Coomassie stained SDS-PAGE gels of the final purification. Flow-through (FT),
wash (W1-W4) and elution (E1-E12) fractions of all three purified samples (1, 1* and 1**)
were loaded. Elutions 1-4 were done in the presence of 100mM imidazole and have the least
amount of contaminating proteins. Elutions 5-12 were performed with 150 mM imidazole or
higher concentrations and have more contaminants. The prominent contaminating band of
about 30 kDa could be a dimeric form of the epitope that binds with higher affinity to the NiNTA resin. Numbers on the left indicate molecular weight markers in kDa and the orange
asterisk marks the position of the His-tagged epitope. Labelling of the three purified
samples is as follows: 1- newly purified culture; 1*- leftover previously impure elution
sample from the first large scale purification; 1**- rescued sample from the first dialysis
attempt.
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3.4.3 Assessment of anti-Slp1 specificity on Western blots
A total amount of 10 mg purified epitope was sent away for injection into rabbits at the
Scottish National Blood Transfusion Service (SNBTS). The injections were repeated 3
times over a period of 4 months and samples taken and tested for their binding specificity
on Western blots. SDS-PAGE gels were loaded with protein extracts from wild type
seedlings (Col-0), Sf9 insect cell lysate overexpressing Slp1::myc, and the purified Histagged epitope. Figure 3-17 (A) shows a Western blot probed with the first bleed of the
Slp1 polyclonal antiserum. In the wild type extract, 2 bands are recognised: the lower one
corresponds to the endogenous molecular weight of the Slp1 protein (around 45 kDa) and
the upper one (around 60 kDa) is probably a crossreacting contaminant. The antibody also
recognises a pattern of higher weight bands in the Sf9 lysate that is overexpressing a
tagged version of Slp1. The His-tagged epitope used for immunisation is clearly
recognised by the antibody, as well as a band of approximately double the epitope weight,
which might be a dimer. As a control, the same blot was probed with anti-myc that
recognises the same band pattern as anti Slp1 in the Sf9 lysate, and anti-His that recognises
the epitope only. Thus, the polyclonal anti-Slp1 serum binds to a protein from Arabidopsis
of the right molecular weight, but is crossreacting with at least one other species.
Figure 3-17 B) shows a Western blot with crude protein extracts from two slp1 knockout
lines (described in chapter 5) and wild type Arabidopsis. The blot was probed with the
preimmune serum of anti-Slp1 and the polyclonal antiserum. No bands are detectable with
the preimmune serum. The antiserum does recognise the band corresponding to the
endogenous wild type Slp1 protein, but nothing of the same weight in the knockout
extracts despite similar protein levels on the blot (see the Rubisco loading control). The
same contaminating bands at 60 kDa than in (A) are equally visible in the knockout and
wild type extracts when compared with the Rubisco loading control (bottom). The
difference seen between the knockout and wild type protein extracts confirms the
specificity of the antibody towards AtSlp1. As a control, the same lanes were probed with
monoclonal tubulin antibody (Sigma) that recognises the same band pattern in all three
lanes (see blot in the middle).
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Figure 3-17. Western blots to assess the specificity of anti-Slp1 on different protein extracts.
A) Western blot probed with anti-Slp1 (blot on the left), anti-myc (middle blot) and anti-His
(right blot) as controls. Arabidopsis wild type extract (Ath Wt) is always loaded on the left
lane, Sf9 lysate (Slp1::myc Sf9) in the middle and the epitope control (6xHis::Slp1 epitope)
on the right lane. The red asterisk indicates the presence of the endogenous AtSlp1 protein
in the wild type extract, the blue asterisk the myc fusion protein in the Sf9 lysate and the
orange asterisk marks the epitope originally used to raise the antibody. Numbers indicate
molecular weight markers (Mw) in kDa.
B) Western blot of total protein extracts from two slp1 knockout lines and wild type probed
with preimmune serum (left side) and anti-Slp1 (on the right). The red asterisk indicates the
presence of the Slp1 protein. The blot in the middle shows the same lanes probed with antitubulin as a control. Shown on the bottom is the Rubisco loading control (Ponceau stain).
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3.4.4 GST-fusion of Slp2 epitope and attempted expression in
bacteria
As an alternative to the His-tagged fusion protein for the Slp2 epitope, the same frame was
cloned into the pGEX4T-1 GST (glutathione-S-transferase)-fusion vector (Amersham/GE
Healthcare) and used to transform E.coli strain BL21 (Novagen) for protein expression.
Figure 3-18 (A) gives an overview over the designed construct and the restriction sites
used. The GST fusion protein expression is driven by an IPTG-inducible promoter that is
regulated by the product of the lac repressor gene. The resulting fusion protein is 324
amino acids long and has a predicted mass of 36.7 kDa. The GST protein alone contributes
29kDa in weight to the final mass. To test the protein expression level, a small culture
volume (2ml) of two identical constructs (nos. 9 and 23) was inoculated, grown to a
suitable density and induced with 1 mM IPTG for 2 hours at 37 ºC. The cells were
harvested and lysed by sonication in PBS buffer supplemented with protease inhibitors.
The solubilised proteins were separated by centrifugation from the insoluble matter and
SDS loading buffer added to both fractions. An SDS-PAGE gel was loaded, Western
blotted and probed with a GST specific antibody (Novagen) to detect GST fusion protein.
Figure 3-18 (B) shows the Western blot of the two constructs used (no. 9 and no. 23) and
the soluble and insoluble protein fractions. Bands of approximately the predicted weight
(yellow arrowhead) are visible in both fraction types, but more prominently in the soluble
proteins. All lanes show additional bands of lower molecular weight, particularly in the
soluble protein fractions, which are most likely degradation products.
This initially positive result indicated that it might be possible to purify the GST::Slp2
epitope fusion using glutathione sepharose 4B (Novagen) and elution via thrombin
cleavage. A thrombin cleavage site is located adjacent to the BamHI site used for cloning
and allows for elution under mild conditions, while the GST moiety remains bound to the
sepharose support. A total of three separate protein purifications from bacteria cultures of
50-100 ml volume were attempted. However, none of these purifications resulted in any
specific band in the final eluate on Coomassie Blue stained SDS-PAGE gels (not shown).
These purification trials will not be described in more detail and were not continued after it
was clear that no Slp2 epitope protein was detectable after the thrombin cleavage, despite it
was expressed in the bacteria. In a last attempt to obtain a specific Slp2 antibody, peptide
epitopes were designed and used for commercial antibody production as described in the
next section (3.4.5).
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Figure 3-18. GST fusion of Slp2 epitope and protein expression in bacteria.
A) Overview over the GST fusion construct. The Slp2 epitope was cloned into pGEX4T-1
vector using BamHI and XhoI creating the sequence shown. Red letters indicate the GST
sequence and yellow letters the Slp2 epitope; black letters are derived from the vector open
reading frame. Abbreviations are: Ptac (tac promoter), ATG (start codon), STOP (stop
codon), Lac lq (Lac repressor gene), pBR322 (origin of replication), Ampicillin R. (Ampicillin
resistance gene).
B) Western blot using a GST specific antibody of two induced bacteria cultures (constructs
9 and 23). The cells were lysed and soluble proteins separated from insoluble ones by
centrifugation and loaded on a SDS-PAGE gel. The yellow arrowhead indicates the position
of the GST::Slp2 fusion protein in all fractions loaded.
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3.4.5 Commercial antibody production based on peptide epitopes
of AtSlp1 and AtSlp2
In addition to the epitopes expressed as fusion proteins in bacteria, short specific peptide
epitopes of ca. 15 amino acids were designed for each protein. The chosen epitope areas
are marked in Figure 3-4 and Figure 3-11 by a dark green line for AtSlp1, and a light green
line for AtSlp2. Both epitopes are located in the N-terminal part of the proteins. For Slp1,
the aim was to have an epitope at the opposite end of the protein to the one previously used
in His-tagged protein purification. For Slp2, the N-terminus had to be chosen again to keep
the sequence as specific as possible. The Slp2 peptide epitope lies in the unique region of
the Slp2 N-terminus and has good antigenic properties as judged by the antigenic index
(Figure 3-11). The Slp1 peptide epitope on the other hand lies in a region that is still fairly
specific for the Slp1 protein, but does not give good values for surface exposure or
antigenicity. However, no other region could be identified without compromising on
epitope specificity. The two chosen epitopes were synthesised, conjugated to a carrier
protein and injected over a period of several months into two rabbits per protein. Samples
of preimmune sera and bleeds were tested for their specificity on Western blots of slp1
knockout and wild type extracts.

3.4.5.1 AtSlp1-peptide specific antiserum
For Slp1, Figure 3-19 shows Western blots probed with preimmune sera and sample bleeds
of two different animals. As a control, the same protein samples were also probed with
tubulin antibody to control for loading differences. The Rubisco band of the Ponceau S
stains is also included for reference. The two animals gave similar results in the lanes
probed with antiserum, but looked very different when the preimmune sera are compared.
The preimmune serum (PI) of rabbit A gave only weak signals in the higher molecular
weight ranges, but PI of rabbit B resulted in a prominent band (ca. 30kDa) in the slp1-1
knockout extract. Some higher weight crossreacting bands were also detected. The
antiserum of rabbit A showed bands of similar weight than AtSlp1 (marked with a purple
asterisk in Figure 3-19), but there was no visible difference between knockout and wild
type extracts. Thus, it was concluded that these bands were unspecific. The bands of higher
weight (around 80 kDa) were also discounted as crosscontaminants. The antiserum of
rabbit B shows the same band pattern of similar size as AtSlp1, but again there were no
differences between mutant and wild type extracts. The 80 kDa bands are also present, and
additional lower weight bands at around 20 kDa. None of these bands was regarded as a
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specific signal. The tubulin and Rubisco control showed approximately even loading of all
samples blotted. Because of these negative results, the rabbit immunisation protocol was
terminated early. Most likely the chosen Slp1 epitope was not leading to the expected
result because it is likely to be located in an area that is processed by proteolytic cleavage
upon correct subcellular localisation (see chapter 4). Thus, the native Slp1 protein probably
lacks the full length N-terminal end that is encoded in the open reading frame (see chapter
4).
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Figure 3-19. Western blots to determine peptide epitope-specific antiserum against Slp1. All
blots are loaded with the same samples. On the left lane, protein extract of slp1-2 knockout
seedlings is loaded and in the middle an extract from slp1-1 plants. The right lane always
contains the wild type protein extract. The blots are probed with preimmune sera (PI) and
antisera (α-serum) of each rabbit A and B. Tubulin antibody was used on the blot on the
right side as an internal control. The Rubisco bands from the Ponceau S stains are included
at the bottom. Molecular weight markers are included and labelled as in the figures before.
A purple asterisk indicates the position of unspecific bands that have a similar molecular
weight as the native Slp1 protein (45 kDa).

3.4.5.2 AtSlp2 peptide specific antiserum
Antiserum production against the N-terminus of the Slp2 protein did not result in a clean
antibody either. Figure 3-20 shows a Western blot of protein samples from various
transgenic Arabidopsis plants that will be described further in the following chapters. The
first four panels from the left side are loaded with extracts (control and Dex) from a
dexamethasone-inducible Slp2-RNAi transgenic plant (marked RNAi Slp2) and were
probed with the antisera (2. bleeds) of two different rabbits (A and B). The antisera of both
animals show an array of bands. The predicted molecular weight of AtSlp2 is
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approximately 43 kDa if the protein is not further processed. The bands seen with anti-Slp2
in this image do not match this expected size. The strongest visible bands of highest
(approximately 50 kDa) and lowest (25 kDa) molecular weight are most likely
contaminants; the lowest 25 kDa bands resemble the bands seen in Figure 3-19 probed
with anti-Slp1 from rabbit B. The double bands of Figure 3-20 in the middle (around
35kDa) might stem from a proteolytic product of AtSlp2. The lower band of this doublet
shows a reduction in density in the dexamethasone-treated extract compared to the control.
Therefore it is assumed that only this lower band (marked with a green arrowhead) is
related to AtSlp2.
The three lanes on the right side are loaded with wild type extract and extracts from Slp2YFP and Slp1-YFP overexpressing transgenic plants. The antiserum from rabbit B
however does not recognise the overexpressed Slp-2YFP fusion protein that has a
molecular weight of approximately 60 kDa. This band could be easily detected using a
GFP specific monoclonal antibody (Figure 4-16). On the other hand, there is a visible
increase in band density around 35 kDa in this sample that could be related to more protein
loaded on the blot (see Ponceau S stain), or higher levels of Slp2 protein (without the YFP
tag). Otherwise no obvious difference between the Slp2 overexpressor, the wild type and a
35S overexpressing Slp1-YFP transgenic plant extract could be detected. It could well be
that the native molecular weight of the final gene product of AtSlp2 is indeed smaller (by
ca. 8 kDa) than the one predicted from the genome. This might be caused by proteolytic
processing upon subcellular targeting. The peptide epitope chosen for AtSlp2 lies
downstream of a predicted signal sequence (see Chapter 4) and is therefore not lost after
processing as it is in the case of the peptide epitope of AtSlp1. The fact that there is a clear
difference between the control and the dexamethasone treated samples from the inducible
RNAi plants strengthens the assumption of a smaller processed protein. It is however not
easy to explain why the antiserum does not recognise the YFP fusion protein that is readily
detectable with an antibody against its fluorescent tag. It is possible that this fusion protein
is not stable in Arabidopsis and therefore partly cleaved between the Slp2 protein and the
YFP part. The excess level of Slp2 protein could be detected by the antibody and explain
the increased band density. However, no second band corresponding to any free YFP could
be detected with the GFP specific antibody on this extract (not shown). Another
possiblility to explain the failure of detection by the Slp2 antibody could be coverage of
the epitope by the YFP moiety. Because the Slp2 protein also most likely adapts the same
loop insertion as Slp1, the large YFP tag might obscure access to the N-terminal epitope,
even under denaturing conditions in the presence of SDS. The Slp2 antibody also does not
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crossreact with any proteins derived from AtSlp1, since there is no band recognising the
Slp1-YFP fusion protein.
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Figure 3-20. Western blots of Slp2 antibody raised against the peptide epitope from two
different animals (A and B). The four panels on the left side are loaded with extracts from
dexamethasone-inducible RNAi plants (control and Dex). Antisera from both rabbits
recognise the same pattern of bands. The band that putatively corresponds to AtSlp2 is
marked by a green arrowhead. The 50kDa and 25kDa bands are supposedly crossreacting
contaminants. The three lanes on the right side are loaded with Slp2-YFP, wild type and
Slp1-YFP extracts from Arabidopsis leaves. The band pattern looks identical to the RNAi
samples. The 35kDa band in the Slp2-YFP overexpressor extract is stronger than in the
other samples. No band corresponding to the full length YFP fusion protein is detected with
the antiserum from rabbit B. The corresponding Rubisco bands from the Ponceau S stain
are shown underneath as a loading control. Numbers correspond to kDa molecular weight
(Mw).

Because the antiserum from rabbit B gave better results on the Western blot (less
prominent contaminating bands and a stronger 35 kDa band), it was decided to affinitypurify the antiserum only from this animal. The serum was purified on the peptide epitope
and eluted under acidic conditions (pH 2.5) or physiological pH (7.4). These purified sera
were tested together with the preimmune serum from rabbit B on slp1 knockout plant and
wild type extracts (Figure 3-21). The slp1 knockout plant extracts were used to determine
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the crossreactivity of the antibody against Slp1 and to check for differential Slp2 protein
levels between the mutants and the wild type. The preimmune serum of this animal shows
some bands that are also visible with the purified sera. Notably, the upper band of the 35
kDa band doublet is also recognised together with the 50 kDa band. This further suggests
that only the lower band in the doublet might arise from Slp2. Compared to the band
pattern recognised before the purification, there are additional bands reacting with the
purified antiserum between 40 and 50 kDa in size. Against the expectations of a cleaner
antibody that recognises less contaminating bands, the opposite seems to be the case. There
is also no obvious difference between the two affinity-purified sera (pH 2.5 and pH 7.4).
Finally, no differences could be seen in the density of the bands between the knockout
plants and the wild type.
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Figure 3-21. Western blot probed with preimmune serum and affinity-purified anti-Slp2 sera
from rabbit B. The protein samples are from slp1 knockout plants and wild type plants as
before to assess the antibody’s cross-reactivity towards AtSlp1. Lanes probed with the
preimmune serum (PI) show that some bands remain. These arise from the endogenous
rabbit serum. The 50kDa band and the upper band of the 35 kDa doublet are also present
when the PI serum is used. Two different affinity-purified fractions (eluted under pH 2.5 and
pH 7.5) still give the same contaminating bands as seen before at 25 kDa and 50 kDa.
Additional bands are visible in between. The position of the putative Slp2 protein is marked
with a green arrowhead. The Rubisco bands from the Ponceau S stain are shown
underneath; the blue band stems from the molecular weight marker. Numbers on the left
indicate molecular weight (Mw) in kDa.
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In summary, the peptide-specific antibody production did not result in specific antiserum
against the N-terminus of AtSlp1. This however, is down to a bad choice of epitope since
this part of the protein is most likely cleaved upon intracellular targeting. For AtSlp2, the
final antiserum does seem to recognise bands specific for this protein, but it also recognises
even more contaminating proteins. With this amount of background bands on a plant
extract it is difficult to use this antibody for any localisation or molecular studies. In
conclusion, the purified Slp1 epitope from bacteria gave the best results. This is not
surprising since the epitope was much larger and probably more suited to recognise the
endogenous AtSlp1 protein.
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3.5 Expression analysis of AtSlp1 and AtSlp2
The aim of this section of chapter 3 is to give an overview over what is already known
about the expression of the two Arabidopsis stomatin-like proteins, combined with newly
researched data contributed by this work. The focus is first on the gene expression in
tissues and throughout development on the transcript level, and how these basic levels can
be modified if plants are treated with chemicals and phytohormones. This is based both on
public data derived from microarray experiments, but the transcript levels of AtSlps in
response to hormones and stress treatments were also directly investigated. Second, the
gene structures of AtSlp1 and AtSlp2 were analysed together with their promoter
sequences. As part of this section, results from promoter-GUS transgenic plants are
presented that aim to examine the promoter activity in different tissues and under stress
conditions. In the last part, the expression levels in different organs are analysed both on
the transcript and on the protein level.

3.5.1 Expression levels of AtSlps from public microarray data
A wealth of publicly available expression data based on microarray experiments is
available online through TAIR. Amongst these tools, the so-called eFP browser (Winter et
al., 2007b), http://www.bar.utoronto.ca/efp) provides comprehensive transcript level
analysis of Arabidopsis gene levels during plant development and under stress conditions.
Colour-coded maps are available that indicate changes in transcript levels. The data of
these maps (as absolute values) were downloaded and plotted with the standard deviations
given on the web site. According to this database, both genes give the same responses
under all conditions. It is however possible that the probes used in these microarrays are
not 100% gene specific and thus reflect the transcript levels of both AtSlp1 and AtSlp2
combined.

3.5.1.1 Expression levels during plant development
Expression data from transcript levels during plant development are plotted in Figure 3-22.
The corresponding data descriptions are given in Table 3-7 underneath; these data were
obtained by (Schmid et al., 2005). From this plot several organs have clearly increased
transcript levels: the transcript is overall highest after 24 hours of seed imbibition (sample
2). In very young seedlings (2 days old), the highest expression level is reached in the root
(no. 5), followed by the hypocotyls (no 3) and the cotyledons (no 4). Once the rosette is
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established, the expression is highest in the first two leaves (sample 6) and decreases over
the next stages. The expression in cauline leaves (no. 11) is generally lower than in rosette
leaves (no. 10). Senescing leaves (no. 12) have approximately the same transcript levels as
cauline leaves. Comparing the overall vegetative rosette (before flowering, no 12) to the
root (no. 13), the expression is clearly higher in leaves. After the flower transition, the
expression decreases by almost 50% in the rosette leaves (no. 14) and is very high in the
vegetative shoot apex (no. 15) and the inflorescence apex (no. 16). Flowers at stage 9 (no.
17) also give very high Slp levels, but these decrease upon flower maturation. Stage 12
flowers that are not opened (nos. 18-22) have high Slp levels in the sepals (no. 19)
compared to the petals (no. 20) and extremely low levels in the stamens (no. 21). Stage 15
flowers (no. 23) have overall slightly less transcript than stage 12 flowers. The sepals (no.
24) remain the flower parts with the highest levels and the stamens have the lowest levels
(no. 26). Mature pollen grains have the lowest overall levels (no. 29), indicating that the
transcription is repressed at this stage of pollen development. Expression levels in
developing and mature siliques and seeds are low (nos. 30-32) compared to leaves and
young flowers. In summary, this profile generally suggests that AtSlps are higher
expressed in young plants mainly in the leaves. Flowering plants have high Slp levels in
developing flowers and in the shoot apices.
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Figure 3-22. AtSlp transcript levels in different organs. The numbers beneath the labelling
indicate the position in Table 3-7. Abbreviations are according to this table too. Error bars
represent standard deviations that were downloaded from the eFP website with At4g27585
as a query.

Developmental stage

Number
in graph

Abbreviation Developmental stage

Number
in graph

17

Abbreviation

Dry seed

1

Dsd

Flower Stage 9

Fl.St9

Imbibed seed (24 h )

2

Imbsd

Flower Stage 12

18

Fl.St12

Hypocotyl

3

Hptl

Flower Stage 12, Sepals

19

Fl.St12 Spls

Cotyledon

4

Ctld

Flower Stage 12, Petals

20

Fl.St12 Ptls
Fl.St12 St

Root

5

Sdlg.Rt

Flower Stage 12, Stamens

21

Leaf 1+2

6

R.L1+2

Flower Stage 12, Carpels

22

Fl.St12 Cpls

Rosette Leaf 4

7

R.L4

Flower Stage 15

23

Fl.St15

Rosette Leaf 8

8

R.L8

Flower Stage 15, Sepals

24

Fl.St15 Spls

Rosette Leaf 12

9

R.L12

Flower Stage 15, Petals

25

Fl.St15 Ptls

Cauline Leaf

10

CL

Flower Stage 15, Stamen

26

Fl.St15 St

Senescing Leaf

11

SL

Flower Stage 15, Carpels

27

Fl.St15 Cpls

Vegetative Rosette

12

VR

28

Fl.St15 Pdls

Root

13

Rt

Flowers Stage 15,
Pedicels
Mature Pollen

29

Mpoll.

Entire Rosette after flower transition

14

Rtte

Seeds Stage 3 Siliques

30

Sd St3

Vegetative Shoot Apex

15

Vsax

Seeds Stage 5 Siliques

31

Sd St5

Inflorescence Shoot Apex

16

Isax

Seeds Stage 10 Siliques

32

Sd St10

Table 3-7. Samples and their numbers used to create the plot in Figure 3-22. The
descriptions have been downloaded together with the actual data from the eFP website.
“Abbreviation” refers to the name given for a specific sample in the bar chart of Figure 3-22.
More detailed descriptions are available from the website and some are given in the text.
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3.5.1.2 Tissue specific expression
A second dataset was downloaded that quantifies expression levels more detailed in
specific tissues. Figure 3-23 summarises these data in a bar chart with the corresponding
details given in Table 3-8. Samples from Columbia 0 (6 days old seedlings grown on MS
agar plates supplemented with 4.5% sucrose) mature stage III roots analyse Slp expression
in various types of root cells (samples 1-5). Root endodermis (no. 2) and the stele (no. 1)
both express AtSlps, but at a slightly lower level compared to the cortex and epidermal
atrichoblasts (nos. 3 and 4). Different stages of pollen development (Landsberg erecta
plants, soil-grown) confirm that the expression level is initially high in the uninucleate
microphore (no. 6) and the bicellular stage (no. 7). There is a dramatic drop in expression
by a factor of 10, once the pollen enter the tricellular stage (no. 8) and become mature (no.
9). At this stage the transcription of AtSlps is repressed- this shift from very high level
expression to a silenced transcription must mark an important developmental progress and
it appears likely that the transcription must be tightly regulated at this stage. Other tissues
such as xylem (no. 10) and cork (no. 11) from Columbia-0 (soil-grown) do not maintain
high levels of Slps. Also stem epidermal cells taken from the bottom (no. 13) and the top
(no. 12) of the shoot of Col-0 plants do not show any major differences and are low
compared to other tissues. On the other hand, expression in the stigma (no. 16, from Ler
ecotype) is significantly higher than in the stem as a whole (nos. 14, 15 from Col-0). The
ovaries (no. 17, from Ler) have expression levels that are almost as high as in the early
pollen development. Thus, it appears that Slp expression might be essential for gamete
development and might have an impact on flower fertilisation.
Slp transcript levels were also analysed from different types of leaf cells by microarrays.
Mesophyll and guard cell protoplasts of 5 weeks old Col-0 plants were prepared and their
transcription profile analysed. Untreated mesophyll cells have very low Slp expression
(data not shown). These transcript levels do not change when the cells are treated with 100
μM ABA (abscisic acid). On the contrary, untreated guard cell protoplasts have
approximately 10 times higher transcript levels, and there is a further increase by a factor
of 1.5 when protoplasts of these cells are treated with the same amount of ABA. However,
these measurements were only taken in duplicates and have very large standard deviations.
The difference between the basal level in guard cells and mesophyll control cells is still
significant, but the stimulation by ABA in guard cells is not. Therefore, these data are not
regarded as reliable and are not included here.
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Figure 3-23. Tissue specific expression levels of AtSlps. The sample abbreviations are given
in the table below. Expression values and standard deviations were obtained from the eFP
database with At4g27585 as a query.

Organ/Cell type
Root

Developmental stage/Treatment
Root Stage III Stele

Number in graph
1

Abbreviation
RtIII Stle

Root

Root Stage III Endodermis

2

RtIII Ends

Root

Root Stage III Cortex + Endodermis

3

RtIII CtxEnds

Root

Root Stage III Epidermal Artrichoblasts

4

RtIII EpdsAtblts

Root

Root Stage III Lateral Root Cap

5

RtIII LtlRtCp

Pollen

Uninucleate Microphore

6

Uninte Mph

Pollen

Bicellular Pollen

7

Bicllr Plln

Pollen

Tricellular Pollen

8

Tricllr Plln

Pollen

Mature Pollen Grain

9

MPlln

Stem

Xylem Col-0

10

Xylem

Stem

Cork Col-0

11

Cork

Stem

Stem epidermis, top of stem

12

Stmepdms top

Stem

Stem epidermis, bottom of stem

13

Stmepdms bott

Stem

Whole stem, top of stem

14

Stem top

Stem

Whole stem, bottom of stem

15

Stem bottom

Flower

Stigma tissue

16

Stigma

Flower

Ovary tissue

17

Ovary

Table 3-8. Samples used to plot the eFP data from Figure 3-23. Numbers correspond to the
order given in the graph. More detailed descriptions of the developmental stages and the
cell types can be found on the eFP website.

184

3.5.1.3 AtSlp expression in seeds
An additional analysed microarray dataset quantifies AtSlp transcript levels in dry
(dormant) and water-imbibed Col-0 seeds. Figure 3-24 represents a bar chart of these data;
Table 3-9 contains more information about the labelling of the data points. A time course
of transcript accumulation (taken in triplicates) during seed imbibition is shown (samples
1-6). Dried seeds (no. 1) have the lowest transcript levels. These rise after 3 hours by a
factor of 3 where they peak (data point 3) and then slowly decrease to approximately twice
the level of the dry seeds (no. 6). In a different experiment, transcript levels were compared
between wild type seeds that were imbibed for 1 hour in the dark. The seeds were then
irradiated with a FR light pulse to inhibit germination and incubated in the dark for another
96 hours at 4 ºC and at 22 ºC (Yamauchi et al., 2004). Clear differences can be seen in
AtSlp transcript levels between the two temperature conditions. The incubation at 4 ºC
caused almost three times more transcript to accumulate when compared to the incubation
at room temperature.
In the last set of treatments, wild type seeds were stratified for 4 days at 4 ºC in the dark on
agar plates containing MS medium supplemented with either 1 % DMSO (control
treatment), 1 % cycloheximide or 1 % DNP (2,4-dinitrophenol). The seeds were then
transferred to room temperature but were kept in the dark for 24 hours before RNA was
extracted (data from Sean R. Cutler, University of Toronto). Compared to the DMSO
control seeds, treatment with cycloheximide causes a threefold increase in AtSlp transcript
levels. Cycloheximide is a bacterial inhibitor of protein biosynthesis that interferes with
translational elongation. The uncoupling agent DNP on the other hand only caused a slight
decrease in transcript levels compared to the DMSO control treatment.
In summary, seed imbibition and treatment with cycloheximide cause significant
accumulations of AtSlp transcripts. It is therefore likely that both proteins are important for
seed germination. Cycloheximide causes disruption of protein biosynthesis and will
therefore cause stress on a cellular level. Whether AtSlp1 and AtSlp2 might have a direct
impact on protein biosynthesis or whether their upregulation in response to the disruption
of it is connected to general cellular stress responses remains open at this stage.
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Figure 3-24. Transcript levels of AtSlps in seeds. Seed imbibition was followed in a time
course over 24 hours (1-6). Samples 7 and 8 represent a different experiment in which
responses of imbibed seeds to cold were investigated. Samples 9-11 are taken from
chemical treatments of imbibed seeds. Labelling is as outlined in Table 3-9.

Seed Treatment
No in graph
Dry Seeds
1
1 h Imbibed Seeds
2
1 3 h Imbibed Seeds
3
6 h Imbibed Seeds
4
12 h Imbibed Seeds
5
24 h Imbibed Seeds
6
96 h at 22 ºC, germination
7
inhibited
96 h at 4 ºC, germination inhibited
8
DMSO
9
Cycloheximide
10
2,4-DNP
11

Abbreviation
Dsd
1h Imbsd
3h Imbsd
6h Imbsd
12h Imbsd
24h Imbsd
96h 22 ºC
96h 4 ºC
DMSO C.
Cyhxde
DNP

Table 3-9. Samples plotted in Figure 3-24. Seeds were treated as described in the text. No in
graph and the column “Abbreviation” refer to the labelling in the bar chart.
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3.5.1.4 Chemical and hormone treatments of seedlings
Figure 3-25 shows a bar chart of downloaded data (eFP browser) from experiments in
which wild type (Col-0) seedlings were treated with various chemicals and
phytohormones. 7 days old seedlings were grown in liquid MS medium under continuous
light and treated for 3 hours with either a mock solution or with the relevant chemical.
Treatment for this time period with either 10 μM of the auxin transport inhibitor TIBA
(2,3,5-triiodo benzoic acid), the protein biosynthesis inhibitor cycloheximide, or the
photosystem II inhibitor PNO8 (N-octyl-3-nitro-2,4,6-trihydroxybenzamide) resulted in a
significant increase of AtSlp transcript levels. Amongst these, cycloheximide had the
largest effect with an increase in transcript nearly 6 times above the control level. TIBA
treatment caused a threefold increase, whereas PNO8 approximately doubled the transcript
levels. Amongst the phytohormones, the cytokinin t-zeatin had the strongest effect. For this
experiment, 21 day-old wild type (Col-0) plants grown on agar were treated (in triplicates)
for 3 hours either with a mock solution or with 20 μM t-zeatin (samples 1 and 2 in Figure
3-25). Following the cytokinin treatment, the transcript levels doubled. On the contrary,
treatment of 7 day-old wild type seedlings with 10 μM ABA for 3 hours caused a drop to
one half of the control level (samples 3 and 4). Treatments of the same age seedlings for 30
minutes with 1μM zeatin (no. 6), 10 μM ABA (no. 7) or 1 μM GA (no. 8) had hardly any
effects when compared to the 30 minutes control treated sample (no. 5). Seedlings of the
GA biosynthesis mutant ga1-5 were also treated for 30 minutes with either a mock solution
(no. 9) or with 1 μM of GA (no. 10). Compared to the Col-0 seedlings, the ga1-5 mutant
seedlings have a significant increase of Slp levels already in the control treated plants. No
further increase was observed when these seedlings were treated with GA. Brassinosteroid
treatment of wild type seedlings (7 day-old as described above) with 10nM brassinolide for
30 minutes also caused a small but significant increase of transcript levels (samples 11 and
12). In the last set of experiments, seeds from Col-0 plants were analysed in duplicates
under constant light 24 h after imbibition in water (14) or in the presence of 3 μM ABA
(no. 15). In untreated seeds (no. 13) the transcript levels were approximately 50% less than
in imbibed seeds. There was no obvious difference between the water imbibition and
imbibition in the presence of ABA.
In summary, this set of treatments confirms the previous observation of increased
transcript levels upon cycloheximide treatment. The same effect is also observed in mature
seedlings to an even larger extent. Amongst the hormone treatments, the cytokinin t-zeatin
has the biggest effects on Slp transcript levels. Interestingly, AtSlp transcription seems to
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be suppressed in seedlings treated with ABA for 3 hours. Thirty minutes after ABA
addition this effect is not yet visible. Other types of hormones such as GA, brassinolide or
the cytokinin zeatin do not show any significant effects after 30 minutes of treatment
either. Remarkably, AtSlp levels are strongly upregulated in the ga1-5 mutant seedlings,
independent of the addition of ABA. Imbibition of seeds in water or water supplemented
with ABA does not give different effects either. It is obvious that imbibition in itself causes
upregulation of AtSlp mRNA.
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Figure 3-25. AtSlp transcript levels in response to chemical (top) and hormone (bottom)
treatments. All treatments were carried out in duplicates on seven days old liquid grown
seedlings or as otherwise stated in the text. Numbers correspond to the order given in Table
3-10 below.
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Chemical treatment
Mock Wt
TIBA (10uM)
Cycloheximide (10 μM)
PNO8 (10 μM)
Hormone treament
Control Wt 3h
t-zeatin (Wt 20 μM 3h)
Control Wt 3h
ABA (Wt 10 μM 3h)
control Wt 30 min
zeatin (Wt 1μM 30min)
ABA (Wt 10 μM 30min)
GA3 (Wt 1 μM 30 min)
ga1-5 mutant mock 30min
ga1-5 mutant+ GA (1μM 30min)
WT mock 30min
WT BL (10 nM 30min)
Seed imbibition control Wt
Seed imbibition Wt 24h water
Seed imbibition Wt 24h 3uM ABA

No in Graph
1
2
3
4
No in Graph
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Abbreviation
Mock Wt
TIBA (10 μM)
Cycloheximide (10 μM)
PNO8 (10 μM)
Abbreviation
C 3h
t-zeatin 20 μM 3h
C 3h
ABA 3h
C 30'
zeatin 1 μM 30'
ABA 10 μM 30'
GA3 1 μM 30'
ga1-5 C 30'
ga1-5 GA 1 μM 30'
C 30'
BL 10nM 30'
Sd. imb. C
Sd. imb. 24h H2O
Sd. imb.24h ABA

Table 3-10. Chemical and hormone treatments used in Figure 3-25. Numbers correspond to
individual bars as before. Details of treatments were taken from the eFP website with
At4g27585 as a query.

3.5.1.5 Response to abiotic stresses in shoots and roots
The transcript responses (in duplicates) of 18 day-old wild type plants (Col-0) grown on
MS agar were analysed by microarrays after treatments with various abiotic stresses in a
time course over 24 hours (Figure 3-26 and Table 3-11). Shoot material was separated
from root tissue and only the treatments that gave visible responses or otherwise valuable
information are presented here. In the shoot tissue, osmotic stress brought upon the plants
by treatment with 300mM mannitol caused only a slight reduction in the transcript level
after 24 hours (sample 11). The response was similar in roots (11), but not significantly
different from its control (8). Heat treatment in the shoot tissues on the other hand caused
doubling of the transcript level at the 4 hours time point (15). For this treatment, plants
were transferred to 38 ºC for 3 hours and then allowed to recover. However, this increase is
only of transient nature and the levels return to normal 24 hours (16) after the recovery
period was started. The standard deviation value of the 4 hours time point (15) is small,
indicating that this event is reproducible. In the roots this rise in transcript abundance was
surprisingly not observed at any time point (13-16). This could be down to the lower
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expression level in this part of the plant, but is more likely to stem from specific heat
damaging effects that occur only in leaves. Transfer of plants grown under control
conditions into a growth medium containing 150 mM sodium chloride resulted in visible
differences, but this time only in the root tissues (24-27). The response in the root tissue is
marked by a dramatic 3-fold increase in gene transcription 6 (25), 12 (26) and 24 (27)
hours after transfer to high salt medium. The standard deviation value is very high in the
12 hours sample making this not a significant change, but it looks significant in the 6 and
24 hours bars. Thus it is assumed that the response as a whole occurs in reality and is not
down to an artefact in the microarray. In the shoot, there is only a slight increase in
transcript level 24 hours (27) after the transfer. Finally, treatment with paraquat (10 μM), a
toxic herbicide that causes oxidative bursts, results in a transcript increase in the shoots
after 24 hours (31), but not in the roots (samples 29-31). However, the standard deviation
of this single averaged value is so high that it is probably not a reliable indicator of a true
response.
The only other treatment that caused significant changes was irradiation with UV-B light
for a period of 15 minutes (Figure 3-27 and Table 3-11). Time points were taken ranging
from 1 hour up to 24 hours following the end of the irradiation period. This treatment
resulted in a 6-7 fold upregulation of transcript in the shoot that peaked at 3-6 hours
(samples 3 and 4 in Figure 3-27) and then gradually returned to control levels after 24
hours (sample 6 in the same figure). This built-up of transcript levels was also monitored in
the roots (2-6 in bottom Figure), but the peak level lasted shorter and fell already after 6
hours (sample 4) back to control values.
In summary, only few treatments caused significant changes in AtSlp transcript levels.
Amongst the abiotic stress treatments, heat treatment followed by a 4 hours recovery
period increased the transcript levels in shoots but not in roots. Salt treatment on the other
hand had a remarkable upregulating effect in roots starting from 3 hours after the transfer.
Finally, irradiation with UV-B light causes strong upregulation in both tissue types, but the
effect is longer lasting in shoots.
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Expression Levels AtSlps- Abiotic Stresses in Shoots
250

Expression

200
150
100
50

1 2

3 4 5

6 7

Oxid.12h
Oxid.24h

C 0h
Oxid.6h

Salt 24h

Salt 12h

Salt 6h

Salt 3h

C 0h

Heat 24h

Heat 4h

Heat 1h
Heat 3h

C 0h

Osm.24h

Osm.12h

Osm.1h

C 0h

C 24h

C 12h

C 6h

C 3h
C 4h

C 0h
C 1h

0

8 9 10 11 12 13 14 15 16 23 24 25 26 27 28 29 30 31

Treatment

Expression Levels AtSlps- Abiotic Stresses in Roots
800
700

500
400
300
200
100
Oxid.24h

Oxid.12h

Oxid.6h

C 0h

Salt 24h

Salt 12h

Salt 6h

Salt 3h

C 0h

8

Heat 24h

7

Heat 4h

C 0h

6

Heat 3h

C 24h

5

Heat 1h

C 12h

4

C 0h

C 6h

3

Osm.24h

C 4h

2

Osm.12h

C 3h

1

Osm.1h

C 1h

0
C 0h

Expression

600

9 10 11 12 13 14 15 16 23 24 25 26 27 28 29 30 31

Treatment
Figure 3-26. Abiotic stress treatments of 18 days old agar-grown wild type plants. The bars
corresponding to numbers 1-7 represent control samples (untreated) taken at the same time
points than the treated samples. The upper plot represents the responses in shoot tissue
and the plot beneath from root tissue with identical treatments. Table 3-11 contains
information about the individual treatments. All data were downloaded from the eFP
browser website using At4g27585 as a query. Numbers mentioned in the text above in
brackets refer to the sample numbers in these two plots.
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Figure 3-27. UV-B treatment of wild type plants (15 minutes) and transcript responses in the
recovery period. The upper plot contains data taken from shoot tissue and the lower plot the
response in roots. Sample labelling is as described in Table 3-10 below.
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Treatment Shoot/Root
Control 0 Hours
Control 1 Hour
Control 3 Hours
Control 4 Hours
Control 6 Hours
Control 12 Hours
Control 24 Hours
Control 0 Hours
Osmotic stress 1 Hour (300 mM Mannitol)
Osmotic stress 12 Hour (300 mM Mannitol)
Osmotic stress 24 Hour (300 mM Mannitol)
Control 0 Hours
Heat 1 Hour (back to 25 ºC)
Heat 3 Hours (back to 25 ºC)
Heat 4 Hours (back to 25 ºC)
Heat 24 Hours (back to 25 ºC)
Control 0 Hours
Salt 3 Hours (150 mM NaCl)
Salt 6 Hours (150 mM NaCl)
Salt 12 Hours (150 mM NaCl)
Salt 24 Hours (150 mM NaCl)
Control 0 Hours
Oxidative stress 6 Hours (10 μM Paraquat)
Oxidative stress 12 Hours (10 μM Paraquat)
Oxidative stress 24 Hours (10 μM Paraquat)

No in graph
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
23
24
25
26
27
28
29
30
31

Abbreviation
C 0h
C 1h
C 3h
C 4h
C 6h
C 12h
C 24h
C 0h
Osm.1h
Osm.12h
Osm.24h
C 0h
Heat 1h
Heat 3h
Heat 4h
Heat 24h
C 0h
Salt 3h
Salt 6h
Salt 12h
Salt 24h
C 0h
Oxid.6h
Oxid.12h
Oxid.24h

Treatment Shoot/Root
Control 0 Hours
UV-B 1 Hour
UV-B 3 Hours
UV-B 6 Hours
UV-B 12 Hours
UV-B 24 Hours

No in graph
1
2
3
4
5
6

Abbreviation
C 0h
UVB 1h
UVB 3h
UVB 6h
UVB 12h
UVB 24h

Table 3-11. Abiotic stress treatments as described in the text and plotted in Figure 3-26 and
3-27. Numbers refer to the position in the graphs and “Abbreviation” to the corresponding
label. Treatments were identical for shoot and root tissues. All information was obtained
through the eFP browser website with AtSlp1 as a query.
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3.5.2 AtSlp transcript analysis by Northern blotting
To gain better understanding of actual changes in transcript levels upon hormone and stress
treatments, a different experimental approach to microarray analysis was taken. Wild type
Arabidopsis plants (ecotype Col-0) were grown for 10 days in a in liquid MS medium
supplemented with sucrose in a 24 well plate format. At day 11, control samples were
taken before a variety of treatments were started and further samples were taken in a time
course over 48 hours. All chemicals were added from 1000x concentrated stock solutions
(apart from NaCl or as otherwise indicated) directly to each well individually. RNA was
extracted from each sample, quantified and 10μg of total RNA was run on a denaturing
agarose gel. The gel was then subjected to Northern blotting and the membranes probed
with
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P radiolabelled DNA probes synthesised specifically by PCR for each gene. The

blots were washed and the radiolabel visualised on a phosphorimaging system. Band
intensities were quantified and normalised to the intensity of total RNA visible (Methylene
blue stain) on each blot. The overall changes in response were calculated based on band
intensities (normalised to the amount of RNA) and the responses normalised to the control
level at time zero. Treatments included the addition of 20 μM t-zeatin, 5 μM kinetin, 5 μM
of the auxin analog NAA (1-Naphthylacetic acid), 10 μM of the auxin transport inhibitor
NPA (N-1-naphthylphtalamic acid), 10 μM of the auxin transport inhibitor TIBA (2,3,5triiodobenzoic acid), 200 μM of the ethylene precursor ACC (1-aminocyclopropane-1carboxylic acid), 5 μM of brassinolide and treatment with 150 mM sodium chloride in the
growth medium. Figure 3-28 (A-D) summarises only the most relevant changes in
transcript levels of AtSlp1 and AtSlp2 that were only observed with certain treatments. The
treatments that are not included here did not result in clear reproducible response patterns
and are therefore not presented. Overall, most of the experiments were done in triplicates,
but only two out of the three Northern blots were finally used for the quantification in this
figure. On the third set of data, the hybridised signal was either too weak or gave smears
on the phosphorimager screen. It was not possible to quantify these signals properly. The
NAA treatement was only done in duplicates, of which the second set could not be
quantified for the given reason. The actual phosphorimager signals shown in figure 3-28
were always taken from one of the two replicates and might not necessarily always reflect
accurately the changes as seen in the bar charts. These plots represent the results from a
combination of two different blots.
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The transcript levels of AtSlp1 were upregulated in response to treatment with 20μM tzeatin (Figure 3-28A). The levels started to rise 2 hours after the hormone was added to the
medium and peaked at the 8 hours time point (9-fold upregulation), however the standard
deviation for the 4 and 8 hour time points are high. 48 hours after the addition, the levels
had returned to their normal control levels. This response was observed with a similar
temporary behaviour in all three blots and confirms the results from the eFP browser (see
section 3.5.1.4), in which a 2-fold upregulation was found 3 hours after treatment. AtSlp2
gives a virtually identical transcript response to t-zeatin treatment, however the relative
differences compared to the control are smaller (only 3-fold upregulation after 8 hours),
and the standard deviation values are also very high for this sample. Thus the overall
response is the same for both genes, but AtSlp1 is upregulated to a much larger extent.
Figure 3-28 (A) and (B) show the response to treatment with the auxin analog NAA.
AtSlp1 (3-28 (A)) responds with a threefold increase in transcript levels 8 hours after the
initial treatment and gradually returns to its starting values after 48 hours. This treatment
was only performed in duplicates of which only one sample is shown and quantified. No
estimate of standard deviation can be given and the extent of change seen in this particular
experiment is probably not reproducible to the same level. AtSlp2 (3-28 (B)) gives a
similar behaviour, but increases only by a factor of nearly 2 after 8 hours.
Treatment with the auxin transport inhibitor NPA (Figure 3-28 (B)) leads to a slight
increase in AtSlp1 transcript (2-fold after 2 and 4 hours), but these samples have again
high standard deviation values. AtSlp2 does hardly change in response to this chemical,
considering the similarly high standard deviations. Overall there is a small early
upregulation of AtSlp1 in response to NPA, but probably not of AtSlp2.
Figure 3-28 (C) shows the results obtained after treatment with 10μM TIBA. There is a
clear pattern of upregulation of AtSlp1 at 4 and 8 hours after the start of this treatment,
despite the high standard deviation at the 8 hours time point. The 4 hours sample shows
that there is a 3-fold upregulation of the AtSlp1 gene, and there might be a 2-fold
upregulation of AtSlp2. However, the high standard deviations throughout this sample
indicate that the response is probably much smaller in this gene. Compared to the NPA
response, the signal from the TIBA treatment rises 2 hours later and becomes only obvious
at the 4 hours time point. Thus it seems that NPA evokes earlier transcript upregulation
than TIBA.
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Finally, the response to treatment with 150 mM NaCl was quantified and is presented in
Figure 3-28 (D). In both genes there are only very subtle changes in transcript level.
AtSlp1 increases slightly 8 hours after the plants were given salt, and AtSlp2 does not
change at all to a significant extend as judged by the standard deviation values. Compared
to the results published by the eFP browser from roots (Figure 3-26), the changes seen here
are not as dramatic. However, the RNA used in these experiments originates from whole
seedlings and does not accurately reflect differences that occur between roots and shoots.
The response to salt stress seen in the microarray results was root specific and therefore
probably not picked up in this Northern blot.
Overall these experiments reflect the main changes seen with the eFP browser data, despite
the fact that only 2 replicates were used for these quantifications. The cytokinin t-zeatin
indeed induces transcription of both Slps after 4 and 8 hours, but of AtSlp1 to a much
larger extent. This behaviour represents definitely not an immediate response to this
phytohormone and is more likely down to secondary effects that follow the cytokinin
signal transduction cascade. The same is true for the response to auxin, where the peak of
upregulation only occurs 8 hours after the initial signal uptake. NPA on the other hand
seems to cause AtSlp1 upregulation already at the 2 hours time point, whereas TIBA also
has later effects on transcription. These differences are probably down to the different
modes of action of these two auxin transport inhibitors, or related to unspecific side effects.
Both TIBA and NPA are known inhibitors of mechanisms affecting auxin efflux, but they
also affect more generally trafficking processes (Geldner et al., 2001). For the salt
treatment it is hard to estimate when the actual upregulation occurs since the changes are
only of minor nature and seem restricted mainly to AtSlp1.
Taking all these observations together, it appears that both Slp genes respond in a virtual
identical pattern. The changes in AtSlp2 however are always smaller than in AtSlp1, which
might also be explained by the lower overall expression level throughout seedlings. This
identical response pattern is very likely connected to similarities on the genome level that
are investigated in the next section.
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Figure 3-28 (A). Northern blots and quantified signals. The top lane (=phosphorimager
signal) is labelled with the treatment and the gene-specific probe used for the hybridisation.
The lane underneath shows the total RNA level loaded (=methylene blue stain) that was
used for the quantification. The bar charts show the fold change in signal upon start of each
treatment (normalised to the control at time zero). Error bars are standard deviations (n=2).
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Figure 3-28 (B). 1-28 (A) Continued. Labelling is identical to (A). Where no error bars are
plotted in the graph, the blot was only quantified once. The figure is continued on the next
page.
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Figure 3-28 (C). 1-28 (B) continued. Treatment with 10 μM TIBA. The actual signals from the
phosphorimager screen are taken from one dataset only that was representative for the two
sets used in the quantification. Labelling is as described before. The figure continues on the
next page.
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Figure 3-28 (D). Treatment with salt stress. This treatment was quantified from 2 replicates
and only one phosphorimager signal is shown with the corresponding RNA blot picture
underneath. The quantified bar chart does reflect the combined behaviour of the two
different datasets and is therefore not necessarily showing the same behaviour as seen in
the phosphorimager signal.
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3.5.3 Analysis of AtSlp gene structures and promoter activities
In this section, the genome organisation around the AtSlp genes was investigated on
Arabidopsis chromosomes 4 and 5. The actual gene structures of the two Slps were
compared and their promoter sequences analysed for response elements. This comparison
is followed by the determination of tissue-and development specific activation of AtSlp
promoters using transgenic Arabidopsis plants that carry promoter-GUS fusion constructs.
In the last part, the impact on promoter activation by various stress treatments was
determined.

3.5.3.1 AtSlp genomic organisation
AtSlp1 (At4g27585) is localised on Arabidopsis chromosome 4 and AtSlp2 (At5g54100)
on chromosome 5. Both genes are found on the antisense strands. To determine whether
the two genes might have evolved through a gene duplication event, the AtSlp1 locus was
queried against the Plant Genome Duplication Database (PGDD, (Tang et al., 2008)).
According to this database, the whole genomic surrounding of AtSlp1 on chromosome 4
was indeed duplicated and can be located on chromosome 5. AtSlp1 lies in a block of
altogether 11 gene pairs on chromosomes 4 and 5 that arose from this gene duplication
event. Figure 3-29 shows a subset of 7 gene pairs (labelled from 2-8) out of this block and
their relative positions to each other on the chromosomes.

No of gene pair in block:
(out of 11 pairs)

2

3

2 3

4

7 8

4 56

56

7 8

Figure 3-29. Gene duplication between Arabidopsis chromosomes 4 (At chr4) and 5 (At
chr5). Shown are 7 gene pairs taken out of a block of 11 pairs. The numbers indicate the
relative positions inside the block. AtSlp1 and AtSlp2 are in 6th position and are highlighted
in red. This figure was downloaded from the Plant Genome Duplication Database (see text)
result page when At4g27585 was used as a query. The relative positions within
chromosomes 4 and 5 are indicated on the right side. The window for display was set to
100kbp.
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Complementing this figure is Table 3-13 that gives detailed information about the 7
duplicated gene pairs from Arabidopsis (upper table). Querying the database with AtSlp1
for duplications amongst different plant species reveals that this area of Arabidopsis
chromosome 4 is also found in the chromosomes of papaya (Carica papaya) and in 2 loci
of poplar (Populus trichocarpa) (Table 3-13 lower part). In papaya, the duplicated region
contains an even larger block of altogether 40 duplicated gene pairs in which a stomatinlike protein is in the 15th position. Two such areas are also found in the poplar genome,
where At4g27585 matches 2 loci on chromosomes 12 and 15. The first locus contains a
block with 15 gene pairs and the second one a block with 18 gene pairs. The gene pair
containing AtSlp1 is the first one of each block. Remarkably, the database gives only hits
for duplication from other dicotyledon species but not from monocots. This could indicate
that this duplication event only happened after the evolutionary separation of
monocotyledons and dicotyledons. Due to this duplication event in the Arabidopsis
genome, AtSlp1 and AtSlp2 can be described as true paralogous genes within one species.
Often, gene duplication is followed by further genomic shuffling that leads to increased
variety between sequences. It would still be expected that the duplication event left many
identical features within the genomic sequences of AtSlp1 and AtSlp2.
The gene duplication is also clearly reflected in the genomic structure of the AtSlp genes.
Table 3-12 lists the total number of exons and introns of both genes, the length of the
mRNAs and the open reading frames (ORF). The overall gene and mRNA sequence of
AtSlp1 is longer than in AtSlp2, despite an additional exon present in the AtSlp2 sequence
close to the 5’end. This extra exon gives rise to the unique elongated N-terminus of the
AtSlp2 protein.
Name
AGI
mRNA length [bp] No. exons No. introns Exons+Introns [bp] ORF [bp]
AtSlp1 At4g27585
3199
9
8
2849
1236
AtSlp2 At5g54100
2756
10
9
2466
1206
Table 3-12. Genomic organisation of AtSlp genes. The table contains the length of the
mRNA (=cDNA) transcribed from the gene, the total numbers of exons and introns, the
length of the genes from the start to the stop codon (exons+introns) and the length of the
open reading frame (ORF) in base pairs (bp). Source: TAIR.

Figure 3-30 gives a visual overview over the genes’ organisation. The gene duplication is
clearly visible between the exons and introns and indicated by dotted lines. All exons have
been duplicated apart from exon 2 of AtSlp2. This exon must have evolved from a separate
event. Exon 9 from AtSlp1 on the other hand is much longer than exon 10 from AtSlp2.
This explains the elongated unique AtSlp1 C-terminus. The lengths of the 5’UTRs
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(untranslated regions) are also different between the two genes. AtSlp2 has a much shorter
5’ region than AtSlp1, whereas the 3’UTRs are almost identical in their lengths. Thus, the
high level of similarity between AtSlp1 and AtSlp2 on the DNA and protein level is based
on this duplication event. The individual protein parts originate from the genes’ structures.

Figure 3-30. Genomic structures of the AtSlp1 and AtSlp2 genes. Exons are represented by
black bars, introns by white bars and the untranslated regions (UTRs) at each end by grey
bars. The whole figure is drawn to the same scale as indicated by the 100bp scale bar.
Informatin source: TAIR.
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Position in
block

No. Genes in
block

Locus 1

2

11

At4g27520

3

11

similar to unknown protein
At4g27530 [Arabidopsis thaliana] (TAIR:AT5G53895.1)

4

11

At4g27560 glycosyltransferase family protein
similar to unknown protein
[Arabidopsis thaliana] (TAIR:AT5G54095.1)

5

11

At4g27580

6

11

7

11

At4g27585 Band-7 family protein
similar to unknown protein
At4g27657 [Arabidopsis thaliana] (TAIR:AT4G27652.1)

Annotation 1
plastocyanin-like domain-containing protein

8

11

similar to unknown protein
[Arabidopsis thaliana]
(TAIR:AT5G54150.1);
At4g27660
similar to hypothetical protein
MtrDRAFT_AC119415g5v1
[Medicago truncatula] (GB:ABE85158.1)

15
1
1

40
15
18

At4g27585 Band-7 family protein
At4g27585 Band-7 family protein
At4g27585 Band-7 family protein

Locus 2

Annotation 2

plastocyanin-like domain-containing
protein
similar to unknown protein
At5g53895 [Arabidopsis thaliana]
(TAIR:AT4G27530.1)
At5g53990 glycosyltransferase family protein
similar to unknown protein
[Arabidopsis thaliana]
(TAIR:AT4G27580.1);
At5g54095 similar to ribonuclease E
[marine gamma proteobacterium
HTCC2207]
(GB:ZP_01223791.1)
At5g54100 Band-7 family protein
similar to unknown protein [Arabidopsis
At5g54145 thaliana]
(TAIR:AT4G27657.1)
similar to unknown protein
[Arabidopsis thaliana]
(TAIR:AT4G27660.1);
At5g54150
similar to hypothetical protein
MtrDRAFT_AC119415g7v1
[Medicago truncatula] (GB:ABE85160.1)
At5g53870

Cp0003g0176 NULL
Pt12g0366 NULL
Pt15g0018 NULL

Ka

Ks

0.47 1.51
0.31 1.09
0.23 1.08

0.27 0.68

0.15 0.6
0.15 1.63

0.49 2.66

0.21 1.38
0.27 1.21
0.31 1.03

Table 3-13. Genome duplication between Arabidopsis loci on chromosomes 4 and 5 (upper table) and between areas of Arabidopsis chromosome 4 and papaya
(Cp) and poplar (Pt) loci (lower table). The areas that are duplicated in Arabidopsis chromosomes 4 and 5 contain 11 gene pairs and their relative position in the
block is indicated in the left column. Locus 1 and locus 2 represent the duplicated genes. AtSlps are highlighted in red letters. Ka and Ks are computed
parameters by the database. The lower table contains information about the duplication of even larger areas of Arabidopsis chromosome 4 within papaya and
poplar. A block of 40 genes is duplicated between Arabidopsis and papaya, and 2 sets of blocks are found in poplar, one containing 15 gene pairs and the other
18 gene pairs. All information was obtained from the PGDD database (see text).
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3.5.3.2 Response elements in the AtSlp promoter sequences
The upstream sequences of At4g27585 and At5g54100 were analysed with the Athena
software (O'Connor et al., 2005) for promoter response elements (Tables 3-14). Each hit
was further analysed with the AtCisDB (Arabidopsis thaliana Cis-element database,
(Palaniswamy et al., 2006) or with the PLACE (Plant Cis- acting regulatory DNA
elements, (Higo et al., 1999) database to obtain more detailed information about specific
transcription factors or response elements. An area of 1225 bp of the 5’ upstream sequence
(away from the start codon) was analysed for AtSlp1, and 1814 bp of upstream sequence
for AtSlp2. The AtSlp1 promoter sequence contains a total of 12 different known motifs
and the AtSlp2 promoter 26 different elements on both strands. Out of this number, 9
elements are found in both promoters (highlighted in grey in Table 3-14) and 3 of these
(red lettering) have the same relative position away from the start codons. Remarkably, the
AtSlp2 promoter sequence is longer but also contains a bigger variety and density of
elements than the Slp1 sequence. Out of these elements, most are binding sites for
transcription factors that are involved in a variety of stress responses and in development.
For example, the Myb1AT and the Myc binding sites have been linked to drought stress
response, whereas other sites are putatively involved in light signalling (eg the I-box
promoter motif and the Myc2 binding sites). Interestingly and with respect to the known
AtSlp tissue expression (see section 3.5.1.1), the CARGCW8GAT motif, which binds
transcription factors of the MADS type, is involved in development of flowers. It is not yet
known which transcription factor binds to the T-box promoter motif that is also located in
the same relative position in both sequences, but this motif was previously linked to lightmediated transcription initiation (Chan et al., 2001). Other common motifs between the
two promoters bind the Myb4 transcription factor (Chen et al., 2002). This binding motif
has been associated with a variety of effects such as cell cycle control, development and
secondary metabolism. In lots of cases, the transcription factors that actually bind to the
motifs have not been determined yet and clues towards their function are mainly derived
from few very specified examples in which a known gene contains one of these motifs.
The AtSlp1 promoter sequence does contain two motifs that are not found in the Slp2
promoter. One of these motifs (GAREAT) is a putative GA responsive element and has
been linked to a role in seed germination. This gives further support for the strong
upregulation of this gene seen in imbibed seeds (section 3.5.1.3). One of the other two
unique elements found in this sequence might simply act as an enhancer element (SV40
core motif). The Rav1B motif is known to bind transcription factors of the ABI3VP type
(Kagaya et al., 1999), but an exact function for these proteins has not been established so
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far. The AtSlp2 promoter has some interesting unique binding elements that are not shared
between the two sequences. Amongst these are several sites important for hormone
signalling transduction. An Arf1 binding site (Ulmasov et al., 1999) that interacts with an
auxin response factor is located ca. 1700 bp upstream of the start codon. The Bellringer
binding site motif (Bao et al., 2004) interacts with a transcriptional repressor that has
important roles in inflorescence development. Notably, many other of the unique AtSlp2
promoter elements are linked to both plant defense reactions or flower development. For
example, the G-box elements, the W-box motifs, the Myb1 response elements and the
DPBF 1 and 2 binding sites are all involved in pathogen defense responses. The leafy
binding site (Lamb et al., 2002) and the DREB1A motif that binds transcription factors of
the AP2- EREBP family (Riechmann & Meyerowitz, 1998) are both regulating
inflorescence development amongst other roles (see Table 3-14 second part).
Overall, both promoters have common elements that mediate stress responses or are
activated by light signals, control flower development and are involved in pathogen
defense responses. The AtSlp2 promoter has a larger variety of these response elements
and its activation or repression might therefore be more tightly controlled. The distribution
and the kinds of elements found in these promoters suggest that AtSlp gene expression is
important for reproductive development and responses to environmental stimuli.
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Promoter Element and Position
Strand
TF Family
SV40 Core promoter motif (-39->-32)
antisense
N/A
Myb4 binding site (-45->-39, -136->130)
sense
Myb
Ibox promoter motif (-70->-65)
sense
N/A
Myb1AT (-221->-216)
antisense
Myb
Myb1AT (-452->-447)
sense
Myb
Rav1B binding site (-320->-315)
sense
ABI3VP1
TATA box motif (-434->-429)
antisense
N/A
TATA box motif (-508->-503)
sense
N/A
AtSlp1 TATA box motif (-1200->-1195)
antisense
N/A
AtMyc2 binding site (-731->-726)
antisense
bHLH
MYCATERD1 (-731->-726)
sense
Myc
Dre core motif (-791->-786)
antisense
N/A
CARGCW8GAT (-821->-812)
sense
MADS
CARGCW8GAT (-821->-812)
antisense
MADS
T-box promoter motif (-992->-987)
sense
N/A
GAREAT (-1030->-1024)
antisense
N/A

Function
Enhancer
Cell cycle control, secondary metabolism, development
Light response
Drought response
Drought response

Photoreceptor signalling?
Water stress
Flower development
Flower development
Light-induced transcription
GA responsive (germination)

Database
AtCisDB
AtCisDB
AtCisDB
PLACE
PLACE
AtCisDB
AtCisDB
AtCisDB
AtCisDB
AtCisDB
PLACE
Literature
PLACE
PLACE
AtCisDB
PLACE

Table 3-14. Promoter response elements found in the 1225 bp upstream sequence of the AtSlp1 gene. The table continues overleaf for the
AtSlp2 gene (1814 bp of upstream sequence analysed). The response elements were located with the Athena software that is linked to the AtCis
(Agris) and to the PLACE databases. Further information about the transcription factor families was obtained from the AtTF database or
through links from Athena to PLACE. The positions given refer to numbers (in bp) upstream of the start codons. Highlighted in grey are
response elements that are shared between the AtSlp1 and AtSlp2 promoter sequences. Elements written in red are shared elements found in
the same relative positions to the start codons. The elements found on the antisense strands are located in the same orientation as the genes.
Several elements occur more than once in each sequence on both strands and are therefore listed multiple times. For the initial search with the
Athena software the output window was set to the cartoon display and 2000 bp of upstream sequence.
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Promoter Element and Position
W-box promoter motif (-62->-57, -931->-926)

TF Family Function

Database

WRKY

Pathogen defense, senescence, trichome formation

W-box promoter motif (-124->-119)

sense

WRKY

Pathogen defense, senescence, trichome formation

AtCisDB

Ibox promoter motif (-152->-147, -1264->-1259)

sense

N/A

Light response

AtCisDB

Light response

AtCisDB

Ibox promoter motif (-253->-248)

antisense

N/A

TELObox promoter motif (-183->-175)

antisense

N/A

AtMyc2 binding site (-237->-232, -266->-261)

AtCisDB

AtCisDB

sense

AtCisDB

AtMyc2 binding site (-264->-259, -1168->-1163)

antisense

bHLH

MYCADERD1 (-237->-232. -266->-261)

antisense

Myc

Water stress

PLACE

sense

Myc

Water stress

PLACE

antisense

N/A

AtCisDB

sense

N/A

AtCisDB

antisense

Myb related

sense

Myb

antisense

Myb

sense

Myb

MYCADERD1 (-264->-259, -1168->-1163)
TATA box motif (-342->-337, -600->-595, -780->-775,
-1510->-1505, -1591->-1586, -1608->-1603)
TATA box motif (-1606->-1601, -1308->-1303)
CCA1 binding site motif (-405->-398)
Myb4 binding site (-480->-474, -484->-478)
Myb4 binding site (-1418->-1412, -1464->-1458,
-1468->-1462, -1476->-1470)
Myb3 binding site (--481->-474, -485->-4478)
Myb1LEPR (-480-> -474, -484->-478)

AtSlp2

Strand
antisense

Photoreceptor signalling?

AtCisDB

AtCisDB
Cell cycle control, secondary metabolism, development

AtCisDB

Cell cycle control, secondary metabolism, development

AtCisDB

Cell cycle control, secondary metabolism, development

AtCisDB

antisense

N/A

Plant defense

PLACE

Myb1LEPR (-1476->-1470)

sense

N/A

Plant defense

PLACE

Myb2AT (-500->-495, -660->-655)
CARGCW8GAT (-858->-849, -990->-981,
-1276->-1267, -1549->-1540)
CARGCW8GAT (-858->-849, -990->-981,
-1276->-1267, -1549->-1540)

sense

Myb

Water stress

PLACE

sense

MADS

Flower development

PLACE

antisense

MADS

Flower development

PLACE

T-box promoter motif (-998->-993)

antisense

N/A

BoxII promoter motif (-1176->-1171)

sense

N/A

AtCisDB

antisense

N/A

Literature

Dre core motif (-1223->-1218)
Dre core motif (-1203->-1198)
DREB1A/CBF3 motif (-1223->-1216)
Myb binding site promoter (-1468->-1461)

sense
sense
antisense

Light-induced transcription

N/A
AP2-EREBP Flower development, leaf epidermis, stress response
Myb

Cell cycle control, secondary metabolism, development

AtCisDB

Literature
AtCisDB
AtCisDB

Myb1AT (-1470->-1465, -1478->-1473)

antisense

Myb

dehydration responsive

PLACE

AtMyb2 binding site (-1478->-1472)

antisense

Myb

Cell cycle control, secondary metabolism, development

AtCisDB

G-box binding site (CACGTGmotif) (-1642->-1637)

sense

N/A

Defense related gene expression

PLACE

G-box binding site (CACGTGmotif) (-1642->-1637)

antisense

N/A

Defense related gene expression

PLACE

sense

Homeobox

AtCisDB

sense

bZIP

Inflorescence development, ABA response
Pathogen defense, light signalling, stress response,
seed maturation, flower development

ARF1 binding site motif (-1742->-1737)
DPBF1&2 binding site motif (-208->-202, -241->-235,
-270->-264,-1172->-1166, -1391->-1385)

antisense

ARF

AtCisDB

sense

bZIP

DPBF1&2 binding site motif (-1646->-1640)

antisense

bZIP

Auxin response factor
Pathogen defense, light signalling, stress response,
seed maturation, flower development
Pathogen defense, light signalling, stress response,
seed maturation, flower development

sense

LFY

Flower meristem identity

AtCisDB

Bellringer/replumless/pennywise BS1 IN AG (-1057->-1050)
ATB2/AtbZIP53/AtbZIP44/GBF5 binding site in ProDH
(-398->-393)

LFY consensus binding site motif (-320->-315, -1541->-1536)

AtCisDB

AtCisDB
AtCisDB
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3.5.3.3 AtSlp tissue expression pattern- transgenic promoter-GUS
fusion plants
To determine in which parts of the plant the Slp promoters are activated and therefore the
proteins probably expressed, different promoter sequences were cloned from genomic
DNA and fused to a GUS (β-glucuronidase) reporter gene (Jefferson, 1989) inside the
pCAMBIA 1301 (www.cambia.org) vector. Figure 3-31 gives an overview over the
genomic surroundings of both Slp genes and the sequences chosen as promoters displayed
in red. For the AtSlp1 promoter, 2989 base pairs upstream of the start codon were
amplified from genomic DNA by PCR and cloned into the pDRIVE cloning vector
(Qiagen). This sequence covers the complete distance between At4g27585 and the next
upstream gene on the same strand, At4g27595. It also includes a complete gene on the
opposite strand (At4g27590). For the AtSlp2 promoter, 1989 base pairs were amplified and
ligated into the same vector using the 3’ adenine overhangs created by the Taq polymerase.
This sequence covers the longest possible upstream sequence that does not contain an NcoI
restriction site for easy cloning into the pCAMBIA vector. It also includes the 5’UTR and
a part of the last exon of a gene on the complementary strand (At5g54110). Both cloned
sequences contain all the promoter elements described in Tables 3-14.

Figure 3-31. Genomic surrounding of AtSlp1 and AtSlp2 genes (black arrows) with the
cloned promoters shown as red arrows. Surrounding genes are shown as grey arrows. The
AtSlp1 promoter spans a region of 2989 bp upstream of the start codon and includes a
complete gene on the opposite strand (At4g27590). This promoter sequence covers the
complete genomic sequence that lies between AtSlp1 and the gene in front, At4g27595. The
AtSlp2 promoter sequence is 1989bp long and includes the 5’UTR and stretches into the
last exon of At5g54110. This length was chosen because it is the longest part that does not
include an NcoI site and was therefore easily fused to the GUS gene in pCAMBIA 1301. The
distance between At5g54100 and the next upstream gene on the same strand is ca. 20kbp.
The figure reflects the true distances and gene lengths as obtained from TAIR. The scale bar
represents 1000bp length. The whole figure is drawn to this scale.
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The promoter insertions were verified by sequencing and further amplified with primers
that contained additional restriction sites (PstI and NcoI). These sites were used for ligation
into pCAMBIA 1301 to create the GUS fusions. The start codon for the GUS expression is
localised within the NcoI restriction site. Figure 3-32 shows a schematic presentation of the
final T-DNA created by this fusion. The GUS gene inside this vector consists of two exons
that are separated by a catalase intron to avoid expression in bacteria during the cloning
procedures.

GUS exon 1

PstI
CMVA Hygrom.R.
T-border
Left

CMV35S

Promoter AtSlps

pUC18 MCS

NcoI
START

Catalase intron
GUS exon 2

STOP NosA
His tag

T-border
Right

Figure 3-32. Schematic presentation of the AtSlp promoter-GUS fusion constructs inside
pCAMBIA 1301. The AtSlp promoter sequences (red arrow) were cloned using the PstI site
of the pUC18 multiple cloning site (MCS) and NcoI that contains the ATG codon of the GUS
reporter gene. The GUS gene in this vector lies in frame with a 6xHis tag before the stop
codon. The T-DNA also contains a hygromycin resistance (Hygrom.R.) gene for plant
selection. Abbreviations are: CMVA (Cauliflower mosaic virus poly A), CMV35S (Cauliflower
mosaic virus 35S promoter), START (start codon), STOP (stop codon), NosA (Nopaline
synthase poly A).

These constructs were transformed into Agrobacterium tumefaciens (strain GV3101) and
used for stable transformation of Arabidopsis wild type plants (Col-0). Hygromycin
resistant plants were selected and further propagated until the second generation (T2). A
series of transgenic plants for both constructs was grown under long day light conditions
(16 hours light, 8 hours dark) either in liquid MS medium supplemented with 0.5%
sucrose, on MS agar plates or on soil and harvested as a whole for GUS staining reactions.
Plants were assayed at different developmental stages from each growth condition. Figures
3-33 to 3-35 are a selection of images from transgenic plants carrying the AtSlp1
promoter-GUS fusion construct and Figures 3-36 to 3-37 are images taken from AtSlp2
promoter GUS fusion plants. Details about age and growth condition of each image are
given in the figure legends. Overall, the tissue distribution pattern between the AtSlp1 and
the AtSlp2 promoter activities are virtually identical. Both promoters are active at high
levels just after germination and in very young seedlings (2 and 3 days old, Figure 3-33 A
and B, Figure 3-36 A). The GUS stain is mainly localised to the cotyledon tissues and in
the hypocotyls. Once the radicle has elongated, GUS stain is also visible inside the
seedling roots (1-33 B). No stain localised to the root tip was observed with either
construct. When the seedlings are older (10 days, Figure 3-33 C), the stain is mainly
localised to vascular tissue in the stem, leaves and roots. The stain is strongest in the stem.
At this stage (13 days old) and when grown in liquid medium, leaves also have intense
GUS stain in stipules at the base of the growing rosette (1-33 D) and in hydathodes (1-33 E
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and 1-36 D). The very prominent stain in stipules was also observed in plants grown on
soil and on plates and is a feature that occurs with both constructs (1-36 B and C). The
AtSlp1 promoter was also active in guard cells (Figure 3-33 F-G, 21 days old), but only
when the plants were grown submerged in liquid medium. This staining type was never
observed on plants that were grown in air on soil. An example of a GUS-stained leaf from
a soil-grown plant (34 days old) is shown in Figure 3-33 H. In mature plants grown under
this condition, the stain is still mainly localised to the vasculature tissue throughout the
plant in leaves, the stem and in roots. A 20 days old plant is pictured in Figure 3-34 A for
the AtSlp1 promoter and in Figure 3-36 B and E for the AtSlp2 promoter. The overall stain
is rather weak for both constructs in these plants and specifically localised to only few
tissues. Both constructs give stronger staining intensity inside the emerging inflorescence
stem (1-34 B and 1-36 E), which is probably localised inside or around the shoot
vasculature. Leaves from mature GUS-stained plants from the AtSlp1 promoter fusion
construct were sectioned in a cryomicrotome. They were mounted in embedding resin,
frozen and 20-40μm thick sections prepared. These were collected and mounted in a waterbased reagent (Aquatex) prior to imaging on a light microscope. However, all the sections
prepared were of low quality because of smearing effects caused during the cutting. An
example of a 40μm leaf cross section is presented in Figure 3-34 C. It is difficult to
localise specific staining from this image, but most of the GUS stain is probably associated
within the vascular tissue, but also in the surrounding cells. Further attempts to obtain
clean sections were not made.
Examples of two very mature whole rosettes (36 days old) from each construct are shown
in Figure 3-34 D (AtSlp1) and 1-36 H (AtSlp2). The staining pattern looks identical and is
mainly associated with vascular tissue in the leaves. Weak staining in roots was observed
for AtSlp1 (Figure 3-34 F). More prominent root stain was observed in younger plants of
the AtSlp1 construct grown on soil (23 days old) in the root vasculature. In the shoot tissue
after flower transition, AtSlp1 promoter driven GUS stain was observed mainly in
emerging inflorescence buds and around them in the stem at the point of branching (Figure
3-34 G, 36 days old plant grown on soil). Emerging buds were also stained with the AtSlp2
promoter construct (Figures 3-36 F and G, 23 and 38 days old respectively), especially
inside the developing flowers. Curiously the AtSlp2 promoter GUS fusion plants also
showed defined spots of high GUS stain intensity at the branch points along the stem (see
Figure 3-36 I red arrowhead). The strongest staining patterns were observed for both
promoter constructs inside flowers. The stain was clearly localised to pollen grains from
various flower stages.
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Figure 3-35 A-D gives several examples for inflorescence stain patterns obtained with the
AtSlp1 promoter construct. Images A and B are from 23 days old soil-grown plants, and
images C and D from 34 days old plants. Image A shows flowers at a fairly young stage
with very prominent stain inside the anthers. Picture B shows a fertilised opened flower
with an emerging silique where GUS stain is localised at the bottom, and also at the bottom
of the stigma. Image C is a magnified part of image D of a fertilised flower with attached
pollen grains. The pollen grains still attached to the anthers are heavily GUS stained. Very
similar pictures can be seen with the AtSlp2 promoter GUS construct. Figures 3-37 A-D
are all taken from flowers of 34 days old soil-grown plants. Image A shows a fertilised
flower with heavily stained pollen grains and some stain located on the stigma tissue.
Image B is a magnification of a similar flower that clearly shows stained pollen grains but
hardly stain on the papillae. Instead, it is probably the underlying pistil/stigma tissue that
has some blue stain. Picture C is a magnification of anthers with pollen grains. It is clearly
visible that the anthers itself are not stained in contrast to the pollen grains. Image D shows
a growing silique with the same staining pattern as seen in Figure 3-35 B. The growing tip
and the bottom are GUS stained, whereas the middle part containing the ovaries is
unstained.
In summary, both AtSlp promoters drive GUS expression in the same tissue types
throughout development. The promoters are more active in young seedlings than in leaves
of mature plants. Flowering plants have high promoter activity in pollen grains but not in
other parts of the inflorescence. There are only minor differences between the two
promoters. In particular, the guard cell stain seen with the AtSlp1 promoter construct in
liquid-grown plants has not been observed (or was too weak to be visible) in the AtSlp2
promoter plants. In plants grown on soil this guard cell stain was never observed, even
when the plants were kept under a propagator to keep the humidity conditions high. It was
also notable that general staining in liquid MS medium supplemented with 0.5% sucrose
was much stronger compared to growth conditions in air. This might be down to the
extreme humidity conditions or linked to the transpiration state under these growth
conditions. Whatever the exact reason is, both AtSlp promoters are induced under these
conditions. The AtSlp1 promoter gives overall higher GUS expression than the AtSlp2
promoter. This is probably not linked to the different length but due to the individual
response elements located in these sequences. It is therefore likely that AtSlp1 is the higher
expressed Arabidopsis stomatin-like protein.
These observations agree in some, but not all aspects with the microarray data from the
eFP browser. The strong stain in pollen is also seen in the microarray experiments (Figure
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3-23), but these predict only expression in the developing pollen grains, and no expression
in mature pollen. What is stained in these GUS stains are probably pollen grains from all
stages. The eFP browser also predicts high expression in the ovaries and other flower parts,
which are not seen in the promoter-GUS fusion plants. For seedlings, the eFP browser
indicates the strongest expression in the radicle, followed by the hypocotyls and the
cotyledons (Figure 3-22). The opposite picture is seen in these stains. The strongest stained
parts of the seedling are the cotyledons followed by the hypocotyls and only weak or no
stain in the radicle (Figure 3-33 and 1-36). The eFP browser also suggests strong stain in
the shoot apex, but this was not observed in these experiments. The majority of stain seen
in leaves and roots was clearly associated with vascular tissue. Neither in the stem nor in
the roots did the eFP browser data show high transcript levels (Figure 3-23) that originate
from the xylem/cork or root stele tissues. Instead the highest expression levels are
predicted in the epidermis and atrichoblasts, which cannot be confirmed by the promoterGUS stains. The eFP expression levels in leaves of a growing rosette agree with the
observed stains. More stain is seen in early leaves than in later ones. Between the root and
the leaves, the GUS stains indicate higher overall expression in the leaves in agreement
with the eFP browser (Figure 3-22). The staining pattern of these promoter-GUS fusion
plants does correspond roughly with the microarray data, but seems different in some
details. These are two very different approaches with very different sensitivities for the
investigation of the tissue expression pattern and can only be compared on a crude level.
Additionally, both approaches do not reflect the true situation on the protein level. This
aspect is the topic in section 3.5.4.
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Figure 3-33. AtSlp1 promoter-GUS fusion stains. Plants were grown either in liquid 0.5x MS
medium with 0.5 % sucrose, on agar plates containing 0.5x MS and 0.5 % sucrose, or on soil
under long day light (16 h light, 8 h dark).
A) 2 days old seedling grown in liquid medium.
B) 3 days old seedling grown in liquid medium.
C) 10 days old seedling grown on an agar plate.
D) and E) Details from 13 days old seedling from liquid medium.
F) and G) leaves from 21 days old plants grown in liquid medium.
H) Leaf from 34 days old plant grown on soil. All scale bars represent the distance written
in each picture.
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Figure 3-34. AtSlp1 promoter-GUS fusion stains from more mature plants. Growth
conditions were as described in Figure 3-34.
A) 20 days old plant from soil
B) and C) 23 days old soil-grown plant and 40μm thick cross section from a leaf
D) Rosette from a 36 days old plant grown on soil
E) Roots from a 23 days old soil-grown plant.
F) and G) Root and branch from a 36 days old plant grown on soil.
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Figure 3-35. Inflorescence organs from AtSlp1 promoter GUS stained plants. Growth
conditions are as described above.
A) and B) Whole flowers from 23 days old soil-grown plants.
C) and D) Flower details from 34 days old soil-grown plants.
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Figure 3-36. GUS stained plants carrying the AtSlp2 promoter construct. Growth conditions
are as described before.
A) 3 days old seedling grown in liquid MS medium.
B) Rosette from 13 days old plant grown on soil.
C) and D) Details from a 13 days old seedling grown in liquid MS medium.
E) and F) Inflorescence stem and rosette details from 23 days old soil-grown plants.
G) and H) Inflorescence and rosette from a 38 days old plant grown on soil.
I) Stem and branch from a 34 days old soil-grown plant. The red arrowhead marks the GUSstained blue spot a the branching point.
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Figure 3-37. Inflorescence details from AtSlp2 promoter-GUS fusion plants. All images are
taken from 34 days old plants grown on soil.
A) Fertilised flower with stained pollen and stigma.
B) Magnification of the stigma tissue.
C) Anthers with stained pollen grains.
D) Growing silique with stigma and ovaries.
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3.5.3.4 Stress and hormone treatments of promoter-GUS fusion
plants
To complement the data from section 3.5.2 on transcription changes seen after stress
treatments, the transgenic promoter-GUS fusion plants were grown in the same fashion and
treated with the same reagents or stresses. Five seeds of each line were sown into 24 well
tissue culture plates each containing 1ml volume of half strength MS medium
supplemented with 0.5% sucrose. The plants were grown for 10 days while rotating at 50
rpm under long day light conditions. On day 11, treatments were commenced by adding
hormones straight into the medium of an individual well or by transferring seedlings into
fresh medium on a new plate for treatments with cold or irradiation with UV-B light. After
8 hours, the seedlings were harvested and assayed for GUS-activity as described before.
For each promoter-GUS line, two controls were harvested: the first one before the
treatments were started (time= zero), and the second one after 8 hours without treatment in
the same plate as the treated plants. Table 3-15 contains a summary of all the treatments
and the solvents that were used.

Well no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Reagent
Control t=0
NaCl
H2O2
NAA
IBA
2,4D
Mannitol
ABA
NAA
IBA
2,4D
Kinetin
Kinetin
Brassinolide
GA
SA
UV-B
Cold
Control t=8h
Brassinolide
GA
JA
UV-B
Cold

Final concentration
N/A
150 mM
10 μM
5 μM
5 μM
5 μM
500 mM
50 μM
5 μM
5 μM
5 μM
5 μM
5 μM
1 μM
10 μM
50 μM
15 minutes
8 hours
N/A
1 μM
10 μM
50 μM
15 minutes
8 hours

Solvent
N/A
H2O
H2O
EtOH
H2O
EtOH
H2O
MetOH
EtOH
H2O
EtOH
0.1N NaOH
0.1N NaOH
EtOH
EtOH
EtOH
N/A
N/A
N/A
EtOH
EtOH
EtOH
N/A
N/A

Table 3-15. Summary of hormone and stress treatments of promoter-GUS plants in a 24 well
plate format. Each number corresponds to the well treated. The final concentration in each
well is given together with the solvent used to prepare the 1000x stock solutions for the
hormones. Stocks for NaCl and Mannitol were 5 M and 1 M respectively.
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Some of the treatments were done in duplicates: NAA, the auxin IBA (indole-3-butyric
acid), the synthetic auxin 2,4D (2,4-dichlorophenoxyacetic acid), the cytokinin kinetin, the
brassinosteroid brassinolide, GA (gibberillic acid), UV-B (15 minutes irradiation on a UV
transilluminator), and cold treatment (8 hours at 4 ºC). Figure 3-38 shows photographs of
the two treated plates after the tissue was cleared and fixed in an ethanol:acetic acid
mixture (3:1). Compared to the control wells 1 (time zero) and 19 (8 hours), only few
treatments caused major differences in the overall stain intensity. For the AtSlp1 promoter,
treatment with 150mM sodium chloride (well 2) increased the GUS intensity slightly
compared to the untreated control stained at 8 hours. A slight increase was also observed
with the AtSlp2 promoter construct (lower panel in Figure 3-38). This mild upregulation in
the presence of salt agrees with the microarray data from the eFP browser (Figure 3-26)
and the Northern blots (Figure 3-28 D). However, only root tissue showed upregulation of
AtSlp1 in the microarray experiments. The image in Figure 3-38 gives the impression that
mainly leaves are more intensely stained by GUS activity. A more obvious change in
promoter AtSlp1-GUS plants could be seen in wells 5 (IBA), 11 (2,4D) and 12 (kinetin)
which all caused upregulation of the GUS stain intensity. An increase caused by auxins
was also observed with the promoter AtSlp2 construct in wells 11 (2,4D) and 4 (NAA).
However, with both constructs only 1 of the 2 treated wells showed this increase (compare
wells 5 and 10 (IBA), 11 and 6 (2,4D), 12 and 13 (kinetin) for AtSlp1 and wells 11 and 6
(2,4D), 4 and 9 (NAA) for AtSlp2). Treatment with auxins caused no or only very minor
changes according to the eFP browser data (not shown), but changes were observed when
NAA was applied as seen in Figure 3-28 A and B at the same time point for both genes.
Kinetin treatment only provoked an obvious change in the AtSlp1 promoter-GUS plants,
but hardly anything could be seen with the AtSlp2 promoter-GUS plants. However, these
plants showed little GUS stain intensity in the corresponding controls, which makes it
difficult to assess small changes as judged by the visual difference only. It seems that
treatment with cytokinins generally elevates AtSlp1 gene transcription, but much more
pronounced when t-zeatin is used (see response from Northern blot Figure 3-28 A).
Treatment with giberellic acid (GA) also caused activation of the AtSlp promoters
compared to the 8h control (well 19), as seen particularly in wells 15 and 21 of the
promoter AtSlp1 plate, and in well 15 (although weaker) of the promoter AtSlp2 plate.
This finding also agrees with the results seen in the eFP browser data (Figure 3-25). Within
30 minutes of adding GA, the AtSlp transcripts showed mild upregulation. In the eFP
experiment, only 1 μM GA was used and the response measured after 30 minutes, whereas
for the promoter-GUS plants treatment 10μM were used and a period of 8 hours. Curiously
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the AtSlp transcripts are strongly upregulated in the ga1-5 mutant according to eFP, which
has impaired GA biosynthesis (Huttly & Phillips, 1995;Phillips et al., 1995). The finding
from this promoter-GUS plant treatment experiment might suggest that there are indeed
GA-specific effects on AtSlp expression and there might be some compensatory
upregulation in this GA deficient mutant.
Treatment with cold (8 hours at 4 ºC) also caused high activation of both promoter-GUS
transgenic plant lines (wells 18 and 24) grown in liquid culture to a similar extent. This
type of treatment however was not reflected by the microarray data obtained from the eFP
browser (data not shown). Virtually no change was observed in these experiments (2
replicates) over a time course of 24 hours. Treatment with 50 μM ABA resulted in no
visible change for the AtSlp1 promoter-GUS plants, but a slight increase in GUS activity
was observed for the AtSlp2 promoter-GUS plants (well 8) compared to the two control
wells (1 and 19).
The strongest upregulatory effects however where observed 8 hours after a 15 minutes
irradiation period with UV light (wells 17 and 23) with both promoter-driven constructs.
These results completely agree with the data from the microarrays (Figure 3-27) that show
high transcription induction 3 and 6 hours after a 15 minutes irradiation period. The
response is equally strong with both promoter-GUS constructs as can be easily seen when
wells 17 and 23 are compared with the two controls in wells 1 and 19. This experiment was
repeated again under similar conditions. Seedlings carrying the same constructs were
grown for 14 days in a 12 well tissue culture plate submerged in the same liquid medium
as described above. Half of the seedlings were left untreated, and the other half were
irradiated with UV-B light for 15 minutes before being transferred back into the growth
room. After 6 hours the plants were harvested and assayed for GUS expression. The result
of this experiment is shown in Figure 3-39 (A). A clear upregulation with both constructs
can be seen 6 hours following the UV irradiation.
To clarify whether this promoter and transcript induction can also be seen on the protein
level, wild type plants were grown on MS agar plates or in liquid culture and treated in the
same way. 6 hours after the UV irradiation, plants were harvested, a crude protein extract
prepared and run on a SDS-PAGE gel followed by Western blotting. Figure 3-39 (B)
shows the blot probed with anti-AtSlp1. Treatment with UV light of plants grown in liquid
culture did not have a major effect on the protein amount detected by the antibody.
However, plants grown on agar plates did show a visible difference between the control
and the UV-treatment. This accumulation of Slp1 protein is present independent of sucrose
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in the medium. Growth of seedlings in liquid culture clearly induced AtSlp1 protein
expression when both controls from liquid medium and agar plates are compared. It is
likely that the high amount of AtSlp1 present in the liquid-grown seedlings overshadows
the induction by UV irradiation. Combined with the previous results, treatment with UV
light does cause changes in AtSlps that are reflected on the level of the promoter induction,
transcript accumulation and also protein amount.
These experiments are a crude attempt to study promoter activation and therefore
transcription, but they do add evidence to some of the published microarray data and the
transcript analysis by Northern blotting. Treatments that caused the same changes in all
three experimental setups (eFP data, Northern blots and promoter-GUS stains) include salt
stress, application of GA and cytokinins, and irradiation with UV-light. Other treatments
such as the application of auxins and auxin transport inhibitors did not change transcript
levels according to the microarray data, but did induce transcript levels as seen by
Northern blotting and promoter activation. An upregulating response to cold treatment was
only observed with the promoter-GUS plants, but not confirmed by the microarray data. In
summary, conditions that caused changes seen in all three setups are the ones that most
likely reflect real changes in transcript levels. These changes apply equally for AtSlp1 and
AtSlp2.
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Figure 3-38. Stress treatments of AtSlp promoter-GUS fusion plants in 24-well tissue culture
plates. Both plates were treated with identical chemicals as outlined in Table 3-15. The
numbers correspond to each treated well. Plants that had to be transferred to a fresh plate
for treatment with UV-B light and cold were put back after the treatment was finished to
assay GUS activity.
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Control

UV (15 min)

A)

P(Slp1)::GUS
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B)

MS liquid+suc
C

UV-B

MS agar+suc MS agar
C

UV-B

α-Slp1
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(Ponceau S)

Figure 3-39. UV-B treatment of promoter-GUS transgenic plants.
A) Plants were grown in a 12 well plate format for 14 days and then irradiated with UV light
for 15 minutes. The plates were transferred back to the growth room and plants were
assayed for GUS activity after 6 hours. The upper panel are seedlings carrying the promoter
AtSlp1 construct, and the lower panel shows images taken from the promoter AtSlp2
constructs. Untreated seedlings are shown on the left side, and irradiated plants on the
right side.
B) Western blot of UV- treated wild type plants grown either in liquid MS medium with 0.5 %
sucrose (MS liquid+suc), or on MS agar plates with sucrose (+suc) or without (MS agar). The
blot (upper panel) was probed with anti-Slp1. The Rubisco band seen on the Ponceau S
stain is shown in the lower panel as a loading control. Abbreviations are: C (control
untreated), UV (irradiated for 15 minutes).
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3.5.4 Tissue distribution of AtSlps on the transcript and on the
protein level
In the final part of this section the tissue distribution patterns of AtSlp1 and AtSlp2 were
directly assessed by RT-PCR and Western blotting.
For the RT-PCR, organs (roots, rosette leaves, cauline leaves, stem tissue, buds and open
flowers) from 8 week old flowering Arabidopsis wild type (Col-0) plants grown in short
day light conditions (9 hours light, 15 hours dark) were harvested and RNA extracted.
cDNA was synthesised and used as a template in PCR reactions with transcript-specific
primers for each gene. As a control, primers specific for the ubiquitin 10 gene from
Arabidopsis were used in parallel to distinguish for differences between the template
amount in each reaction. Figure 3-40 shows the results from the RT-PCR reactions. A
relatively high number of cycles was necessary to amplify AtSlp1 and AtSlp2. For Slp1, 30
cycles were sufficient to amplify transcripts that were just at the limit of detection for
samples from cauline leaves and roots. By contrast, transcript levels from buds and
fertilised flowers were saturated with this cycle number. Overall, AtSlp1 transcripts in the
flowering plant are highest in the inflorescence organs, followed by much lower levels in
the stem and the rosette leaves. The lowest levels are present in the roots and the cauline
leaves. Amongst the flowering organs, expression was slightly higher in closed buds
compared to fertilised flowers. For rosette leaves, two different samples were taken: one
from a plant that had not reached flower transition and the other from a plant that had
already started flowering. The AtSlp1 transcript is present at slightly elevated levels in
rosette leaves from the non-flowering plant compared to leaves from the flowering plant.
This pattern occurs identically in the data from the eFP browser (Figure 3-22).
AtSlp2 is expressed at even lower levels in the same organs as AtSlp1. For this gene, 32
cycles of PCR were not enough to amplify the transcripts in organs such as roots and
cauline leaves. As seen with the AtSlp1 transcript, mRNA levels in flower organs were
highest throughout the plant. The transcript was also detectable in stem tissue and rosette
leaves, but hardly in root samples and cauline leaves. After these numbers of cycles, the
samples from buds and fertilised flowers, and the bands obtained with the ubiquitin 10
primers were all saturated. Flowering plants also have reduced AtSlp2 levels in their
rosette leaves compared to non-flowering plants. Overall, the tissue expression pattern on
the transcript level between both genes looks identical. As seen in the promoter-GUS
assayed plants, strikingly high levels of transcription are detected in flowers. This
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observation also agrees with the microarray data (Figures 3-22 and 3-23). Taken all these
results together, developing pollen grains contain the high transcript levels in Arabidopsis
inflorescences. Considering the overall expression pattern as seen with the GUS stained
plants, the RT-PCR confirms most of the observations made with some exceptions. Stem
tissue for example did not appear to be heavily stained in the GUS plants (Figures 3-34 and
3-36), but it shows transcript levels in the RT-PCR that are as high as those in rosette
leaves. In summary, data obtained by RT-PCR, microarrays and promoter-GUS stains all
point towards an identical expression pattern between AtSlp1 and AtSlp2. It seems that
they are regulated by the same or similar stimuli and are therefore most likely expressed in
the same tissues and cells also on the protein level.

Root Rosette Cauline Stem

Bud

Flower

Flowering
(Rosette leaves)

-

+

Slp-1
30 cycles

Slp-2
32 cycles

UBQ10
30 cycles

Figure 3-40. RT-PCR on Arabidopsis organs. For all genes, the same amount of template
was used in each reaction. For AtSlp1, 30 cycles of PCR were performed, and 32 cycles for
AtSlp2. The ubiquitin 10 transcript (UBQ10) is saturated with this amount of cycles, as are
the inflorescence samples. “+” and “-“ in the right panel indicate whether the samples were
taken from plants that flowered (“+”) or not (“-“).

To investigate the tissue expression pattern on the protein level, the same organs as
described above plus siliques were harvested and proteins extracted. Figure 3-41 shows
two Western blots, the upper one probed with anti-Slp1 (part A) and the lower one with
anti-Slp2 (part B). Surprisingly, the distribution of AtSlp1 protein does not completely
resemble the tissue expression as seen with the RT-PCR above. In contrast to its transcript
levels, the AtSlp1 protein was present in higher amounts in the root tissue, and in lower
amounts in the rosette leaves. In agreement with the RT-PCR and the promoter-GUS
fusion results, the protein expression pattern looks otherwise identical. The highest
amounts of protein were found in the flowers, particularly in the buds, followed by opened
flowers. The protein level in the stem was approximately the same as in the roots. Siliques
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also expressed AtSlp1, but at a lower level. Protein expression in the rosette and cauline
leaves was identically low according to this blot. For AtSlp2, the band that is assumed to
represent the protein was not present in roots at all, but strangely enough at high levels in
the cauline leaves. Upon longer exposure time, bands of various molecular weights also
appeared in the stem, flower and silique samples. With respect to the observations made
with the promoter-GUS plants and the eFP data, the protein expression pattern as seen on
this Western blot was most likely not representative of the real situation. It is assumed that
the antibody raised against the peptide epitope located in the AtSlp2 N-terminus was not
specifically recognising this protein. Probably AtSlp2 is also present at very low levels as a
protein (see RT-PCR) and might not be visible on a Western blot with this quantity of
background bands.
The differences seen between the expression of AtSlp1 in RNA and protein extracts from
roots and rosette leaves are surprising. The finding that the protein is present in higher
amounts in the roots compared to the leaves might point towards some kind of posttranslational modification that ensures high protein content in the roots but not in the
leaves.

228

A)

Root

Rosette Cauline

Stem

Bud

Flower

Silique
47.5

α-AtSlp-1
Rubisco

(Ponceau S)

B)

Root

Rosette Cauline

Stem

Bud

Flower

Silique

α-AtSlp-2
47.5

32.5

25

32.5

Rubisco

(Ponceau S)

Putative AtSlp2

Figure 3-41. Western blots of protein extracts from organs.
A) Western blot probed with anti-Slp1. Approximately 10 μg of protein was loaded in each
lane according to the Amidoblack protein assay. The Rubisco band from the Ponceau S
stain is shown underneath. The number indicates the molecular weight marker.
B) Western blot probed with anti-Slp2. The panel in the middle represents a section from the
blot above but with a longer exposure time. Numbers indicate molecular weight markers.
The green arrowhead marks the presumed position of the Slp2 protein. Additional bands
appear upon longer exposure time in the region of the 32 kDa marker band (mid panel). The
rubisco band from the Ponceau S stain is shown underneath as a loading control.
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3.6 Discussion
3.6.1 Phylogenetic relationship between AtSlps and other band-7
family proteins
Out of the Arabidopsis band-7 family, there are only 3 proteins that can be classified as
stomatins based on their additional signature sequence as described in section 3.1.2 and
listed in Table 3-1. These proteins include the two stomatin-like proteins (AtSlp-1 and
AtSlp-2) and one member of the HIR proteins (Nadimpalli et al., 2000), At3g01290.
Despite the presence of this additional domain in the HIR protein, these proteins actually
share only very little sequence and structural identity. The phylogenetic tree in Figure 3-1
groups Slps and HIR proteins together, but the At3g01290 protein is not even the closest
related HIR protein. Instead, At5g51570, a protein with no stomatin signature, is the next
neighbour in this tree. The protein product of At5g51570 has no clearly predicted target
sequence, and it has not been identified in proteomics studies so far. The four HIR proteins
resemble proteins from other plant species that are upregulated during the hypersensitive
response and in lesion mimic mutants (Nadimpalli et al., 2000). None of these HIR
proteins has so far been investigated in further detail, nor is it clear what the functional
implications of the band-7 domain and the stomatin signature sequence are. All of the HIR
proteins are associated with membranes (TAIR). With the exception of At5g51570, the
remaining three proteins are supposedly localised to the plasma membrane (Chen et al.,
2007b), (Marmagne et al., 2004). The proteins encoded by At3g01290, At5g51570 and
At5g62740 are additionally post-translationally modified by N-myristoylation to facilitate
membrane attachment.
Surprisingly, the overall identity between Slps and all other major groups of the
Arabidopsis band-7 family (prohibitins, HIRs and flotillin-like) is very low (10-18 %) and
probably restricted to the region of the band-7 domain. Apart from the HIR proteins, the
next related group of proteins includes the erlin-like protein that has an overall similar
level of identity to the Slps as the HIRs have. The flotillin-like proteins from the same
subgroup have the least identity, on average only 10 %. Thus, stomatin-like proteins take a
unique place in the phylogeny of the Arabidopsis band-7 family.
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Amongst stomatins from animals, yeast and plants, AtSlps are clearly grouped together
with stomatin-like proteins of type 2 from mammals and yeast (Figure 3-2). This subfamily
has already been suggested to have evolved by a duplication event in a prokaryotic
ancestor and was classified as “paraslipins” (Green & Young, 2008). The studied members
of this group are all localised to mitochondria, which is linked to their evolution from
prokaryotes in the course of the mitochondrial endosymbiosis. Amongst the plant stomatin
sequences, a protein from grape (A7P6L9) shares the highest level of identity with AtSlp1,
followed by a protein fragment from the moss Physcomitrella. Plant stomatins from
monocotyledons are the next related proteins, followed by a protein from Chlamydomonas.
The close relationship between Arabidopsis stomatin-like proteins and a protein from a
mosss comes as a surprise, since AtSlps would have rather been expected to be closer
related to stomatins from monocotyledon species. However, one has to keep in mind that
the Physcomitrella protein is only a fragment (292 amino acids) obtained by shotgun
sequencing and might align differently if the complete protein sequence would be used.
The HIR protein At3g01290 does not align in one clade with the remaining plant proteins
and curiously groups with the bacterial HflK protein. Apart from the position taken by the
moss protein in the tree, the overall sequence distribution reflects the evolution of higher
plant species from unicellular algae. It is also obvious that the HIR proteins do not have the
typical hallmarks of stomatin-like proteins of the type 2 and are therefore likely to have
different functional implications. This special position amongst the stomatins is also
reflected by the tree in Figure 3-3, that contains all band-7 family members. All HIR
proteins group together and form a separate clade. A second independent clade is formed
by the “paraslipins” (or stomatin-like proteins of type 2) clearly highlighting the
uniqueness of this subgroup from the remaining stomatins and other band-7 family
proteins. Amongst the representatives from yeast, two proteins from C.albicans (Q5A411)
and P.stiptilis (A3LYB1) are separated from the other yeast proteins as also seen in Figure
3-2. As mentioned before, not all yeast species possess stomatin proteins. Saccharomyces
cerevisiae for example only expresses two prohibitin proteins, but no stomatin. This
example suggests that stomatins might not be vital proteins and that their roles might be
taken over by other band-7 proteins such as prohibitins. Such an assumption implicates a
certain level of redundancy amongst the members of the band-7 family. Interestingly it has
been shown that human Slp2 can physically interact with human prohibitin-1 and –2, and
that reducing the amount of Slp2 has effects on the stability of the prohibitins (Da Cruz et
al., 2008). This provides evidence for a certain level of inter-dependence between different
band-7 family proteins at least in one example. Thus it seems that during the course of
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evolution, certain organisms have probably evolved alternative mechanisms encoded by
similar proteins.
The role of the stomatin signature sequence is not at all clear, especially in relation to the
band-7 domain. These two domains span almost identical regions in proteins with the only
difference being that the stomatin domain is actually composed of several short stretches of
amino acids, whereas the band-7 domain is defined as a continuum (see Uniprot and
InterPro databases).
The sequence alignments provided in Figures 3-4 and 3-5 (A-C) mainly highlight the high
degree of conservation inside the band-7 domain sequences between very diverse species.
The similarity between Arabidopsis and human Slps is high beyond the band-7 domain, but
not at the N-and C-termini. Remarkably, a cysteine residue lying inside the band-7 domain
is conserved. This turns out to be a hallmark for stomatin-like proteins of type 2. The
sequence alignment between stomatins from a wide range of species reveals that this
particular amino acid is only conserved between members of the paraslipins with the
exception of the protein from Chlamydomonas (A8JI52). This residue could be acylated
and aids in membrane anchorage of these proteins. A palmitoylated cysteine site has been
identified in the human stomatin protein (Snyers et al., 1999b) and the prospect of this
post-translational modification in AtSlp1 is further investigated in chapter 4. The cysteine
is replaced by hydrophobic residues (valine or isoleucine) in some of the other stomatin
sequences. Overall, only three residues are completely conserved between the stomatin
sequences in Figure 3-5. It is not immediately obvious what kind of implications these
residues might have for the protein structures. Aspartate carries a negative charge and
could have several important structural functions. An alanine that is conserved amongst all
Arabidopsis band-7 proteins is also present in some of the Slp2 proteins, notably in the
mammalian members and in the yeast proteins, but rather intriguingly not in proteins from
monocotyledons. As for the other conserved residues, it is impossible to imply whether this
residue is of any specific importance.

3.6.2 Structural features of Arabidopsis stomatins and human
Slp2
Overall, it appears that AtSlp1 is structurally more similar to HsSlp2 than is AtSlp2.
AtSlp1 and the human protein have a hydrophilic C-terminus and a similar hydrophathy
profile. Between the two Arabidopsis proteins, the hydrophobicity profile is only similar in
the central part. The AtSlp2 protein has a unique N-terminus with distinct hydrophobic
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stretches that do not occur in AtSlp1 and HsSlp2. The predictions for the transmembrane
regions in the band-7 domain of the Arabidopsis proteins are based on very low probability
scores and are therefore not truly membrane-spanning. Instead, it is proposed that these
hydrophobic areas serve in membrane anchorage via a hydrophobic loop insertion, as is the
case for the human stomatin protein, human Slp2 and other SPFH proteins (Browman et
al., 2007;Bauer & Pelkmans, 2006;Hajek et al., 2007). Thus, despite their sequence
diversities outside of the band-7 domain, the overall conformations of all stomatin-like
proteins are actually fairly similar. Membrane association is further facilitated by
additional lipid anchors towards the end of the band-7 domain as outlined above.
Remarkably, all three proteins have positively charged, alpha amphipathic stretches in their
N-termini that act as putative targeting sequences (see chapter 4 for further investigation).
As mentioned before, the evolution of the stomatin-like proteins of this type (“paraslipins”)
(Green & Young, 2008) is thought to have occurred from a prokaryotic ancestor, and it is
likely that all of these proteins are localised to mitochondria.
All stomatin proteins are characterised by the presence of two conserved domains: the
band-7 domain and the stomatin signature sequence that is made up of several short
sequence blocks (Table 3-1 and Appendix 1). The stomatin signature domain as a whole is
shorter than the band-7 domain, but contains essentially the same elements (InterPro
database). The exact function of the band-7 domain (and thus, also the stomatin signature
domain) has been under debate for a long time. Since the proteins carrying this domain are
otherwise rather diverse, it has not been clear what their underlying common function
might be. Remarkably however, most of the band-7 proteins that have been characterised
so far are localised to membrane microdomains. In fact it is now assumed that this trait is a
hallmark of the whole protein family. It was only in the past four years, that new
fundamental concepts about the presence of the band-7 domain surfaced. It is now assumed
that the band-7 domain itself actively contributes to the formation of microdomains and
thus has the ability to cluster and assemble proteins. The first evidence for this concept
came from the C.elegans Mec-2 protein, a homolog of stomatin. The first investigation of
the Mec-2 band-7 domain reported a protein-interaction function that is necessary for the
regulation of the degenerin-like sodium channel Mec-4, and recruitment to the channel in
puncta along the plasma membrane of touch receptor neurons (Zhang et al., 2004). A
second study demonstrated the ability of the Mec-2 and podocin band-7 domains to bind
cholesterol. This function was dependent on the presence of a proline residue and lead to
the assembly and regulation of higher protein complexes important for touch sensation
(Huber et al., 2006a). A palmitoylated cysteine residue also contributes to this function of
the band-7 domain. Thus, it seems likely that the conserved cysteine in the AtSlps and the
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human Slp2 protein plays a similar important role. Cholesterol-binding of the band-7
domain is not restricted to stomatins, but was also demonstrated to be essential for correct
PM trafficking of human flotillin-2 (Langhorst et al., 2008).
The first solved protein structure of a band-7 family protein was the band-7 domain of the
mouse flotillin-2 protein (PDB entry 1win), (Miyamoto et al., 2004) Recently, the crystal
structure of the core domain of the prokaryotic stomatin PH1511 from the
hyperthermophilic archaeon Pyrococcus horikoshii was also solved (Yokoyama et al.,
2008b). Both structures resemble each other in an α/β domain. The prokaryotic protein
exists as a homotrimeric unit capable of interacting with other stomatin units via coiled
coils formed by one extended alpha helix per unit. Stomatin oligomerisation is known to be
mediated by a small set of hydrophobic residues close to the C-terminus. Three of those
residues- Isoleucine (I), valine (V) and phenylalanine (F)- are crucial for the protein’s
ability to be located in membrane microdomains (detergent-resistant membrane fractions)
(Umlauf et al., 2006). These residues are not completely conserved in HsSlp2 and in the
Arabidopsis Slps. The human Slp2 protein instead has the residues I-L-L and the
Arabidopsis proteins M-L-L. This tri-peptide is however followed by a completely
conserved proline residue that is part of the sequence crucial for oligomerisation, but not
required for microdomain association (Umlauf et al., 2006). The authors concluded that
stomatin oligomerisation is therefore not a prerequisite for microdomain association of the
protein. In summary, it is now accepted that the presence of a band-7 domain generally
enables assembly and putatively also regulation of higher protein-lipid structures in
membranes. Certain band-7 proteins such as stomatins are thought to regulate protein
complexes, whereas other functions might be to provide scaffolds and aid in the formation
of coats. For the Slps of type 2, it seems that most of the characteristics identified in human
stomatin are conserved and that the underlying principle of the band-7 domain is shared
amongst the whole family. Outside of the band-7 domain the Slp2 proteins might have
evolved additional features to adapt to unique functions.

3.6.3 Antibody production against AtSlp1 and AtSlp2
Two different approaches were chosen to obtain specific polyclonal antisera against both
Arabidopsis stomatin-like proteins. The choice of the type and position of the epitopes
proved crucial for the final result. Overexpression of a small part of AtSlp1 as an eptitopetagged fusion protein in bacteria resulted in a specific antibody that is capable of
recognising the AtSlp1 protein on Western blots from plant extracts. However, it was
recognised together with another, but weaker contaminating band of higher molecular
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weight (Figure 3-17). This epitope resulted in a good antibody because the area chosen was
predicted to be purely hydrophilic, surface exposed and most importantly non-toxic for the
bacterial host. The protein epitope for AtSlp2 on the other hand had to be taken from the
protein’s N-terminal end and could not be detected as a His-fusion protein on Coomassie
stained gels. Most likely the reason for this failure goes back to the design of the epitope.
The N-terminus of AtSlp2 contains a putative signal sequence for targeting to
mitochondria that probably had toxic effects for bacteria; however, no slowed bacterial
growth was detected when compared to bacteria carrying the construct with the AtSlp1
epitope. The protein was probably unstable in the host strain due to mistargeting or rapid
degradation upon translation. The epitope itself contained several hydrophobic elements
that might have also led to the formation of insoluble inclusion bodies. Additionally, its
small size might have rendered it unstable. To stabilise the protein, a larger GST tag was
fused to the N-terminus of the same epitope and attempted to be overexpressed and
purified in a different host strain. The GST fusion system supposedly generally gives
higher protein yields for otherwise unstable proteins in bacteria. Indeed, protein
overexpression was at last detectable on Western blots probed with a GST-specific
antibody. However, this approach also failed at the elution step from the GSH affinity
column. In this case, the elution can only be achieved by proteolytic cleavage with
thrombin. According to the Western blot in Figure 3-18, the overexpressed fusion protein
was detectable with a GST-specific antibody and present in both soluble and insoluble
fractions. After the cleavage however it could not be specifically detected any more on
Coomassie-stained gels. In the following steps it was not possible to purify sufficient
amounts for the immunisation of rabbits.
The alternative approach to obtain antibodies involved the design of short peptide epitope
sequences that were synthesised in vitro. They were injected directly into host animals as
conjugates to a carrier protein. In this case, two N-terminal epitopes for AtSlp1 and AtSlp2
were chosen to keep the antisera as specific as possible. For Slp1, the epitope did not result
in a good antibody. Most likely, this epitope lies within the mitochondrial targeting
sequence and is lost upon organellar import. Otherwise the absence of any specific bands is
not easily explainable with respect to the strong bands always observed with the other Slp1
antibody. The observation does hint towards the synthesis of this protein as a larger
precursor that is specifically cleaved following organellar import (for a more detailed
investigation into this topic see chapter 4). The peptide epitope from the N-terminus of the
AtSlp2 protein gave rise to antiserum. This resulted in bands on Western blots from plant
crude extracts, but it also resulted in a lot of background bands that appear much stronger
compared to what the assumed signal is. The peptide chosen to fuction as the antigenic
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epitope lies behind the predicted mitochondrial targeting signal (see chapter 4), and was
therefore not lost upon import. If the identified bands are indeed specific for AtSlp2, the
protein does appear smaller than it is predicted from the database (approximately 35kDa
compared to 43kDa), presumably because it is cleaved upon organellar import. It could
even be that AtSlp2 gives rise to a ladder of bands (as seen with the purified antiserum in
Figure 3-21) once it has been processed. However, this antibody failed to recognise the
35S overexpressed YFP fusion protein. One explanation for the lack of a fusion protein
band could be related to different folding in the presence of the C-terminal YFP tag. The
epitope might be buried even in the presence of SDS and therefore not recognised.
Alternatively, this fusion protein might not be stable and the N-terminal part is lost because
it might be cleaved proteolytically. This interpretation seems unlikely, since the complete
fusion protein was easily recognised by a monoclonal anti-GFP serum as a whole unit. It is
therefore difficult to assess the specificity of this antibody. With respect to the organ
distribution of AtSlp2 as judged by promoter-GUS staining and RT-PCR, it is hard to see
any clear correlation with the pattern seen on the Western blot in Figure 3-41. Both the
GUS stains and the RT-PCR gave identical results for AtSlp1 and AtSlp2, and this is also
expected on the protein level between the two proteins.
Taken together, epitopes overexpressed as fusion proteins in bacteria gave better results
than short and artificially synthesised peptides. This result is both linked to the choice of
N-terminal epitopes in this case, but also to the number of regions recognised as epitopes
by the immune system of the host animal. Peptide epitopes function as highly specific
antigens if they are recognised by the immune system. The resulting antiserum can be used
to address specific aspects of a particular protein if its epitope is not buried underneath the
surface. The correct folding of proteins overexpressed in bacteria is often an issue of
concern. However, the resulting protein epitopes give rise to more diverse and therefore
stronger immune responses than a single short peptide epitope. Proper folding is important
for the production of antibodies to be used for in silico studies such as
immunohistochemistry. In this case, the resulting antiserum is mainly used for the pure
purpose of recognising Slp1 in a denatured state and can be employed for further studies.

3.6.4 Tissue expression of AtSlp1 and AtSlp2 and changes upon
stress treatments
Three different methods were applied and compared to investigate the tissue expression
pattern of the Arabidosis stomatin-like proteins. Public microarray data, promoter-GUS
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fusion plants, RT-PCR and Western blotting all gave overlapping but also some divergent
results. Overall, the transcripts of these genes are mainly active in very young seedlings, in
imbibed seeds and the inflorescence, particularly in developing pollen. These tissues or
developmental stages have two things in common: the requirement for active growth
accompanied by changes in metabolism. This pattern between the two genes was
completely identical as judged by all three approaches. Thus, the fundamental question
arises how redundant both genes and their encoded proteins are. On the tissue level they
clearly appeared to be expressed together and thus might well act in one pathway. The eFP
browser does not allow us to distinguish between AtSlp1 and AtSlp2 transcripts. On the
promoter level, some differences exist that are reflected by subtle variations in the GUS
stains. Generally the AtSlp1 promoter showed stronger activity and the gene transcript and
protein were present at higher levels than AtSlp2. The guard cell stain was only observed
for the AtSlp1 promoter, but this finding does not exclude the possibility that AtSlp2 is
also expressed in these cells at a low level. The promoter-GUS stain is often not
particularly sensitive or absolutely specific. Between the results from these different
methods, major differences arise with respect to expression in flowers, roots and vascular
tissue. The promoter-GUS fusion plants showed the highest activity associated with the
vascular system throughout the leaves and the roots. By contrast, the prediction from the
eFP browser points towards strong expression in the epidermis and cortex, particularly in
roots. High levels of GUS activity were localised specifically to stipules. These are leaf
formations located between petioles in the rosette and contain highly metabolically active
cells that also display high auxin response activity (Ulmasov et al., 1997). Consistent with
the observations from other parts of the plant, the high stipule expression fits together with
the idea of phytohormone-regulated processes that involve metabolic changes.
The pattern of expression observed and predicted form the eFP browser in flowers was in
agreement on pollen grains, but according to the microarray data the transcripts are only
high in the first two stages of pollen development. By contrast, GUS staining was apparent
also in more mature flowers. With respect to the flowers otherwise, the eFP browser
predicts high level expression in sepals and carpels, both not observed by the GUS-staining
patterns. Additionally, the eFP browser data suggest strong expression in the shoot apices,
another observation that was not made with the promoter-GUS fusion plants. Between the
data from the organ protein extracts and RT-PCR, there is considerable disagreement
between samples from root tissue. According to Western blot analysis, the roots expressed
more Slp1 protein than the rosette and cauline leaves. This is also predicted by the eFP
browser in young seedlings and in plants that have been sampled after flower transition.
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Regardless of these details, the overall pattern in flowers and seedlings is confirmed by all
three methods. The high-level expression in the inflorescence is also indicated by some of
the promoter-response elements found in the AtSlp1 and AtSlp2 genes. Several elements
bind specifically to transcription factors known to be important for flower development
(Table 3-14). The AtSlp2 promoter is considerably richer in these elements. It appears that
the expression of this gene is more tightly regulated than AtSlp1.
Certain treatments with phytohormones, chemicals and abiotic stresses were predicted to
cause upregulation of AtSlps by the eFP browser data. Two additional approaches were
used to confirm these observations. Treatments of seedlings grown in liquid medium
followed by transcript analysis using Northern blotting confirmed some of the microarray
data. Additionally, promoter-GUS fusion plants were treated and assayed for changes in
GUS activity. Amongst these treatments, application of t-zeatin (and kinetin), auxins
(NAA, IBA and 2,4D) and to a certain extent gibberellic acid (GA) all had upregulatory
effects on AtSlp transcripts. The eFP browser does not show upregulation upon treatment
with auxins, but upregulation following treatment with the auxin efflux inhibitor TIBA.
These effects were confirmed by the Northern blot in Figure 3-28 C. The addition of TIBA
to seedlings resulted in a threefold enhancement of AtSlp1 transcript levels after 4 hours,
and to a lesser extent an upregulation of AtSlp2 transcript. The Northern blots reveal a
similar effect upon treatment with NPA with a similar temporary response. This effect was
not reported in the microarray results (not shown). Both TIBA and NPA inhibit auxin
efflux by affecting the cycling of PIN efflux carrier protein. However, both agents are
known to act not specifically just on these proteins, but are thought to have broader effects
on protein trafficking mechanisms (Geldner et al., 2001).
No such effect is reported following treatment with inhibitors of gibberellic acid
biosynthesis (eFP). Amongst the other types of treatments, strong upregulation was
observed after the application of cycloheximide and after irradiation with UV light. The
response to UV light was confirmed by the accumulation of AtSlp1 protein and by
enhanced activity of the GUS reporter gene driven by both Slp promoters. The microarray
data also indicate upregulation in response to salt stress in roots, and to a lesser extent also
in shoots starting 6 hours after transfer to high salt containing medium (150mM NaCl).
The transcript levels of both genes indicate such an upregulation as seen in Figure 3-28 D
at the 6h and 24h time points, but with extremely high standard deviation values. The
promoter-GUS stain for both genes also indicates increased dye intensity 8h after addition
of 150mM NaCl, as compared to the untreated control taken at the same time point. In the

238

GUS stain it is not possible to see increased staining specifically in the roots. Instead, the
stain seems most prominent in the leaves.
Generally, the observed changes in transcript levels can be divided into two classes. The
first one includes effects of several classes of phytohormones and chemicals affecting
hormone distribution. These substances all have crucial influences on plant growth and
development. Auxin and cytokinins are known to act in a complementary fashion to drive
cell division and proliferation (Swarup et al., 2002). GA has multiple effects, notably in
seed germination and flower development (Holdsworth et al., 2008;Blazquez & Weigel,
2000). The AtSlp transcripts are also strongly upregulated during the breaking of
dormancy while seeds are imbibed (eFP browser data), and a putative GA responsive
element is found in the AtSlp1 promoter. The AtSlp2 promoter has an auxin response
element that might explain the upregulation in response to NAA, IBA and indirectly also
auxin transport inhibitors. Additional response elements in both promoters indicate the
importance of these genes in flower development, a process that is also regulated by these
phytohormones. These facts all point towards a requirement for AtSlp proteins in processes
involving metabolic changes, cell division and growth. Because the changes in transcript
levels are not immediate, it is assumed that AtSlps are not directly involved in acute
hormone-mediated signalling responses, but are instead required further downstream. With
regard to cell division, AtSlps might be factors involved in the redistribution and
maintenance of mitochondria during that process.
The second class of upregulatory factors involves strong cytotoxic agents like UV-B light
and cycloheximide. UV-B light is known to have multiple effects on genomes: it induces
DNA damage and therefore interferes with transcription, and it also inhibits DNA
replication (Sinha & Hader, 2002). Cycloheximide blocks protein biosynthesis at the
translocation step at the ribosome and imposes general strain on cellular function leading
to cell death (Kominek, 1975;AbouElela & Nazar, 1997). With regard to mitochondria,
UV-B light or block of general protein biosynthesis could induce stress responses that are
similar to those observed after chloramphenicol treatment (Da Cruz et al., 2008).
Chloramphenicol represses mitochondrial protein synthesis and imposes stress specifically
on mitochondria (Li et al., 2005). Protein levels of the human Slp2 protein and prohibitin-1
were significantly increased upon this treatment (Da Cruz et al., 2008). Notably, protein
levels of human Slp2 were virtually unaffected upon addition of cycloheximide to HeLa
cells. HsSlp2 is assumed to be upregulated to stimulate proteolysis and regulate protein
turnover in the mitochondrial inner membrane (Da Cruz et al., 2008). In the case of
Arabidopsis Slps, it seems that the effects on protein levels by cycloheximide are caused
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by more general cytotoxic stress conditions that in turn put strain on mitochondrial
function through secondary effects. On the contrary, UV-B irradiation might have direct
effects on mitochondria by damaging their genomes and thereby influencing mitochondrial
replication mechanisms. Alternatively, UV-B effects on mitochondria could also be of a
secondary nature and triggered by reduced translation of important mitochondria-targeted
proteins. Interestingly and as mentioned before, both AtSlp promoters contain multiple
response elements in their promoters involved in light- and environmental stress signalling
(Table 3-13). A more specific role of AtSlps in light-mediated response pathways cannot
be excluded. As with the other treatments, the responses to UV-B irradiation and
cycloheximide are not immediate, but occur within 3-6 hours after the initial signal was
given. Therefore they are probably part of downstream events that follow initial signalling
events.
All the methods used for this expression study are of a very different nature and therefore
the observed variations are not surprising. In fact they assess completely different aspects
of gene expression. The microarray data, Northern blots and RT-PCR data reflect changes
on the transcript level, whereas the promoter-GUS fusion plants only reflect the activities
of an isolated promoter sequence that regulates transcription of an unrelated reporter gene.
The data obtained by the promoter-reporter gene approach do not necessarily even relate
directly to the transcript levels, as mRNA is often unstable and degraded before any
protein is made. Any regulatory mechanisms taking place on the epigenetic levels are also
likely to be missed out by this approach. Additionally, both approaches do not reflect
directly on the levels of actual protein accumulating in the plant. For example, no
information is obtained about any post-translational changes that might lead to differences
in the actual expression levels. Thus, all these methods can only give hints towards an
understanding of the real situation. In the following paragraph, more specific
disadvantages of each method are discussed.
The eFP browser data often rely on only very few replicates (normally 2-3) and might not
always reflect real changes in transcription. These data should therefore always be
confirmed by an independent method.
The Northern blot results were also obtained from only two independent experiments,
because the probe-hybidisation of the third replicate did not give signals that could be
quantified. The hybridisation and detection of radiolabelled probes does not always result
in clean bands and often results in high background signals. There is also considerable
difference between the two replicates that were quantified. An overall trend towards
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upregulation is recognisable in several samples, but the absolute values of relative changes
are often not reproducible between two or even three replicates.
The data presented that were obtained by RT-PCR do not allow us to identify small
differences in the amount of template loaded between each sample. The transcript levels of
the UBQ10 control gene are completely saturated with the number of cycles used. Such a
high number was necessary to amplify transcripts from leaves and roots of both genes. To
act as a better control, the UBQ10 reactions should have been amplified with less cycles
(20-25) to make accurate assumptions about loading differences.
There are several limitations associated with the promoter-GUS fusion plants, some of
them were mentioned above already. The issues discussed below refer more to problems
associated with the actual method. As mentioned, the GUS staining reaction is not always
very sensitive and depends on the age and storage condition of the GUS substrate, X-Gluc.
The intensity of the reaction also depends on the incubation time and on how accessible a
tissue is. Weak or no stain does not necessarily mean a protein is not present in a specific
tissue. The insertion site of the T-DNA can also influence the intensity of the stain, as the
promoter activity can be enhanced or repressed by other genomic elements. Several
independent transgenic lines for each promoter were analysed in this study and no major
differences were observed. Once the substrate is converted to the blue end product by the
enzyme, diffusion of the dye can also be a problem. For these experiments, the stained
tissue was fixed using a mixture of acetic acid and ethanol. Another problem might arise
from the lack of additional sequence elements that are missing in the final plasmid
construct. In this particular case, only the promoter region including the 5’UTR sequence
was fused to GUS, but regulatory elements located in the introns or the 3’UTR are missing.
As a final point, some approaches like the promoter-GUS stains or some of the eFP data
only refer to a single time point (6 or 8 hours) after the commencement of a treatment and
might miss out very early occurring responses.
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4 Subcellular localisation of Arabidopsis stomatinlike proteins and characterisation of the AtSlp1
protein
Introduction
The first part of this chapter presents data investigating the subcellular localisation of the
two Arabidopsis stomatin-like proteins. Reports in the literature already provide evidence
for localisation to mitochondria and putatively also to chloroplasts. These reports are based
on screens in attempts to characterise the mitochondrial or other organellar proteomes.
However, these data have so far never been confirmed by any other means. This chapter
contains the first in vivo evidence and additional biochemical data for the presence of these
proteins in mitochondria. Furthermore, experimental data are presented that aim to
elucidate the membrane localisation of these proteins inside mitochondria and the
mechanism of membrane attachment. These findings lead to speculations about how these
proteins might fulfil their biological roles inside mitochondria.

4.1 Subcellular targeting of AtSlp proteins
A proteomics study of Arabidopsis mitochondria identified a prohibitin and a peptide of 10
amino acids matching both AtSlp-1 and AtSlp-2 (Kruft et al., 2001). A second study
identified five Arabidopsis prohibitins and At4g27580, a gene that has been split into
AtSlp-1 and a smaller protein of 104 amino acids. At4g27580 was identified from a twodimensional gel spot after tryptic digestion and mass spectrometry analysis (Millar et al.,
2001). A third investigation identified both AtSlp-1 and AtSlp-2 independently in
mitochondrial preparations using liquid chromatography-tandem mass spectrometry (LCMS/MS) (Heazlewood et al., 2004). AtSlp-2 was identified directly from gel-based
separations, whereas AtSlp-1 was identified from LC-MS/MS data of whole mitochondrial
digests. A database, AMPDB (Arabidopsis Mitochondrial Protein Database), was created
with all identified mitochondrial proteins from this particular study (Heazlewood & Millar,
2005).
AtSlp1 was also identified in a proteomics approach that studied the protein content of
detergent-resistant membrane fractions from mixed organelle membrane preparations from
Arabidopsis root callus cultures (Borner et al., 2005). The AtSlp1 protein was specifically
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enriched in Triton-X100 insoluble membrane fractions that were derived from plasma
membrane and endomembrane vesicles as identified on 2D-PAGE gels. Other band-7
family members from Arabidopsis were also found enriched in these detergent-resistant
membranes: a flotillin protein (At5g25250- designated AtFlot-1) and three members of the
HIR proteins (At1g6984, At3g01290 and At5g62740). The authors generally assumed that
the majority of detergent-resistant membrane associated proteins were derived from the
plasma membrane.
A quantitative proteomics study of the organellar protein content from Arabidopsis
identified both AtSlp1 and AtSlp2 as localised to mitochondria and/or chloroplasts
(Dunkley et al., 2006). These findings were based on a different approach. Rather than
isolating separate organelles, the authors made use of the LOPIT (Localisation of
Organelle Proteins by Isotope Tagging) method. This approach relies on measuring the
relative abundance of proteins from a specific density gradient fraction by tagging proteins
with isotope labels.
The AtSlp1 protein was also identified by LC-MS/MS data derived from detergent
extracted microsomal fractions from liquid-grown seedlings (Mitra et al., 2007). Two
different approaches were utilised to solubilise membrane-bound proteins: extraction with
2% of the non-ionic detergent Brij-58, and extraction with 60% methanol. Interestingly,
AtSlp1 was only retrieved from the Brij-58 extracted fractions, but not from the methanoltreated membranes. Methanol-extracted proteins were reported to be of a more diverse
nature than detergent-solubilised proteins, which generally tend to be more hydrophobic.
This could be explained by the different solubilisation properties of a detergent extract
versus an extract with organic solvents.
Treatment of Arabidopsis suspension cell cultures with the bacterial elicitor harpin from
Pseudomonas syringae resulted in a two-fold reduction of AtSlp1 protein as determined by
2D-PAGE and MALDI-TOF MS analysis of purified mitochondria (Livaja et al., 2008).
Overall 28 mitochondrial proteins were identified that changed in spot intensity at least
two-fold over control treated samples. AtSlp1 decreased two-fold in protein content eight
hours after the treatment, but recovered after 24 hours.
Based on this proteomic evidence, AtSlp proteins are most likely only localised to
mitochondria, and not to other organelles. Further support for this localisation is given in
the following sections that analyse in detail putative targeting sequences.

243

4.1.1 Prediction of AtSlp subcellular targeting
The protein sequences of AtSlp1 and AtSlp2 were analysed with various subcellular
targeting prediction softwares that screen the sequences for the presence of conserved
signal peptide motifs. Analysis of both proteins revealed in all cases strong predictions for
targeting to mitochondria. The MitoProt II software (Claros & Vincens, 1996) gave high
probability scores for both proteins as summarised in Table 4-1. TargetP (Emanuelsson et
al., 2000) assigned both proteins to mitochondria over a localisation to chloroplasts (Table
4-1), with a lower probability score (0.7 versus 0.99 predicted by MitoProt). The Predotar
database (Small et al., 2004) also assigned mitochondrial localisation for both Slps over a
localisation to chloroplasts, but with a lower probability score of only 0.36 for AtSlp1.
This algorithm predicted the possibility of another subcellular localisation with higher
scores than for mitochondria (0.61 for AtSlp1), which was not further specified. The
fourth database to be queried with AtSlp sequences was PSORT, for which the plant
specific version was chosen (Nakai & Kanehisa, 1991). This database indicated
mitochondrial

localisation

and

further

predicted

targeting

to

submitochondrial

compartments. For both Arabidopsis Slps the highest scores were given for localisation to
the mitochondrial matrix, followed by localisation to the inner membrane or the
intermembrane space (Table 4-2). This database does not assign any membrane-spanning
domain for both proteins and thus assumes the proteins are soluble. However, taking other
predictions into account and with respect to a clear membrane association of AtSlp1, the
more likely prediction is certainly for localisation to the inner membrane either facing the
matrix or the intermembrane space.
Finally, the Cell eFP browser that is based on the SUBA database (the Arabidopsis
subcellular database, (Heazlewood et al., 2007)) predicted mitochondrial localisation for
both AtSlps. For AtSlp1, this database also predicted localisation to chloroplasts, but with
a weaker confidence score than for mitochondria. AtSlp2 was only predicted to be targeted
to mitochondria.
Mitochondrial import commonly involves proteolytic cleavage by a mitochondrial
processing peptidase after the signal peptide in the precursor protein. Such processing is
called the general protein import pathway (Bolender et al., 2008). The positions of the
indicated cleavage sites in AtSlps vary remarkably between the databases queried. For
AtSlp1, the cleavage sites were all predicted to lie between amino acid 50 (TargetP) and 66
(MitoProt, PSORT). Cleavage after these sites results in mature proteins of 40 and 38 kDa
in molecular weight, respectively. A grey arrowhead in Figure 3-7 of Chapter 3 indicates
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the cleavage site as predicted by TargetP. It lies before the band-7 domain; if the protein
was cleaved after position 66, this cleavage site would lie within this domain. Cleavage
within the band-7 domain seems unlikely given the high conservation of this domain
amongst stomatin-type proteins, and therefore the prediction by TargetP seems more
plausible. This conclusion is also consistent with the observed molecular weight which
appears very close to the full length precursor on Western blots (see Figure 3-17).
The precursor of AtSlp2 is cleaved only after the first 109 amino acids according to the
MitoProt database. This prediction implies a mature protein of only 32 kDa. On the other
hand, TargetP and PSORT both predict cleavage around amino acid residue 48, which
would give rise to a protein of 39 kDa. Like AtSlp1, the cleavage further into the protein
sequence would give rise to a mature protein lacking part of the conserved band-7 domain.
A grey arrowhead in Figure 3-8 of Chapter 3 indicates the shorter signal sequence
predicted by the TargetP software. On the basis of this model, the molecular weights of
both mature stomatin-like proteins differ by only one kilo-Dalton.

Database

Protein Mitochondria Chloroplast Secreted Other Cleavage site
AtSlp1
0.9926
N/A
N/A
N/A
66
MitoProt II
AtSlp2
0.9543
N/A
N/A
N/A
109
AtSlp1
0.704
0.298
0.027 0.011
50
TargetP
AtSlp2
0.672
0.046
0.006 0.013
48
AtSlp1
0.36
0.03
0.02 0.61
N/A
PREDOTAR
AtSlp2
0.17
0.06
0.1
0.7
N/A

Table 4-1. Target sequence predictions for AtSlp1 and AtSlp2. Databases (MitoProt II, Target
P and PREDOTAR were queried with the amino acid sequences of AtSlps. The predicted
likelihoods for targeting to a certain organelle are indicated. Red numbers indicate
strongest prediction for mitochondrial targeting. See text for references.

Mitochondria
Database Protein Matrix space MIM
PSORT

AtSlp1
AtSlp2

Other organelles
IMS

0.497 0.214 0.214
0.541 0.264 0.264

Cleavage
site
N/A
66
0.3
49

Chloroplast Nucleus Peroxisome
N/A
N/A

0.3
N/A

Table 4-2. Target sequence prediction for AtSlps as indicated by the PSORT algorithm.
Abbreviations are: MIM (mitochondrial inner membrane), IMS (intermembrane space); red
numbers highlight the highest prediction scores.
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By comparison, the human Slp2 protein is also predicted to be mitochondrial by the same
databases. Both MitoProt II and TargetP annotate this sequence with high scores to
mitochondria (Table 4-3) when the parameters are changed for protein sequences derived
from animals. The other databases (as listed in Table 4-3) also agree on targeting to
mitochondria. PSORT II (Horton & Nakai, 1997) is a database specifically created for
sequences from animals; PSORT was queried as before but with parameters set for
sequences derived from animals. As for Arabidopsis Slps, this database indicated
localisation to the matrix space was favoured over association with the inner or outer
mitochondrial membrane, and also predicted the presence of the protein in the
intermembrane space. Like the Arabidopsis proteins, human Slp2 does not contain a
predicted transmembrane spanning domain. Thus, the database identified it as a soluble
protein that is imported and translocated to the matrix space. Since it is known that this
protein is actually localised to the inner membrane facing the intermembrane space (Hajek
et al., 2007), it appears likely that the same could be true for the Arabidopsis orthologs.
Human Slp2 has been shown to be imported into mitochondria and to be processed
proteolytically (Hajek et al., 2007). The databases employed here indicated the presence of
a cleavage site after amino acid 36, which would give rise to a mature protein of 35 kDa.
When expressed in HeLa cells, human Slp2 migrated only as a single band with the
molecular weight of the precursor protein (Da Cruz et al., 2008). However, the same study
proved the presence of a signal sequence responsible for targeting to mitochondria, and
immunoprecipitated Slp2 protein was identified to contain the precursor and the mature
protein (Da Cruz et al., 2008). Based on this evidence, it seems likely that Arabidopsis
Slps might share the same proteolytic processing and submitochondrial localisation.

Mitochondria
Protein Mitoch. Matrix

MitoProt II

HsSlp-2

0.9904

N/A

N/A

N/A

N/A N/A

N/A

N/A

N/A

N/A

36

TargetP

HsSlp-2

0.958

N/A

N/A

N/A

N/A N/A

0.03

N/A

N/A 0.032

N/A

PREDOTAR HsSlp-2

0.8

N/A

N/A

N/A

N/A 0.25

N/A

N/A

N/A

0.15

N/A

0.742 0.422 0.422 0.422 N/A

N/A

N/A

N/A

N/A

36

N/A

0.174

0.087

N/A

N/A

HsSlp-2

PSORT II

HsSlp-2

0.739

N/A

N/A

IMS

N/A

MOM

ER

N/A N/A

Secr. Cytoplasm

Nucleus

Other

Cleavage
site

Database

PSORT

MIM

Other organelles

Table 4-3. Target sequence predictions for HsSlp-2. The same databases were queried with
this protein sequence. Values indicate likelihood for targeting to a particular organelle.
Values highlighted in red indicate the strongest prediction made. Where possible, cleavage
sites are indicated. Abbreviations are: Mitoch. (mitochondria), MOM (mitochondrial outer
membrane), ER (endoplasmica reticulum), Secr. (secreted).
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4.1.2 Analysis of putative signal sequences as amphipathic alpha
helices
Commonly mitochondrial N-terminal signal sequences are characterised by the formation
of an alpha amphipathic helix that aids the import process via interaction with the receptor
and translocase of the mitochondrial outer membrane (= TOM) (Pfanner, 2008).
Alternative import pathways exist, that rely on co-translational import on ribosomes
attached to the mitochondrial surface (Mackenzie, 2005). However, most nuclear-encoded
proteins destined for the mitochondrial inner membrane (except carrier proteins) or the
matrix are synthesised in the cytosol and imported by the TOM -and TIM (translocase of
the inner membrane) complexes in a membrane potential-and ATP-dependent manner
(Bolender et al., 2008). Following import, the N-terminal leader sequence is cleaved by a
peptidase in the matrix or the inner membrane, and the mature protein is released.
Frequently, proteins of the outer chloroplast envelope and the mitochondrial outer
membrane (MOM) are synthesised in the cytosol without a cleavable targeting sequence
(Bolender et al., 2008;Soll & Schleiff, 2004). Most commonly, plant mitochondrial import
sequences are longer than those from animals or fungi (between 18 and 107 amino acids),
and they are frequently rich in alanine, serine and positively charged residues such as
arginine or lysine (Mackenzie, 2005).

The hallmark of the mitochondrial alpha

amphipathic import sequence of an inner membrane protein is the presence of several
positively charged residues, which are frequently followed by hydrophobic amino acids
that can act as a sorting signal to the inner membrane.
The N-terminal protein sequences of the Arabidopsis Slps were investigated for the
presence of a putative mitochondrial targeting sequence. According to the structural
predictions given in Figure 3-7 of Chapter 3 for AtSlp1, a stretch starting at amino acid 1
and ending at position 20 containing a number of positive charges, was predicted to form
an amphipathic alpha helix. This sequence was projected into an alpha helical wheel and is
shown in Figure 4-1 with the amino acid sequence shown underneath. The plot highlights
the amphipathic nature of the formed helix, with positively charged residues located on one
side, and hydrophobic amino acids on the opposite. For AtSlp2, a similar helix can be
projected (Figure 4-1) using a stretch of amino acids from position 8 to 31. This sequence
was also predicted to be alpha amphipathic (Figure 3-8) and positively charged. It is worth
noting that the human Slp2 protein also contains N-terminal amino acids that adopt this
conformation, further highlighting the structural similarity to the Arabidopsis proteins. Of
course, these plots are merely examples illustrating the possibility of a specific sequence
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stretch adopting the conformation of an alpha amphipathic helix. The true signal sequences
after which the targeting sequences are cleaved off stretch most likely beyond these
analysed regions.

Figure 4-1. Alpha-helical wheel projection of N-terminal presequences of AtSlps. Two Nterminal sequences of each protein with predicted alpha-amphipathic stretches and positive
charges were projected as helical wheel plots using the Protean software. Shown below are
the chosen amino acids with positively charged residues highlighted in blue and
hydrophobic residues underlined; hydroxylated residues are indicated by orange letters.
[aa] stands for amino acids.
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4.2 Biochemical evidence for mitochondria localisation
of AtSlp1
Following the investigation of predicted target sequences of AtSlps, the following sections
provide experimental evidence for the mitochondrial localisation of AtSlp1. The same
experimental approaches were attempted to prove mitochondrial localisation of AtSlp2, but
were ultimately not entirely satisfactory because of the poor quality of the antibody against
this protein.

4.2.1 Aqueous 2-phase partitioning
As discussed earlier, several stomatin-type proteins from animals and humans are known
to reside in the plasma membrane of various cell types. Amongst them, even human
stomatin-like protein 2 was localised to the plasma membrane in T-helper cells and
erythrocytes (Kirchhof et al., 2008), but also to mitochondria in HeLa cells (Da Cruz et al.,
2008).
To exclude the possibility of dual targeting of AtSlp1 to mitochondria and to the plasma
membrane, an aqueous 2-phase partitioning approach was applied. This method is based on
the separation of vesicles according to their surface properties. Vesicles derived from the
plasma membrane frequently contain glycosylated proteins and thus differ in their surface
properties from vesicles derived from the endomembrane system or from organelles. The
vesicles are separated between two aqueous solutions of high molecular weight polymers,
in this case polyethyleneglycol (PEG 3350) and dextran (fraction T-500). Several
extractions between these two phases yield a highly purified plasma membrane fraction
(PM), and a separate endomembrane fraction (EM).
For the experiments described here, the original protocol of Larsson et al. (Larsson et al.,
1994;Larsson et al., 1987) was modified and adapted for the use with Arabidopsis shoots
grown on soil. Microsomal fractions from leaves were extracted and separated on the preformed 2-phase system. It has been previously shown that membrane fractions isolated in
this manner contain plasma membrane and endomembrane fractions (eg from the ER or the
Golgi apparatus), but they also contain membranes derived from organelles such as
mitochondria (Mitra et al., 2007;Borner et al., 2005). The protein content of each fraction
was determined, and samples separated on a 10% SDS-PAGE gel followed by Western
blotting and detection of proteins. Figure 4-2 shows the Western blots of various samples
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taken during the procedure. AtSlp1 clearly localised to the microsomal fraction, and was
absent from the soluble protein supernatant. Between the two phases, the protein was
strongly enriched in the lower phase containing the endomembrane vesicles. No clear band
was detectable in the PM fraction. However, several weak bands were visible after
prolonged exposure of the same molecular weight as AtSlp1, but also of higher molecular
weights. To control the purity of the vesicle separation, an antibody against the PM –
localised proton ATPase was used (Palmgren et al., 1991). This antibody only recognised
protein in the microsomal fraction and in the PM fraction. To control the purity of the
endomembrane fraction, the mitochondrial marker protein peroxiredoxin II F (Finkemeier
et al., 2005) was probed with a specific antiserum. This antibody only recognised a band in
the endomembrane fraction, as it was expected. These controls indicate that the separation
was of high purity. The weak Slp1 bands observed after prolonged exposure of the
Western blot probably indicate small levels of contamination of the PM fraction with
material from the EM fraction. Based on this result, it was concluded that AtSlp1 does not
reside at the plasma membrane, but is endomembrane associated.

Figure 4-2. Aqueous 2-phase partitioning from Arabidopsis leaves. Shown is a Western blot
that was probed with three different antibodies. Upper row: anti-Slp1, middle panel: antiH+ATPase (a marker for the plasma membrane), bottom panel: anti-peroxiredoxin II
(mitochondrial protein). The fractions shown are the total protein extract (Total), soluble
proteins (sol.), microsomal fraction (μsomes), endomembrane fraction (EM) and the plasma
membrane fraction (PM). The observed molecular weights were: ca. 45 kDa for Slp1, 100kDa
for H+ ATPase, 40kDa for PRXII.

4.2.2 Isolation of mitochondria from Arabidopsis leaves
To further clarify the subcellular targeting of AtSlp1 to mitochondria, organelles were
isolated from Arabidopsis shoots using differential centrifugation followed by separation
on linear and discontinuous Percoll gradients.
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In a first attempt, mitochondria were pelleted by differential centrifugation only. About 50
grams of fresh weight tissue from mature short-day grown Col-0 rosettes were
homogenised and processed by two series of low speed (<3000 g) and medium speed
(12000 g) spins. This process resulted in a final pellet that was green in colour and also
contained various other organelles, or fragments of organelles. Proteins were denatured
and solubilised, followed by separation on a SDS-PAGE gel and Western blotting. Figure
4-3 shows a Western blot probed with anti-Slp1 and anti-peroxiredoxin II as a marker for
the presence of mitochondria. The Slp1 protein was clearly present in all pellets, but absent
from the supernatants after each spin that contains the soluble proteins. The mitochondrial
marker PRX II was present in the same fractions as AtSlp1. Since the final pellet contained
thylakoids amongst other organelle material such as peroxisomes, one can only conclude
from this experiment that AtSlp1 is associated with a heavy organelle that was pelleted out
by a medium speed spin at 12000 g.

Figure 4-3. Western blot of organelle pellets after differential centrifugation. The first soluble
fraction (Sol.) represents the supernatant after a 12000g spin. This spin was followed by a
short spin at 1500g, after which both proteins are present in the pellet. The next soluble
fraction (Sol.) is the supernatant after the final spin at 11000g; this pellet is designated as
the final pellet and also contains both proteins.

Mitochondria were specifically purified from leaf material by differential centrifugation
and separation of organellar material on a linear Percoll gradient. A series of differential
centrifugation steps was used which ended with a spin at 11000 g before the resulting
pellet was loaded on the gradient and was centrifuged. Figure 4-4 shows a Western blot of
mitochondrial pellets probed with antibodies against Slp1, Slp2 and PRX II as a
mitochondrial marker protein. Slp1 was present in the pellet after centrifugation at 11000g,
but was barely resolved in the supernatant, indicating that it is associated with a pelletable
organelle. The Slp1 protein was also present in the final mitochondrial fraction after
loading the resuspended 11000 g-pellet material on the gradient. The antibody raised
against the Slp2 protein only recognised a low molecular weight band at 25 kDa in the
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mitochondrial fraction which probably represents unspecific binding (as seen in Figure 320 and 3-21 of Chapter 3). Since this band was also the most abundant band present in
crude extracts (Figure 3-21), it cannot be ruled out that the true Slp2 protein was present at
a higher molecular weight (as indicated in Figure 3-20), but was not detected by this
antibody because of its low expression level or instability. Peroxiredoxin II was also
present in the mitochondrial fraction at its monomeric molecular weight, but the dimeric
form was also visible as a band running at approximately 40 kDa. This observation
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indicates that the isolated fraction contains mitochondria.
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Figure 4-4. Western blot of a mitochondrial purification on a linear Percoll gradient. Shoot
tissue was homogenised and separated by differential centrifugation before loading on a
linear Percoll gradient. The final mitochondrial fraction (Mitoch.) and the supernatant (S/n)
and pellet after an 11000g spin are shown. The sample named “Leftover pellet” refers to a
translucent pellet visible at the bottom of the tube after the gradient spin. It was solubilised
and loaded to check whether any remaining Slp protein might be present. The blot was
probed with three different antibodies against Slp1, Slp2 (not purified) and peroxiredoxin II
(PRX II). The Slp1 protein is present after the final spin (11000 g pellet) before loading the
sample on the gradient, but hardly in the supernatant (S/n). Slp1 is present in the
mitochondrial fraction following separation of the 11000 g pellet material on the gradient.
Two samples of the final mitochondrial fraction are loaded that were denatured by boiling
(95 ºC) or at 37 ºC. The Ponceau S stained membrane (proteins in red; molecular weight
marker band (62.5 kDa) in blue) is included underneath the blot. Mw stands for molecular
weight markers; the numbers on the right refer to the molecular weight of the marker bands
(in kDa) as indicated by black horizontal bars.
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To obtain mitochondrial preparations of enhanced purity, the isolation protocol was
modified. A discontinuous Percoll gradient consisting of three steps was applied to
improve separation of mitochondria from chloroplasts and chloroplast fragments.
Mitochondria purified in this way were tested for the presence of AtSlp1 by solubilising
the pellet in SDS loading buffer and separation on an SDS-PAGE gel followed by Western
blotting. Figure 4-5 A) and B) show two Western blots of two separate purifications
probed with antibodies against Slp1 and Slp2. Figure 4-5 A) shows a Western blot with
samples from a mitochondrial purification on a first step gradient. The Slp1 protein was
clearly present in the isolated mitochondria fraction. The antibody raised against Slp2
recognised a band at 25 kDa as seen before in Figure 4-4, but also a high molecular weight
band at 83 kDa and two bands between 32 and 47 kDa that could stem from the full length
Slp2 protein (green arrowhead). In a second purification, AtSlp1 was present as a strong
band at 45 kDa in the 12000 g pellet following differential centrifugation, before this pellet
was resuspended and loaded on the step gradient. The protein was also present in the
mitochondrial fraction isolated from the gradient after centrifugation, although the signal
was noticeably weaker than in the 12000 g pellet (Figure 4-5 B). This loss in band strength
is probably a consequence of loss of mitochondrial material during the isolation of the
mitochondria-enriched fraction, which was achieved by aspirating fractions above the
mitochondria. Additionally, some material was probably lost by fragmentation of intact
mitochondria during homogenisation or resuspension of pellet material. To control for the
presence of mitochondria, the antibody against PRX II was used on aliquots from this
separation as shown in Figure 4-7. In both mitochondrial separations from step gradients,
no contamination with thylakoids could be detected as judged by Ponceau S stained
Western blot membranes (no Rubisco bands visible).
These separations clearly demonstrate localisation of AtSlp1 and probably also AtSlp2 to
mitochondria-enriched fractions. These results further support the idea that both
Arabidopsis Slps are targeted to mitochondria and imported through their signal sequences.
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Figure 4-5. Mitochondria purifications on three-step Percoll gradients.
A) Western blot of a mitochondrial purification prepared on a step gradient. The
mitochondria pellet was solubilised and denatured by boiling (95 C) or at room temperature
(RT). The upper panel is probed with anti-Slp1 antibody; the blot in the middle was probed
with the unpurified anti-Slp2 antibody. The bands visible with this antibody at 25 kDa are
probably unspecific; the bands between 32 and 47 kDa molecular weight might stem from
the full length protein (indicated by the green arrowhead). Shown at the bottom is a section
of the Ponceau S stained nitrocellulose membrane for reference of loading levels. Numbers
on the left side indicate molecular weight markers in kDa. More bands are visible after heat
treatment at 95 ºC than at room temperature because a higher degree of denaturation is
achieved by boiling the samples.
B) Western blot of a second mitochondrial purification prepared as in A). Pellets obtained
after differential centrifugation (12000 g pellet) and discontinuous Percoll gradient
centrifugation (Mitochondria) were probed with anti-Slp1. All fractions were denatured by
boiling (95 ºC) and at room temperature (RT). The number on the right side indicates the
molecular weight marker band in kDa. Note the loss of material after retrieving mitochondria
from the gradient.
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4.2.3 Sub-mitochondrial localisation of AtSlp1
To investigate the localisation of AtSlp1 inside mitochondria, isolated organelles were
treated with protease in the absence and presence of increasing amounts of digitonin.
Digitonin, when applied in low amounts, is reported to specifically dissolve the
mitochondrial outer membrane, but leaves the inner membrane intact (Hoppel & Cooper,
1968;Morton et al., 1968;Newman et al., 1968). This property is down to the digitonin
structure that enables it to replace sterols in membranes, thereby rupturing lipid bilayers
(Akiyama et al., 1980). The structure of the mitochondrial outer membrane differs from
that of the inner membrane in terms of lipid composition and protein content (Malisan &
Testi, 2003), notably in having a higher sterol content. This difference accounts for the
selective action of digitonin on the outer membrane. Treatment of mitochondria with
protease K in combination with digitonin has been previously reported in studies
addressing protein localisation within the mitochondrial membranes (Hajek et al., 2007;Da
Cruz et al., 2008).
Mitochondria isolated on a linear Percoll gradient (see Figure 4-4) were aliquoted and
treated without (= control) and with protease K and a gradient of digitonin ranging from 03 μg/ml concentration. Figure 4-6 shows a Western blot from this experiment probed with
anti-Slp1 and anti-Slp2. The Slp1 protein is clearly present in the control sample without
protease or detergent added (lane no. 1). When protease K is present in the absence of
digitonin, the protein is not degraded indicating that it is most likely not localised on the
outer membrane facing the cytoplasm if the isolated mitochondria were intact. Addition of
digitonin at low concentrations up to 2 μg/ml does not have any effect on the Slp1 protein,
indicating that it is probably protected from degradation by the presence of the outer
mitochondrial membrane. Increasing the amount of digitonin to 3 μg/ml in the presence of
protease K caused partial degradation of Slp1 (lane no. 7; compare loading level between
lanes on Ponceau S stain). This result indicates that the protein is not facing the
cytoplasmic site of the outer membrane, but it is more likely that it is attached to the
mitochondrial inner membrane orientated towards the intermembrane space. The
concentration of digitonin used here (2.4 μM) is sufficiently low not to penetrate and
disrupt the mitochondrial inner membrane (Hajek et al., 2007) and therefore does not give
the protease access to proteins present in the matrix. A confirmation of this idea by using a
mitochondrial marker protein of known localisation is not included in this blot. The
proposed localisation of AtSlp1 to the inner membrane with an orientation towards the
intermembrane space is thus purely an assumption based on reports of digitonin treatment
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in the literature. The antibody raised against AtSlp2 was also used to probe the same
Western blot. It recognised the band at 25 kDa as seen before in Figure 4-4 and 4-5 as well
as a band of approximately 45 kDa in the untreated control sample (lane no. 1). Upon
addition of protease, this higher band was degraded, hinting that this protein is associated
with the outside of the organelles; it is most likely unrelated to Slp2. The band at 25 kDa
molecular weight behaved like the Slp1 protein, indicating that this protein is protected
from degradation by the outer membrane up to a certain amount of digitonin added. This
25 kDa protein is either unspecific, or it might be a degradation product of Slp2. Several
faint bands around 35 kDa might stem from the full length Slp2 protein as indicated by the
green arrowhead.
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Figure 4-6. Western blot of of mitochondria isolated on the linear Percoll gradient and
treated with protease K and digitonin. The upper blot was probed with anti-Slp1 and the blot
in the middle with anti-Slp2. Each lane is numbered (1-7), and the addition of protease K is
indicated by “+”; the amounts of added digitonin are given in [μg/ml]. Two sections of the
Ponceau S stain are included on the bottom to indicate the presence of Rubisco (ie
thylakoid contamination) and to give an independent loading reference. Numbers on the left
side refer to molecular weight markers in kDa. 5 micrograms of protein were loaded per
lane.

This experiment was repeated twice with mitochondria isolated on step gradients (see
Figure 4-5). The first experiment was performed with identical amounts of protease K and
digitonin. Figure 4-7 (A) shows a Western blot of treated mitochondrial fractions probed
with anti-Slp1. In contrast to the previous experiment, the protein was not degraded in the
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presence of 3 μg/ml digitonin (= 2.4 μM). In the second experiment (Figure 4-7 B),
mitochondria were isolated identically (see Figure 4-5 B), but treated with higher amounts
of digitonin (up to 8 μg/ml). Digitonin concentrations of up to 5 μg/ml (= 4 μM) did not
affect the stability of Slp1 in this case. However, when the concentration was raised to 8

μg/ml (= 6.5 μM), the protein was completely degraded. As a control, fractions treated
with 1 and 8 μg/ml digitonin were run on a separate gel and Western blots probed with the
antibody against PRXII. This protein must reside in the mitochondrial matrix as it was not
affected by protease degradation under these conditions. This result indicates that the inner
membrane structure was preserved during the experiment and further provides evidence
that Slp1 is localised to the mitochondrial inner membrane facing the intermembrane
space. A very similar behaviour was also reported for the human Slp2 protein, further
supporting the idea that these proteins are orthologs. The human Slp2 protein was also only
degraded when higher amounts of digitonin (up to 3 μg/ml) were applied to isolated
mitochondria (Hajek et al., 2007).
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Figure 4-7. Western blot of mitochondria fractions isolated on step gradients that were
treated with protease K and increasing amounts of digitonin.
A) Western blot probed with anti-Slp1 from the first mitochondrial isolation on a step
gradient (corresponding to Figure 4-5 A). The Ponceau S stain indicates equal amounts of
protein loaded on each lane. Two micrograms of protein were loaded on each lane.
B) Western blot probed with anti-Slp1 of a second experiment with mitochondria purified on
another step gradient (Figure 4-5B) and treated with higher amounts of digitonin. Five
micrograms of protein were loaded on each lane. Shown underneath is a Western blot of
some of the fractions probed with anti-PRXII as a matrix marker protein. A total amount of 7
micrograms of protein were loaded on this blot. Labelling of lanes is as described in Figure
4-6 and numbers on the left side of each blot indicate molecular weight markers in kDa.
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The differences in Slp1 degradation between Figures 4-6 and Figures 4-7 A and B in the
presence of different amounts of digitonin first seem surprising. However, the
solubilisation of membranes by digitonin is known to be dependent on the ratio of
detergent to the amount of protein present (Boyer et al., 1994). If the protein concentration
is below 20 mg/ml, the authors report that increased amounts of digitonin are necessary to
achieve solubilisation of the mitochondrial outer membrane compared to situations when
the protein concentration is 50 mg/ml. No such effect was reported on the disruption of the
inner membrane by digitonin. For a better comparison of the three individual experiments,
the ratios of digitonin to the actual protein content of each sample (in μg digitonin/mg
mitochondrial protein) were calculated and are presented in Table 4-4. The first
mitochondrial preparation contained most protein (64 micrograms per aliquot), but it was
also less pure than the following two purifications from step gradients. Only four
micrograms of digitonin per milligram protein were necessary to affect the stability of
Slp1. The same concentration of digitonin (3 μg/ml) did not cause degradation in the
second experiment (step gradient no. 1) that had a much lower concentration of
mitochondrial protein (only 7 micrograms per treated aliquot). This sample was also purer
and thus reflects a more realistic situation in terms of the actual amount of mitochondrial
protein present. The digitonin/protein ratio was 22. Taking into account the amounts of
protein in these two samples, the sample from the step gradient should have also been
visibly degraded compared to the sample from the linear gradient, although this was clearly
not the case. Alternatively, the linear gradient sample should have required a higher
digitonin/protein ratio had it been of higher purity. It is possible, therefore, that the
mitochondria from this preparation were not entirely intact and therefore required less
detergent to rupture the outer membrane sufficiently.
The Slp1 protein was completely degraded in the last experiment in the presence of 8μg/ml
digitonin (sample 7, step gradient no. 2). This sample had a digitonin to protein ratio of
approximately 11, and a protein content that was five times higher compared to the
purification on the first step gradient. Thus, higher protein amounts do seem to require
relatively less digitonin to dissolve the outer membrane to an extent that the protease has
access to the Slp1 protein. When these two purifications are compared, the sample from the
first step gradient would have required a detergent/protein ratio of almost 60 to ensure
solubilisation of the outer membrane. Boyer et al. (Boyer et al., 1994) report that for
protein concentrations of 20 mg/ml or lower, digitonin/protein ratios of 0-400 μg/mg are
required to ensure complete rupture of the outer membrane. By comparison, HsSlp2 was
degraded by protease K with a detergent/protein ratio of 1.5 μg/mg (Hajek et al., 2007).
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However, in this study the overall protein concentration was 2 mg/ml, about twice as high
as in these preparations (1mg/ml in step gradient no. 2).
Despite the discrepancies in terms of digitonin concentrations required for solubilisation
amongst the three experiments, it can be concluded that the Slp1 protein is indeed
associated with the mitochondrial inner membrane. Based on the behaviour of the matrix
protein PRXII (Figure 4-7), Slp1 probably faces the intermembrane space, analogous to
HsSlp2. How stable Slp1 is in this compartment probably depends on its protein-lipid
environment. Most likely it is embedded in a larger protein complex and might be partially
protected from degradation by protease K in these experiments. To fully confirm the
successful rupture of the outer membrane, an unrelated intermembrane space protein
should have been included here. Additionally, another protein residing in the outer
membrane should have been tested to finally confirm the behaviour of Slp1.
For AtSlp2, it remains difficult to determine its localisation in a specific mitochondrial
membrane compartment due to the questionable specificity of the antibody. If the 25kDa
band is related to this protein (i.e. if it is a mature form of a longer precursor), one could
conclude from Figure 4-6 that this protein behaves similar to Slp1. The Slp2 antibody was
used to probe the Western blots seen in Figure 4-7, but no clear protein bands were
detected. With respect to the targeting predictions for this protein, it is most likely also
associated with the mitochondrial inner membrane, either facing the intermembrane space
or the matrix side.
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Step gradient # 2
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[μg/ml]
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[μg/mg]

0

0

Digitonin Digitonin/protein Digitonin Digitonin/protein
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0

0

0

0

2

0

0

0

0

0

0

3

0.5

0.69

0.5

3.6

0.5

0.67

4

1

0.7

1

7.2

1

1.34

5

1.5

1.06

1.5

10.8

2

2.68

6

2

1.4

2

14.3

5

6.7

7

3

4.11*

3

22

8

10.7

Table 4-4. Detergent/protein ratios for each of the three experiments in μg digitonin/mg
mitochondrial protein present in each sample. The left table contains the ratios calculated
for the preparation from the linear gradient. The middle and right tables show ratios
calculated from the two step gradient preparations. The first row always indicates the total
amount of protein (in micrograms) present in each aliquot. The asterisk in the left table
indicates that sample no. 7 from this experiment had a protein content that was only half
(approximately 35 μg) of that from samples nos. 1-6; thus the detergent/protein ratio is
higher than one would expect with respect to the other values. Red numbers indicate ratios
that caused degradation of Slp1.
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4.3 In vivo evidence for Slp localisation to mitochondria
To investigate the subcellular localisation of AtSlps in the living plant, fluorescent fusion
constructs were prepared. In a first attempt, N-and C-terminal fusions with YFP were
cloned for each of the two Arabidopsis Slps. The expression of these constructs was driven
by the constitutive Cauliflower Mosaic Virus 35S promoter (CMV 35S). To compare the
expression observed under this condition, a C-terminal GFP fusion was created inside the
genomic sequence of AtSlp2, driven by its native promoter. A similar construct was
attempted for the genomic sequence of AtSlp1, but proved technically too time consuming
and was not continued.

4.3.1 Stable fluorescent protein overexpressing lines
The open reading frames of AtSlp1 and AtSlp2 were amplified and fused to YFP.
Constructs were made in both N-and C-terminal orientations inside a bacterial cloning
vector. The expression cassette of this vector (named pTEY) also contained the 35S
promoter sequence upstream, and the NosA terminator sequence after a stop codon behind
the YFP. The complete expression cassette containing one of the Arabidopsis Slp
sequences was then excised out of pTEY and inserted into the binary vector pTKAN+
(Schaaf et al., 2006) for expression in plants. This was accomplished by digestion of pTEY
with NotI and ligation with pTKAN+ that was opened with PspOMI. Figure 4-8 gives an
overview over the T-DNAs of the cloned fusion protein constructs in the C-terminal fusion
orientation.

Figure 4-8. Overview of 35S::Slp::YFP constructs. Only the T-DNA is shown. The same
clones were also produced with YFP fused to the N-terminus of AtSlps for comparison. The
AtSlp open reading frames (ORF) are shown in red. Abbreviations are: MCS (multiple
cloning site), CMV35S (Cauliflower Mosaic Virus 35S promoter), eYFP (enhanced yellow
fluorescent protein), STOP (indicates stop codon), RBSC (Rubisco terminator sequence),
MAS (promoter), NptII (neomycin phosphotransferase II- kanamycin resistance gene), Term.
(terminator sequence).
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A second type of construct was created by fusing GFP to the C-terminus of AtSlp2 inside
its entire genomic sequence. This sequence was 4427 bp long and included 1713bp of
upstream promoter sequence, followed by all exons and introns and the 3’UTR. This
cassette was excised from a bacterial cloning vector and ligated into pTKAN+ for plant
transformation. Figure 4-9 shows the T-DNA for this expression construct.

Figure 4-9. T-DNA of genomic GFP fusion construct of AtSlp2. The genomic sequence was
cloned from genomic DNA into a bacterial cloning vector. A KpnI restriction site was
inserted just before the stop codon (STOP) and used to insert GFP. This fusion cassette
was exerted by restriction digestions with ApaI and PstI and inserted into pPTKAN+.
Abbreviations are: P(AtSlp2) (promoter region of AtSlp2), gAtSlp2 (genomic sequence of
AtSlp2), GFP6 (green fluorescent protein 6), 3’UTR (3’ untranslated region), RBSC (Rubisco
terminator sequence), MAS (promoter), NptII (neomycin phosphotransferase II), Term.
(terminator sequence).

All constructs were transformed into Agrobacterium tumefaciens and used for stable
transformation of Arabidopsis wild type plants (ecotype Col-0) by the floral dip method.
Positive transformants were selected based on resistance to kanamycin on agar plates. The
segregation patterns were counted and positive plants propagated. For fluorescent protein
analysis by confocal microscopy, only T1 and T2 generation transformants were used.

4.3.1.1 AtSlp1- overexpression under the constitutive promoter
Positive transformants (T1) expressing Slps fused to YFP at their C-terminal end were
selected on kanamycin, transplanted to soil and leaves were collected for imaging. Figure
4-10 shows confocal images of a guard cell and an epidermal cell expressing Slp1::YFP.
The yellow fluorescent stain is clearly visible in punctae distributed throughout the cells. It
is present in both guard cells and epidermal cells as expected from the activity of the 35S
promoter. The yellow labelled structures were highly mobile when they were followed by
images taken in time series (not shown). Fluorescence was not present in chloroplasts or at
the plasma membrane. An identical expression pattern was also observed with the
35S::Slp2::YFP fusion construct (not shown).
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Figure 4-10. Three-dimensional reconstructions of a guard cell (A) and an epidermal cell (B)
from a stably transformed line expressing Slp1-YFP. The scale bars represent 5μm distance.
Slp1-YFP is shown in yellow, and chloroplast autofluorescence in red in the left panel.
Bright field images are included on the right side for reference.

To confirm the presence of Slp1 fusion protein, proteins were extracted from seedlings and
separated on a SDS-PAGE gel followed by Western blotting. The fusion protein could be
detected with antibodies against GFP and Slp1 at the correct molecular weight of 65 kDa
(Figure 4-11). Part (A) shows a Western blot of seedlings treated with UV-B light for 15
minutes as described in chapter 3 section 3.5.3.4. The Slp1-YFP seedlings were treated
with UV light, after which the protein level of the fusion protein increased (sample grown
on MS, third from left). For comparison, wild type protein extracts from untreated
seedlings (separated into microsomal and soluble fraction) are also included to demonstrate
specificity of the antibody. When probed with antibody raised against GFP, the same
pattern of bands was seen in the Slp1-YFP samples. Thus, the observed pattern of
fluorescence stems indeed from the stable expression of Slp1-YFP. Curiously, antibody
against Slp1 only recognised the YFP fusion protein (at 65 kDa) in the samples of the
overexpressor plants, but not the endogenous Slp1 protein. This protein can be seen in the
wild type microsomal fraction at the normal molecular weight (45 kDa). Part (B) shows a
second Western blot from a separate experiment probed with anti-Slp1. Seedlings were
grown in hydroponic culture and proteins extracted. Slp1-YFP was again seen only in the
overexpressor samples at the expected molecular weight (65 kDa). The antibody
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recognised Slp1 in the wild type sample (red arrowhead), but this band was again much
reduced in the samples of the overexpressing seedlings. This observation could lead to the
conclusion that the expression of Slp1 in the overexpressing plants is suppressed by the
presence of the Slp1-YFP fusion protein. Alternatively, Slp1 in its monomeric form might
participate in SDS-resistant high molecular weight complexes with Slp1-YFP.
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Figure 4-11. Western blots of seedlings overexpressing Slp1-YFP.
A) Western blot probed with anti-Slp1 and anti-GFP of seedling extracts from Slp1-YFP
overexpressing plants and wild type plants. The Slp1-YFP overexpressors were grown on
agar plates in the presence of added sucrose (MS+suc) and without (MS). Seedlings were
treated with UV-B light (UV-B), after which the protein level of Slp1-YFP is increased in the
sample grown on MS agar plates (MS). The samples from wild type plants (Wt) are protein
extracts from seedlings separated into the microsomal fraction (μsomes) and soluble
proteins (Sol.). These plants were set up for an unrelated experiment but are included here
as a comparison between wild type extract and Slp1-YFP overexpressor extract. The
Ponceau S stain in shown below for comparison of loading levels. Numbers indicate
molecular weight markers in kDa.
B) Western blot probed with anti-Slp1 showing an unrelated example of wild type and Slp1YFP seedling protein extracts. All plants from this setup were grown hydroponically in
parallel. One sample of Slp1-YFP plants was grown in the presence of kanamycin to select
for positive transformants. The red arrowhead indicates the endogenous Slp1 protein. As in
A), this protein is strongly reduced in the overexpressor samples. Labelling is as above.
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4.3.1.2 Co-localisation of Slp1-YFP with MitoTracker
To confirm that the observed organelle pattern of Slp1-YFP corresponds indeed to
mitochondria, root hairs of overexpressing lines were incubated with MitoTracker
DeepRed (Molecular Probes), a marker dye that specifically accumulates in active
mitochondria. This imaging was done on root hairs rather than leaf epidermal cells because
of their high autofluorescence background associated with chloroplasts in the leaves.
MitoTracker DeepRed gave strong fluorescence in the range of chlorophyll and thus
blurred mitochondria when applied to leaf pieces. Slp1-YFP plants were grown
hydroponically, and young seedlings were incubated with MitoTracker prior to imaging by
confocal microscopy. Figures 4-12 and 4-13 show confocal microscopy images of root
hairs that clearly show co-localisation of the marker with Slp1-YFP in the merged images.
As observed in leaves, mitochondria were highly mobile in healthy root hairs and were
seen to fuse frequently with each other in time series (not shown). The clear co-localisation
pattern of Slp1-YFP with the mitochondrial marker dye MitoTracker provides the first in
vivo evidence for mitochondria localisation of this protein. It also confirms the Western
blots where Slp1 was detected in mitochondrial pellets (Figures 4-4 and 4-5).
MitoTracker

35S::Slp1::YFP

Merge

Bright Field

Figure 4-12. Co-localisation of MitoTracker DeepRed and Slp1-YFP. Slp1 overexpressing
seedlings were incubated with MitoTracker before confocal microscopy. Co-localised
organelles are shown as orange spots. These images were taken from a time series where
movements of mitochondria along actin filaments were tracked during cytoplasmic
streaming. Scale bar indicates 10μm.
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MitoTracker

35S::Slp1::YFP

Merge

Bright Field

Figure 4-13. Three-dimensional reconstruction of MitoTracker-infiltrated root hair from Slp1YFP overexpressing plant. The same root hair is shown as in Figure 4-12. Labelling is as
before. Scale bar = 10μm.

4.3.1.3 AtSlp2- overexpression under its native promoter
Seedlings of plants transformed with the genomic GFP fusion of AtSlp2 (T1) were grown
on agar plates in the presence of kanamycin and used for confocal imaging. Figure 4-14
shows a series of images showing expression in different plant parts. Expression of
AtSlp2-GFP was strong as distinct moving punctae throughout the seedlings when
epidermal cells were imaged. Around the rosette, GFP fluorescence was readily detectable
in stipules (Figure 4-13 top panel red arrowheads), but also all over the leaf and stem
epidermis. GFP fluorescence was also visible in root epidermal cells and in the root tip,
where it was excluded from the meristematic centre. AtSlp2 expression was present evenly
along the root epidermis, and also in root hairs (red arrowhead). Along the stem epidermis,
GFP fluorescence was evenly spread over epidermal cells and guard cells in discrete and
mobile organellar structures. No GFP fluorescence was detected in chloroplasts or at the
plasma membrane.
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Rosette/Stipules

Root tip

Root epidermis

Stem epider mis

Figure 4-14. AtSlp2-GFP expression in seedling organs. The top images show the interior of
a rosette with stipules highlighted by red arrowheads (Scale bar = 50μm). The mid panels
show images of a root tip and root epidermal cells (Scale bars = 20μm). The red arrowhead
points out GFP expression in a root hair. The bottom images show stem epidermal cells
(Scale bar = 10μm). Red fluorescence indicates chlorophyll autofluorescence of guard cell
chloroplasts.
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In leaves, AtSlp2-GFP from the same seedlings was highly expressed in epidermal
pavement cells and in guard cells (Figure 4-15). As seen before, the GFP fluorescence was
detected in distinct moving organellar structures. No GFP label was detected at the cell
periphery or in chloroplasts.

Guard cell

Epider mal cell

Figure 4-15. Three-dimensional reconstructions of AtSlp2-GFP expression in leaves. The top
images show a guard cell. Slp2-GFP is seen in distinct organellar structures evenly between
the guard cell pair and the surrounding epidermal cells. Red spots are chloroplast
autofluorescence. The images underneath show epidermal cells with Slp2-GFP highly
expressed within all cells. All images are three-dimensional reconstructions. Scale bars
=5μm.

The high expression level of AtSlp2-GFP under its own promoter was surprising. Based on
what was observed from the promoter-GUS stains of this gene and the high number of
cycles necessary to amplify it from cDNA, much lower GFP fluorescence levels were
expected. In particular, the high expression level in epidermal cells was unexpected. From
the promoter-GUS stains seen in Figure 3-36 it was assumed that no, or very little
expression would be observed in leaf epidermal cells. However, the GUS approach is
much less sensitive than detection of GFP fluorescence by confocal microscopy.
Additionally, the actual Slp2 protein is expressed under its own promoter in this
experiment, compared to β-glucuronidase in the GUS fusions. It is also possible that the
AtSlp2-GFP protein was more stable than β-glucuronidase expressed under the Slp2
promoter. To further confirm that AtSlp2-GFP was expressed in these plants, proteins were
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extracted and Western blots probed with monoclonal GFP antibody. Figure 4-16 shows the
Western blot from crude protein extracts from plants expressing either Slp2-GFP under its
own promoter, or the Slp2 open reading frame fused to YFP under the 35S promoter. This
construct is described in Figure 4-8. As a comparison, wild type extract was also included.
From this Western blot it can be seen that the Slp2 fusion proteins are expressed at the
expected molecular weight in all cases. When controlled by the 35S promoter, the
expression level is much higher than when expression is controlled by the native promoter,
further indicating that this gene is expressed at relatively low levels. The presence of the
Slp2-GFP band at the expected molecular weight (60 kDa) also indicates that the gene
fused to GFP after its last exon is spliced correctly when expressed in Arabidopsis. No
band is detected in the wild type extract, indicating that the fusion proteins are specifically
expressed in transformed seedlings. Thus, the observed GFP fluorescence pattern in
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organelles must originate from overexpressed, stable AtSlp2 fusion protein.
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Figure 4-16. Western blot probed with anti-GFP of proteins extracted from leaves of plants
expressing Slp2-YFP under the 35S promoter (35S::Slp2::eYFP) or Slp2-GFP under its own
promoter (P(Slp2)::Slp2::GFP). Wild type extract (Wt) is included as a comparison. For
reference of loading levels, the Ponceau S stain showing Rubisco bands is shown at the
bottom. Numbers indicate molecular weight markers in kDa.
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4.3.1.4 Co-localisation of AtSlp2-GFP with MitoTracker
To confirm that the observed organellar structures seen as AtSlp2-GFP were indeed
mitochondria, co-localisation experiments with MitoTracker Orange were carried out. To
observe co-localisation, leaf pieces from stable transformed lines (T1) were infiltrated with
the marker dye, followed by incubation (45 minutes) and confocal imaging. The
MitoTracker used to study co-localisation with GFP did not give background fluorescence
that coincided with chlorophyll autofluorescence. Therefore, leaves were chosen for
imaging, also because the expression level of AtSlp2 was assumed to be higher in leaves,
and most phenotypes described in chapter 5 were related to leaf growth. Figure 4-17 shows
a series of images taken from Slp2-GFP expressing leaf epidermal cells infiltrated with
MitoTracker Orange. As expected, the GFP fluorescent organelles co-localised well with
MitoTracker-labelled structures, confirming this assumption. A second example showing
epidermal cells and a guard cell from an independent line is shown in Figure 4-18. As seen
before, most green fluorescent organelles colocalise with MitoTracker-labelled
mitochondria. In this image, some spots are not labelled with MitoTracker, especially those
inside the guard cell. However, overall the MitoTracker dye was weaker in this image
compared to the image in Figure 4-17. When time series were taken of both examples, colocalisation of the two fluorescent labels could be easily traced. This parallel movement
further confirmed their identity as mitochondria.
These results confirm that also AtSlp2 is a mitochondrial protein in vivo, and with its
expression under its own promoter and genomic sequence, indicate that the protein is
expressed widely throughout the plant tissues. This demonstration also supports the view
that both Arabidopsis Slps are expressed together in the same subcellular compartment and
thus might form one unit. For AtSlp2, this is also the first confirmation of mitochondrial
localisation in planta.
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Figure 4-17. Confocal images of AtSlp2-GFP co-localisation with MitoTracker Orange. The
image on the top left shows chlorophyll autofluorescence. Shown in green is the Slp2-GFP
fluorescence, and in purple the MitoTracker signal. The merged images on the bottom show
co-localised organelles as white punctae. Scale bar = 20μm.
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Figure 4-18. Colocalistion of AtSlp2-GFP with MitoTracker Orange from an independent
transgenic line. Labelling is as above. Scale bar = 5μm.

270

4.3.1.5 Phenotypes of stable AtSlp overexpressing lines
Transgenic plants grown on soil were examined for morphological phenotypes.
Overexpression of Slp1-YFP under the 35S promoter did not result in any obvious growth
phenotype when plants were grown on agar plates or on soil. These plants were
indistinguishable from wild type plants in either growth condition (Figure 4-19 left side).
However, overexpression of Slp2-YFP under the 35S promoter resulted in plants that were
reduced in size. Additionally, these plants frequently displayed lesions and premature
senescence (Figure 4-19 third picture from left side). The expression of Slp2-YFP was
checked by confocal microscopy, and Western blotting confirmed high overexpression
levels (Figure 4-16). Unfortunately, only one transgenic line could be propagated out of
four lines that were initially selected from the T1 seeds. Therefore, this growth phenotype
lacked confirmation by an independent line and could also be caused by the T-DNA
insertion site. By comparison, expression of Slp2-GFP under its own promoter (picture on
right side) also caused a reduction in growth, but the plants did not look as chlorotic and
did not have as many lesions as under the 35S promoter. From these lines, a total number
of 12 could be isolated and propagated to the T2 generation. Subsequently, three
homozygous lines were isolated and maintained. Plants of all three independent lines
frequently showed this growth reduction. Thus, it appears that enhanced expression of
Slp2-GFP causes the phenotype rather than the insertion site of the T-DNA. This finding is
somehow surprising, given that Slp2-GFP is expressed at levels that should correspond to
the endogenous expression of AtSlp2. One explanation is that the growth reduction is
related to inclusion of the GFP moiety at the C-terminus of Slp2. For example, fusion with
GFP could result in misfolding or could prevent other proteins to interact with Slp2 in vivo.

Wt

35S::Slp1::YFP

35S::Slp2::YFP P(Slp2)::Slp2::GFP

Figure 4-19. Phenotypes of Slp-Y/GFP overexpressing plants. A wild type plant is shown on
the left side for comparison. T2 and wild type plants were grown soil. Scale bar = 1cm.
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4.4 Biochemical characterisation of the AtSlp1 protein
Experiments addressing structural similarities between AtSlp1 and HsSlp2 are presented in
this section that further support their close homology. Evidence is presented for the
existence of Slp1 in a protein complex inside mitochondria. Additionally, the membrane
insertion model that has been suggested for other stomatin-type proteins is confirmed for
AtSlp1. The final part of this section deals with the putative post-translational modification
of Slp1 by palmitoylation and the possible consequences for Slp1 function.

4.4.1 Effects of formaldehyde crosslinking on AtSlp1
HsSlp2 has been shown to be part of high molecular weight protein complexes containing
oligomers of HsSlp2 and mitofusin-2 through crosslinking experiments with formaldehyde
(Hajek et al., 2007). Formaldehyde (FA) quickly penetrates membranes and crosslinks
proteins and nucleic acids within a range of 2 Å by the formation of methylene bonds
(Kiernan, 2000). To test whether AtSlp1 also exists in a similar protein complex than
HsSlp2, mitochondria isolated on a step gradient were incubated with 1% formaldehyde,
lysed and separated on an SDS-PAGE gel. Crosslinking effects by formaldehyde are
reversible by heat treatment (boiling for 10 minutes), and can thus be easily controlled.
Figure 4-20 shows a Western blot probed with anti-Slp1 of untreated and FA crosslinked
mitochondria that were lysed at room temperature (lanes nos. 5 and 6) or by boiling
sufficiently long to ensure reversal of FA crosslinking (lanes nos. 3 and 4). Slp1 is visible
as a single band of approximately 45 kDa molecular weight in the control samples (lanes 3
and 5). Treatment with FA causes a band shift (lane no. 6), yielding a protein band visible
at approximately double the molecular weight at around 90 kDa. This band shift did not
occur when the FA treated sample was boiled (lane no. 4). This result indicates that Slp1
exists in a protein complex together with other proteins. It is possible that Slp1 might form
homodimers and/or higher oligomers in organello, although FA crosslinked proteins of
higher molecular weight than 90 kDa were not detected. The Slp1 bands from the FA
treated samples (lanes nos. 4 and 6) are visibly weaker in appearance than the bands from
the control samples. This phenomenon is probably linked to protein precipitation caused by
application of FA.
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FA crosslinking experiment
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Figure 4-20. Effects of FA crosslinking of isolated mitochondria on Slp1. Mitochondria were
isolated on a step gradient (no. 1, see Figure 4-5A) and incubated with 1% FA for 15 minutes
before lysis in SDS sample buffer and boiling. Shown is a Western blot of mitochondrial
extracts probed with anti-Slp1. The first two lanes (nos. 1 and 2) are mitochondrial extracts
denatured by boiling (95 ºC) or at room temperature (RT). The other lanes (nos. 3-6) present
fractions of mitochondria that were treated without (control) or FA and denatured either by
boiling (95 ºC) to reverse crosslinking or at room temperature (RT). The monomeric form of
Slp1 is indicated by the purple arrowhead; the crosslinked form is marked by a blue
arrowhead. Numbers on the right side indicate molecular weight markers in kDa.

FA treatment of mitochondria was repeated with a separate mitochondrial purification on a
step gradient (see Figure 4-5 B). The Western blot of lysed mitochondria probed with antiSlp1 is shown in Figure 4-21. As in the previous experiment, Slp1 was only present as a
monomer in the control samples (lanes nos. 2 and 4), and in the FA treated sample after
boiling (lane no. 1). This time, however, the protein was present as two bands (lane no. 3)
after FA treatement. The upper band (marked by the blue arrowhead) corresponds to the
band seen in Figure 4-20 (lane no. 6). Interestingly, the lower band (marked by a red
arrowhead) was slightly higher in molecular weight than the bands seen in the other lanes.
This might reflect incomplete crosslinking, or it could also indicate that Slp1 was bound to
a smaller protein or was captured here as a precursor of higher molecular weight. On the
other hand, this band might present an artefact created by FA crosslinking. The appearance
of two bands might also indicate that Slp1 does not purely exist in a higher complex, but
also (and maybe transiently) as a monomer or an immature precursor.
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Figure 4-21. Western blot probed with anti-Slp1 of FA treatment of mitochondria under
identical conditions as in Figure 4-20. Lanes nos. 2 and 4 are control treated samples
denatured either by boiling (95 ºC) or at room temperature (RT). Lanes nos. 1 and 3 are
samples treated with FA and denatured as described. Numbers on the right side correspond
to molecular weight markers in kDa. The red arrowhead indicates the higher molecular
weight band of AtSlp1 seen in lane no. 3, and the blue arrowhead indicates the crosslinked
Slp1 band. The purple arrowhead indicates the original single band as observed before.

4.4.2 Membrane insertion of AtSlp1
A series of experiments were carried out to test whether the membrane insertion model
suggested for other stomatin-type proteins (see Figure 3-6) is also correct for AtSlp1.
Secondly, the nature of Slp1 membrane attachment was further investigated, and additional
ways of anchorage by a post-translational modification were explored.

4.4.2.1 Protease K assay
The orientation of AtSlp1 in membranes was investigated by isolating microsomal
fractions from rosette leaves of short-day grown plants and treatment with protease K in
the presence and absence of Triton-X100. This experimental approach is commonly used
to study the orientations of transmembrane proteins localised to different compartments
(Leimer et al., 1996;Hiebldirschmied et al., 1991a). The theory behind this kind of
experiment is that the protease will have limited access to degrade proteins if they are
buried inside formed vesicles or organelles, but it will fully degrade proteins once the
vesicle membranes are lysed by the application of a detergent. The degradation products
formed under the different conditions are then detected on Western blots probed with
antibodies against specific parts of the proteins. In this case, the proteolytic products of
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AtSlp1 were compared to those of the Arabidopsis plasma membrane localised syntaxin
AtSyp121. Figure 4-22 illustrates the theory behind this experiment and the expected
outcome.

A)

B)

Figure 4-22. Membrane insertion models for peripherally attached (A) and single
transmembrane spanning proteins (B). Schematic presentation of vesicles formed upon
tissue homogenisation from membranes (grey) with two types of membrane-associated
proteins. The N-termini (= N) are presented by a red dot and the C-termini (= C) by a blue
dot.
A) Upon vesicle formation, a protein that is not spanning the membrane becomes trapped
inside a vesicle (N in, C in), or it is located entirely on the outside (N out, C out) depending
on the orientation of the vesicles. This is the model suggested for AtSlp.
B) The Arabidopsis syntaxin 121 on the other side is a membrane spanning protein. Its Nterminus is either located inside the vesicle or on the outside, with the C-terminus lying on
the opposite site (N in, C out) or (N out, C in). Two degradation products are expected that
can be detected with antibodies recognising an epitope at the N-or the C-terminus.

Figure 4-23 shows a Western blot probed with anti-Slp1 that was later reprobed with antiSyp121. The control sample (lane no. 1) shows both proteins present as a single band at
their expected molecular weight. In lane no. 2, protease K was added, but no detergent.
AtSlp1 was detected in this case as a band of weaker intensity, but at the same molecular
weight. No other degradation product was visible under these conditions. Thus, the protein
was partly accessible to the protease as a whole, since no smaller degradation product was
detected. This observation strongly suggests that this protein is entirely located on one side
of the vesicles and confirms that it is not membrane-spanning; in effect the simple
explanation for these findings is that a subpopulation of vesicles exist in an inside-out
orientation, thus leaving a fraction of the AtSlp1 protein fully exposed and the remainder
fully protected from degradation. Of course, the epitope that was recognised by the
antibody lies in the C-terminus of this protein. When this part is degraded, no protein can
be detected by this antibody. By comparison, the Arabidopsis plasma membrane syntaxin
121 is known to be membrane-spanning and has a transmembrane domain close to its Cterminus. This intrinsic property leads to the appearance of a smaller degradation product
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of this protein in lane no. 2 because a part of Syp121 was exposed to the outside of the
vesicles and thus degraded by the externally added protease. The reduction in molecular
weight of this product compared to the full-length protein corresponds to the C-terminal
tail that is located after the transmembrane domain. The antibody raised against Syp121
recognises a part of the N-terminal domain localised on the opposite side to the C-terminus
in the vesicles. The smaller degradation product expected if the N-terminus were degraded,
could not be detected because no antibody against the Syp121 C-terminus was available.
The appearance of the degradation product in lane no. 2 confirms the theory behind this
experiment and proves the nature of membrane orientation of both AtSlp1 and AtSyp121.
Lane no. 3 shows samples that were treated with detergent only. This treatment has no
effect on stability of the proteins which are detected as full length proteins just as in lane
no. 1. Upon addition of protease and detergent however (lane no. 4), both proteins are fully
degraded as expected under these conditions. It can be concluded from this experiment that
AtSlp1 conforms with the model that has been suggested (Salzer et al., 1993;Umlauf et al.,
2006;Kadurin et al., 2008a) for other stomatins and band-7 family proteins with both the
N- and C-terminal regions of the protein exposed on the same side of the membrane; these
proteins are not membrane-spanning.

47.5

32.5

Figure 4-23. Western blot of protease K treated (“+”) microsomal fractions in the presence
(“+”) or absence (“-“) of 1% Triton-X100. The upper blot was probed with anti-Slp1 and the
blot on the bottom was probed with anti-Syp121. Numbers on the left side indicate
molecular weight markers in kDa.

4.4.2.2 Chemical treatments of microsomal fractions
The membrane insertion of AtSlp1 was further examined by chemical treatments of
microsomal fractions isolated from Arabidopsis rosette leaves. These types of experiments
have been frequently used to address membrane attachment of proteins (Lu & Hrabak,
2002;Ikeda et al., 2004). Microsomal fractions were resuspended, aliquoted and various
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chemicals added, as summarised in Table 4-5. After an incubation time of one hour, the
preparations were separated again by centrifugation into soluble proteins and insoluble
matter before denaturation and separation on SDS-PAGE gels and Western blotting.

Treatment Concentration
H2O
Control
NaOH
0.1 M
Na2CO3
0.1 M
NaCl
1M
Urea
2.5 M
Triton-X100
1%
SDS
0.1%
Table 4-5. Chemical treatments of microsomal fractions isolated from Arabidopsis leaves.
List of individual treatments and the concentrations which were applied. Microsomal pellets
were resuspended in buffer, and the individual treatments started by adding a two-fold
concentrated stock solution in the same buffer.

Figure 4-24 shows Western blots probed with anti-Slp1 and anti-Syp121 of the treated
membrane fractions. The Slp1 and the Syp121 proteins were present in the membraneassociated pellet after the control treatment with water (sample labelled H2O) as previously
seen (Figure 4-2). Remarkably, addition of 0.1 M sodium hydroxide to microsomal
fractions caused complete solubilisation of Slp1 (Figure 4-24 A), but did not affect the
membrane association of the integral protein Syp121 (Figure 4-24 B). By contrast,
treatment with sodium carbonate only partially solubilised Slp1, with the majority of the
protein still associated with the membrane pellet. The Arabidopsis syntaxin was
completely unaffected by this treatment, as expected from a membrane spanning protein.
Carbonate treatment of microsomal fractions is commonly used to detach peripheral
membrane proteins. The addition of 0.1 M carbonate has been shown to cause formation of
membrane sheets out of vesicles derived from the ER, while membrane lipids and integral
proteins are retained. Soluble and peripheral proteins also become detached following the
rise in pH (around 11) and an increase in ionic strength (Fujiki et al., 1982). Another
publication reports the partial release of lipids after extraction of Drosophila microsomal
fractions with carbonate (Mastrogiacomo et al., 1998). The different behaviour of Slp1
after sodium hydroxide extraction can be explained by the harsher nature of this treatment
compared to carbonate extraction. Sodium hydroxide is known to denature protein
structures, thereby affecting membrane binding of proteins (Steck, 1974).
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The relative sensitivity of Slp1 to these various solubilising agents thus supports the idea
that this protein probably penetrates the lipid bilayer by means of its hydrophobic domain
without actually crossing the bilayer, and that this is an endogenous property of its
structure. Additionally, its membrane attachment might be supported by palmitoylation at
the conserved cysteine residue (Figure 3-7).
Treatment with 1M sodium chloride did not affect the solubility of either protein, both
AtSlp1 and Syp121 remained firmly attached to the membrane fraction. This result
indicates that electrostatic interactions are not important for keeping these proteins
membrane associated. Addition of a medium concentration (2.5 M) of the chaotropic
reagent urea caused partial dissocation of both Slp1 and Syp121 from membranes. Urea is
known to reduce hydrophobic interactions by disrupting hydrogen bonding in proteins, and
therefore promotes unfolding (Bennion & Daggett, 2003). It also affects protein-lipid
interactions, but does not disrupt membranes per se (Bowie, 2004). Partial membrane
dissociation of both proteins by urea indicates that hydrophobic effects important for the
proteins’

conformations

probably

also

partially

mediate

membrane

anchorage.

Additionally, membrane attachment might be further assisted by a specific protein
environment. Putatively, protein-protein interactions might support membrane anchorage
of both proteins, further supporting the idea that they exist in a complex.
Application of the non-ionic detergent Triton-X100 solubilised the majority of Slp1, with
only a small fraction remaining membrane-bound. By comparison, a much higher
proportion of Syp121 remained Triton insoluble following this treatment. Protein solubility
caused by non-ionic detergents such as Triton-X100 is a consequence of disruption of the
proteins’ membrane anchorage via hydrophobic interactions with lipids. Nonionic
detergents like Triton-X100 are generally not denaturing and solubilise membrane proteins
as protein-detergent complexes. Partial Triton-insolubility indicates that both proteins are
partly associated with detergent-resistant membrane fractions and confirms the findings of
the proteomics studies (Borner et al., 2005). Interestingly, treatment with the ionic
detergent SDS completely solubilised Slp1, but only partially detached Syp121 from
membrane fractions. SDS generally leads to the denaturation of proteins and disrupts
membranes. SNAREs are known to form SDS-resistant complexes (Pellegrini et al.,
1995;Scales et al., 2001;Hayashi et al., 1994). It has to be noted however, that this
experiment was carried out at 4 degrees Celsius, a temperature where SDS precipitates.
Thus, SDS solubilisation of Syp121 was may not have been complete because the
detergent was not present in its soluble form to sufficiently disrupt membranes and release
this protein.
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The behaviour of Slp1 and Syp121 after detergent extraction further illustrates the different
nature of their membrane association. Complete solubilisation of the integral membrane
protein Syp121 required a stronger detergent than was necessary to release Slp1.

A)

Treatment
Fraction

Treatment
Fraction

Treatment

B)

Fraction

Treatment
Fraction

Figure 4-24. Western blots of microsomal fractions treated with chemicals to solubilise
membrane-attached proteins.
A) Western blot probed with anti-Slp1. Following each treatment, the microsomes were spun
down again and the supernatant collected as the soluble fraction (“Sol.”). The pellet
(“Membr.” for membrane) was resuspended, denatured and separated on the gel with the
soluble fraction. Numbers on the left side indicate molecular weight markers in kDa.
B) Western blot of identical fractions probed with anti-Syp121. Labelling is as described
above.
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4.4.3 Putative S-acylation of AtSlp1
Although the above results suggest protein lipid interactions are important for positioning
AtSlp1 in the membrane, the data do not rule out other anchoring mechanisms. As both
AtSlp1 and AtSlp2 exhibit a conserved cysteine residue, the possibility of palmitoylation
or another form of S-acylation of the cysteine residue in AtSlp1 (Figures 3-4 and 3-7) was
investigated. The protein sequences of AtSlp1 and AtSlp2 were scanned for other putative
lipidation motifs such as myristoylation, prenylation and for sites that would permit the
addition of a glycosylphosphatidyl inositol (GPI) anchor. Each of these possiblilities was
excluded based on the lack of suitable acceptor residues in the Slp sequences, or a
conserved prenylation motif. Palmitoylation emerged as the most likely way of protein
modification of AtSlps by the addition of a fatty acid chain to the side chain of a cysteine.
S-acylation of cysteines is a post-translational modification of thiol groups by the
formation of a thioester bond with a fatty acid residue such as palmitate. The fatty acid
chain is transferred to proteins via acyl-CoA in a reaction that can occur spontaneously in
some proteins in vitro, but is thought to be promoted by palmitoyl-transferases (PATs) in
cells (Linder & Deschenes, 2003;Dietrich & Ungermann, 2004). Non-enzymatic
palmitoylation is often slow and inefficient, and it crucially depends on the surrounding
amino acids of the target cysteine and the free concentration of palmitoyl-CoA. Quite
often, basic and hydrophobic, or aromatic residues surround the modified cysteines and aid
the attachment to membranes through negatively charged phospholipids. Palmitoylation
normally always occurs close to hydrophobic surfaces on, or proximal to membranes or in
proteins (Dietrich & Ungermann, 2004), and often in concert with other lipid modifications
such as N-myristoylation or prenylation (Yalovsky et al., 1999). Since no consensus motif
exists to predict palmitoylation, it is thought to be target sequence specific. The
surrounding amino acids also have an important function in lowering the pKa value of the
cysteine. The free thiol has to be deprotonated to form a thiolate anion, which is needed for
ester bond formation with palmitate. Figure 4-25 highlights the neighbouring amino acids
of the putatively modified cysteine residues of AtSlp1, AtSlp2, and for comparison also of
HsSlp2. In all three cases, the highlighted cysteines are surrounded by several positively
charged residues. Additionally, several hydrophobic and aromatic amino acids are also
present, amongst them a remarkably conserved tryptophane. The close homology of these
residues further supports the possibility that the cysteine can be modified by S-acylation.
HsSlp2 has an additional cysteine just few amino acids away from the conserved one that
could also be palmitoylated, or oxidised to form a disulfide bond with the other cysteine.
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Figure 4-25. Amino acid sequences surrounding the putatively palmitoylated cysteine
residues in AtSlp1, AtSlp2 and HsSlp2. The cysteines to be modified are shown in red
surrounded by a box. Positively charged residues are indicated by blue letters, negatively
charged amino acids are shown in orange. Hydrophobic and aromatic residues are
underlined. Numbers on the left and right side of the sequences indicate the positions of the
chosen amino acid sequences within the proteins.

The function of PATs is controversial in the sense that no direct enzymatic activity has
been demonstrated (Dietrich & Ungermann, 2004). It is therefore thought that these
proteins merely assist spontaneous acylation to occur more efficiently by binding acylCoA and assisting the transfer reaction (Dietrich & Ungermann, 2004). In yeast, proteins
with a DHHC motif and cysteine-rich domains are known to act as PATs in the ER and
Golgi (Linder & Deschenes, 2003). Arabidopsis contains 23 PATs that are thought to act in
an organelle and tissue specific manner (Hemsley & Grierson, 2008). Palmitoylated
proteins have been identified from animals, yeast and plants from a variety of organelles
and compartments, amongst them mitochondria (Berthiaume et al., 1994;Corvi et al.,
2001). In this case, palmitoylation is thought to occur spontaneously, aided by proteinprotein interactions that provide a suitable amino acid environment. In fact, palmitoylation
of mitochondrial proteins is more common than previously assumed, especially amongst
matrix proteins and enzymes, and it provides additional levels of metabolic control
(Kostiuk et al., 2008).
Palmitoylation is enzymatically reversible by the action of palmitoyl thioesterases (PTEs).
As such, it is a dynamic modification of proteins that can occur in integral, peripheral and
soluble proteins. S-acylation has several consequences on protein mobility and increases
their affinity to membranes. It allows proteins to shuttle between organelles and the
cytosol, and the addition of a fatty acid chain can also promote association with specific
lipid environments such as microdomains. Frequently, palmitoylated proteins are
assembled into complexes in microdomains that have important functions for signalling.
As such, palmitoylation can promote the formation of specific protein-protein interactions
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and provide an additional level of assembly control. Protein palmitoylation can also have
other functions, for example it can determine the trafficking route of a protein. This has
been reported to be the case for stathmins, a family of neuron microtubule-regulatory
phosphoproteins attached to organelles in the cytosol. Depending on the availability of
palmitoylated cysteine residues in one domain, the proteins are targeted to the Golgi or to
mitochondria (Chauvin et al., 2008).
In the studies described below, a palmitoylation inhibitor was utilised to test for possible
effects of palmitoylation on the solubility of Slp1. 2-Bromo palmitic acid (BPA) is a
competitive palmitate analogue that is poorly metabolised by cells and blocks
incorporation of palmitate into proteins (Resh, 2006). Wild type Arabidopsis seedlings
(ecotype Col-0) were grown under sterile conditions on MS agar plates or on plates
supplemented with 1mM 2-bromopalmitic acid (BPA) for 20 days. Seedlings were
harvested and their microsomal proteins separated from the soluble protein fraction. The
proteins were separated on SDS-PAGE gels followed by Western blotting. The blots were
probed to detect Slp1 in the soluble and in the microsomal fractions (Figure 4-26). The
rationale behind this experiment was to test whether a larger fraction of Slp1 would
become soluble upon BPA treatment. In parallel, seedlings of stable transgenic
Arabidopsis lines (described in chapter 5 section 5.5) were treated in the same way to
provide an independent comparison. These plants overexpress a dominant-negative version
(DN) of Slp1 under the control of an inducible promoter and are further described in
chapter 5. The Western blot shown in Figure 4-26 for this experiments is from proteins
extracted from seedlings that were not induced and should thus behave phenotypically like
wild type plants. They were included in this figure to present an independent example of
BPA effect on Slp1 localisation. In the wild type seedlings grown on MS, Slp1 is almost
completely associated with the microsomal fraction as seen before in Figures 4-24 (A) and
4-2. In seedlings treated with BPA, the protein seems to be even stronger associated with
membranes when compared to the MS control that has approximately equal loading levels
(Figure 4-26 A). In the microsomes extracted in parallel from DN seedlings, Slp1 was
present to a small extent in the soluble fraction, but was mainly associated with
membranes. This observation was made previously and was not regarded as unusual.
Surprisingly, BPA treatment in this example caused the complete disappearance of Slp1
from the soluble fraction. The protein was completely membrane-bound, even to a slightly
greater extent than in the MS control. Thus, BPA treatment seemed to have no effect on
Slp1 solubility, or even an opposite effect on membrane association than anticipated. If the
inhibitor was indeed active in blocking palmitoylation during growth of the seedlings, no
membrane association aided by palmitoylation should have occurred. On the other hand,
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AtSlp1 is most likely membrane-associated through its hydrophobic domain and does not
rely solely on palmitoylation to accomplish this. BPA might therefore have no effect on
membrane association of this protein. Palmitoylation of Slp1 might only occur temporarily
to increase the protein’s affinity to associate with certain lipid microdomains, but probably
does not affect its membrane localisation in general. This type of experiment makes use of
an inhibitor of palmitoylation and is a rather indirect approach to probe for protein Sacylation. It cannot deliver a final proof for S-acylation of a particular protein.
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Figure 4-26. Western blots of seedlings treated with the palmitoylation inhibitor BPA on MS
agar plates.
A) Wild type Arabidopsis seedlings were grown on MS plates (MS) or on MS plates
supplemented with 1mM BPA (BPA). Microsomal extracts (μs.) were prepared and separated
on SDS PAGE gels together with the soluble protein fraction (Sol.). The blot is probed with
Slp1 antibody. The Rubisco band from the Ponceau S stain is shown underneath for
reference of loading levels. Numbers on the left indicate molecular weight markers in kDa.
B) Microsomal and soluble protein extracts of transgenic seedlings (DN) grown on MS agar
plates or on MS plates supplemented with BPA. Labelling is as described above.

S-acylation of AtSlp1 was further investigated by utilising the newly established biotin
switch method to directly detect cysteine-modified proteins from plant microsomal
extracts. This method was established as a direct approach to test for S-acylated proteins
without the need to incubate plants with radiolabelled palmitate. The method relies on the
detection of chemically modified palmitoylated cysteines from microsomal fractions.
These modified proteins are then specifically tagged with biotin and affinity purified using
neutravidin beads. The S-acylated proteins are then detected by Western blotting with a
specific antibody to confirm palmitoylation (Hemsley et al., 2008).
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This assay was performed on wild type microsomal extracts by Dr. Piers Hemsley at the
University of Bristol (Bristol, UK). He made use of the anti-Slp1 antibody to detect Sacylated Slp1. Preliminary results indeed suggest that Slp1 can be detected on Western
blots by this method after cysteine modification, biotin conjugation and affinity
purification (result not shown). If confirmed, this provides the first direct evidence for Sacylation of AtSlp1, and also the first report of a palmitoylated protein in plant
mitochondria. It provides further evidence that S-acylation of Slp1 and putatively also of
Slp2 are important modifications that can add an additional level of control for the function
of these proteins.
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4.5 Discussion
4.5.1 Subcellular targeting of AtSlps
The proteomics studies of Arabidopsis organelles so far only identified AtSlps in
mitochondria, with the exception of one quantitative study (Dunkley et al., 2006) that also
assigned chloroplasts as a possible localisation. However, the method applied in this study
to assign proteins to subcellular compartments relies on their quantitative distribution in a
certain gradient fraction. Since chloroplast membranes are the most likely contaminants of
mitochondrial purifications even after density centrifugation, it is possible that the dual
prediction in this study originates in a chloroplast membrane contamination. The
quantitative method applied in this study is highly sensitive, and therefore even minor
chloroplast protein contaminations of fractions containing otherwise mitochondrial
proteins are likely to be picked up.
Putative AtSlp1 chloroplast localisation is also supported by the Cell eFP browser that
assigns AtSlp1, but not AtSlp2, to mitochondria and possibly also to chloroplasts. This
database summarises results from different prediction programs and proteomics data, but
does not give any other evidence for chloroplast localisation of AtSlp1. Out of all
prediction softwares listed in the database, only one predicts chloroplast localisation for
Slp1 over mitochondria (LOCtree), (Nair & Rost, 2005). This assignment is probably
dependent on similarities between mitochondria and chloroplast import presequences. The
target sequences of proteins destined to chloroplasts (transit peptides) are generally longer,
but also contain positively charged and hydrophobic residues important for import. In
contrast to mitochondrial targeting sequences, transit peptides generally do not adapt the
conformation of an amphipathic alpha helix per se, and they lack clear common structural
motives (Inaba & Schnell, 2008;Bruce, 2000). In some imported proteins, hydroxylated
amino acids are phosphorylated and form complexes with cytosolic proteins to form a socalled guidance complex that aids transport through the cytosol (Mackenzie, 2005;Martin
et al., 2006;Soll & Schleiff, 2004). Certain proteins, such as parts of the transcription and
translation machinery, or proteins involved in redox detoxifying pathways, are even
targeted to both mitochondria and chloroplasts. These proteins have either two targeting
sequences arranged in a tandem, or a target sequence that is recognised by the
mitochondrial and the chloroplast import receptors (Mackenzie, 2005).
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The targeting sequences of both AtSlp proteins are overall more often recognised as typical
cleavable mitochondrial import signals by the databases queried. This suggests a typical
proteolytic processing of nuclear encoded proteins destined for the mitochondrial inner
membrane or the matrix. Additionally, all major Arabidopsis chloroplast proteome studies
so far failed to identify either of the two Arabidopsis Slps from highly purified organelles
(Friso et al., 2004;Peltier et al., 2004). Based on these predictions and proteomic evidence,
Arabidopsis Slps are most likely not targeted to both organelles but are only localised to
mitochondria.
With regard to dual localisation, the targeting of the putative human ortholog HsSlp2 is
also controversial. This protein has been originally identified as putatively plasma
membrane localised in human erythrocytes with a wide tissue expression pattern (Wang &
Morrow, 2000). However, several other reports subsequently found it localised in
mitochondria using proteomics screens from a variety of mammalian tissues (Da Cruz et
al., 2003;Reifschneider et al., 2006;Chevallet et al., 2006;Hajek et al., 2007). In a recent
study, HsSlp2 was identified as a protein expressed in T-cells. Its expression is strongly
induced by T-cell activation which in turn induces signalling events (Kirchhof et al.,
2008). In these cells, the protein is distributed between two pools, one found at the plasma
membrane, and one in mitochondria. The protein was also found to be enriched in lipid
rafts, and it associated with polymerised actin in a specialised protein signalling complex at
the immunological synapse. The authors concluded that HsSlp2 is important for T-cell
activation and signalling, and it accomplishes these actions by providing a specialised
protein-lipid environment to maintain signalling complexes. The interesting idea was put
forward that the dual localisation of this protein reflects a localised concentration of
mitochondria and plasma membrane signalling complexes through polymerised actin at the
peripheral area of the immunological synapse. It is thought that HsSlp2 modulates
mitochondrial function by providing a scaffold for components of the respiratory chain,
and thereby ensuring that energy requirements for sustained T-cell signalling are met.
Based on the proposed homology between HsSlp2 and the Arabidopsis stomatin-like
proteins, a dual localisation to mitochondria and the plasma membrane certainly cannot be
ruled out completely. In humans at least, this dual localisation seems to be tissue specific
and probably also specific for certain developmental stages and cell-types. T-cells are
highly specialised human cells- a finding proven for these cells cannot be easily projected
on plants.
However, the concept of two separate protein pools that might merge in certain situations
that require specialised signalling involving mitochondria could also exist in plants. A
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plasma membrane localisation of AtSlp1 seems highly unlikely, given that no signal
sequence directing the protein to the secretory pathway could be detected by any of the
prediction softwares used. Dual localisation of band-7 family proteins was also reported
for human prohibitins. In this case, localisation to the plasma membrane, mitochondria and
even to nuclei were reported (Snyder et al., 2005;Tatsuta et al., 2005;Schleicher et al.,
2008;Wang et al., 1999b). In Arabidopsis however, all prohibitins have so far been
assigned to mitochondria (Van Aken et al., 2007;Chen et al., 2005;Ahn et al., 2006),
indicating that promiscuous localisation might be a feature of animal proteins. Generally
however, the concept of dual localisation could be extended to several classes of animal
band-7 family proteins.
The identification of AtSlp1 as a resident of detergent resistant membrane fractions from
mixed organellar membranes is surprising for a mitochondrial protein (Borner et al., 2005).
In this study, the protein was clearly found enriched in the Triton-X100 insoluble
membrane fraction compared to control extracted membranes. The originally isolated
membrane fractions were derived from the plasma membrane, but also contained most
endomembrane organelles as well as mitochondrial and plastid membranes. After detergent
extraction, the authors concluded that the isolated detergent-resistant membrane fractions
were largely derived from the plasma membrane. However, given the presence of AtSlp1
in these fractions, microdomains must have also been isolated from mitochondrial
membranes. Based on the targeting information obtained from AtSlp protein sequences, it
is assumed that these proteins are purely mitochondrial.
With regard to the high solubility of AtSlp1 after Triton extraction in this study (Figure 424), this enrichment in microdomains is surprising and leads to the conclusion that it is
only a subfraction of AtSlp1 that is anchored to microdomains. The proteomics study by
Borner et al. applied approximately equal amounts of Triton than were used to test the
membrane association of AtSlp1 in Figure 4-24 A. The putative palmitoylated cysteine
residue of the protein could explain this phenomenon. As mentioned in section 4.4.3,
palmitoylation is regarded to provide a mechanism to specifically enrich and target
proteins to certain microdomains in membranes. In AtSlp1, this cysteine might not be
constantly modified, or only a small proportion of the Slp1 pool might be acylated at any
given time and therefore associated with microdomains.
The original concept of lipid rafts presumed that they only exist at the plasma membrane.
However, this idea has since been revised and extended to the endomembrane system
(Lucero & Robbins, 2004). Considering the structural organisation and the variety of
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metabolic activities that are accommodated at the mitochondrial inner membrane, the
concept of microdomains indeed makes sense. So far, microdomains from mitochondria
have only been described in studies with animal cells (Malorni et al., 2008;MartinezAbundis et al., 2007), but not in plants. Proteins with a band-7 domain have been
previously associated with the compartmentalisation of membranes (Browman et al.,
2007), and this concept can probably be extended to all types of biological membranes. As
such, AtSlp1 could be actively involved in the formation of microdomains inside
mitochondrial membranes.
So far, only AtSlp1 has been identified from detergent-resistant membrane fractions, but
not AtSlp2. This does not exclude the possibility that this protein co-localises to the same
membrane compartments as AtSlp1. It is more likely that AtSlp2 has not been identified in
this proteomics study because of its lower expression level.

4.5.2 AtSlp1 localisation to mitochondria
The result of the two-phase partitioning in Figure 4-2 clearly indicates that AtSlp1 is not
present at the plasma membrane. This provides further evidence that this protein does not
have a dual localisation, at least not in shoot tissue. The protein is clearly enriched in
endomembranes that must be derived from mitochondria. This means that mitochondria
must have been broken during tissue homogenisation and mitochondrial membrane
vesicles were released. When whole mitochondria were isolated, more care was taken
during tissue homogenisation to prevent rupture of organelles.
Mitochondria isolation after differential centrifugation alone resulted in a strong Slp1 band
on Western blots. However, the preparation was highly impure, mainly because of
contamination by chloroplast material and peroxisomes. Mitochondria purification on a
linear density gradient partly improved this result, but still contained thylakoids as seen on
the Ponceau S stain in Figure 4-4. AtSlp1 was clearly visible in the final pellet, but at this
stage it was not possible to confirm a single organelle localisation to mitochondria for this
protein. The protocol was modified, and a discontinuous density gradient applied to
improve purity of the mitochondrial preparation. Step gradients have the advantage that
cellular material separates in a manner that is more clearly visible at the interfaces between
fractions with apruptly changing densities. The separation of the mitochondria band in this
case was readily distinguishable from thylakoids, and the final mitochondrial pellet
contained no Rubisco band as seen on the Ponceau-S stained Western blot membrane.
During the isolation procedures, a lot of membrane material must have been lost. There is a
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clear difference in band intensity between the fraction containing the pellet after the last
centrifugation step at 12000g, and the final pure mitochondrial pellet (Figure 4-5 B). This
decrease in band intensity of AtSlp1, but also PRXII must be down to loss of
mitochondrial material caused by rupture of organelles during tissue homogenisation and
resuspension. The purity and also quantity of these preparations could probably still be
improved by upscaling the procedure. For these preparations, a maximum of 50 grams of
fresh weight tissue was used on average. The mitochondrial band in the density gradient
was not well visible, especially after fractionation on the linear gradient.
A rather curious observation concerns the molecular weight of AtSlp1. Since this protein
possesses a mitochondrial targeting sequence that is presumably removed proteolytically
upon mitochondrial import, one would expect a reduced molecular mass in isolated
mitochondria. As mentioned in section 4.1.1, the mature form of AtSlp1 should have a
molecular weight of 40 kDa or even smaller. However, in all Western blots probed with
anti-Slp1, the observed molecular weight always corresponded to the expected mass as
deducted from the uncleaved protein sequence. No double band was ever detected that
would correspond to the presence of a precursor and a mature protein. The fact that the
commercially produced antibody against this protein failed to recognise the chosen Nterminal epitope peptide (chapter 3, Figure 3-19) would further support the idea that a part
of the protein’s N-terminus is lost upon maturation in mitochondria.
Slp1 proably possesses a bipartite targeting sequence. The protein is synthesised in the
cytosol and targeted to mitochondria by its N-terminal target sequence. It is transported
across the outer membrane by the TOM complex and and passed to a translocating
complex of the inner membrane. This complex (TIM 23 in yeast) then redirects the protein
to the inner membrane in a membrane potential-dependent manner. Once in the inner
membrane, it is cleaved by an inner membrane peptidase (Nunnari et al., 1993) and
emerges protruding into the intermembrane space. In principle, its hydrophobic domain
should act as a stop-transfer signal and Slp1 should be inserted as a single protein or
assembled into oligomers inside the MIM. This type of mitochondrial targeting has been
shown to apply to the inner membrane protein cytochrome c1 and also for cytochrome b2
(Vanloon et al., 1987;Glick et al., 1993;Glick et al., 1992).
Generally, intermembrane space-localised proteins are imported through the TOM
complex and then fully folded by proteins in the intermembrane space. In fact, the
intermembrane space is an oxidising environment. Frequently, imported proteins are
temporarily linked to soluble assembly complexes via disulfide bridges. Cysteine oxidation
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promoted by soluble intermembrane space factors (MIA-mitochondrial intermembrane
space assembly machinery) can also promote the assembly of oligomeric complexes that
might be inserted subsequently into the inner membrane (Bolender et al., 2008). In this
light, the conserved cysteine residue in AtSlp1 could have an additional function. When
oxidised in the intermembrane space, it would link several Slp1 subunits via disulfide
bridges to assemble into higher oligomeric complexes. This assumption is currently purely
speculative and not supported by any experimental evidence.
Other mitochondrial inner membrane proteins, mainly carrier proteins with multiple
transmembrane spanning domains, lack an N-terminally cleavable target sequence. Instead,
these proteins possess internally encoded targeting signals at various places. This type of
targeting has been studied extensively for the inner membrane ADP/ATP carrier from
yeast. The N-terminal sequence of this protein is bound by soluble intermembrane space
factors and directed to the inner membrane, where it is bound by the TIM22 complex and
inserted in a membrane potential-dependent manner (Leuenberger et al., 1999;Rehling et
al., 2003). Since both AtSlps are synthesised with detectable N-terminal targeting
sequences, these proteins probably do not follow this insertion pathway. The most likely
scenario appears to be the one suggested above that has been proven for cytochrome c1.
However, this pathway always seems to involve proteolytic cleavage by a processing
peptidase located in the inner membrane or in the matrix. Thus, the failure to detect a
smaller Slp1 protein can only be explained by insufficient resolution on the SDS-PAGE
gels (mini format) used to separate the fractions. Alternatively, Slp1 is post-translationally
modified by another mechanism or simply imported as described, but not cleaved.
Localisation of Slp1 to the outer mitochondrial membrane facing the intermembrane space
seems unlikely, given the presence of the N-terminal targeting sequence. Outer membrane
proteins of the beta barrel type are normally imported by the TOM complex in an ATPdependent manner and possess no cleavable target sequence. Following transport across
the outer membrane, they are guided to a second complex (SAM- sorting and assembly
machinery) and eventually a third (MDM- mitochondrial distribution and morphology)
after which maturation and assembly is completed (Bolender et al., 2008;Becker et al.,
2008).
Discrepancies also exist concerning the molecular weight of HsSlp2. When this protein
was originally characterised, it was detected as three distinct bands from different tissues
and cell types (Wang & Morrow, 2000). The expected full-length protein has a molecular
weight of 38.5 kDa as predicted from its open reading frame. Two bands of 45 and 34 kDa
were detectable in most tissues and cell types. The lower band of 34 kDa was only detected
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in erythrocytes, COS cells and A431 cells. The major band was always the highest at 45
kDa. When the protein was expressed with an in vitro translation system, an additional
smaller band of 26 kDa was also detected. The authors concluded that the protein is tissuespecifically modified by alternative splicing, or initiated at additional downstream start
codons. Triton-X100 extraction of Slp2 overexpressing COS cells only left the two largest
bands associated with the insoluble, cytoskeleton associated fraction. In erythrocytes, only
the band detected at 44 kDa became soluble after the same treatment, all other bands
remained associated with insoluble matter.
The study that characterised HsSlp2 in mitochondria (Hajek et al., 2007) detected the
protein with a molecular weight of 42 kDa when co-immunoprecipitated from crosslinked
HeLa cell lysates. However, a band with higher molecular weight was detected after in
vitro translation of Slp2. When this protein was incubated with import-competent
mitochondria from HeLa cells, a smaller band was detected, dependent on whether the
membrane potential was intact. Thus, this protein was demonstrated to be proteolytically
processed upon mitochondrial import. The authors did not comment further on the larger
size of the detected Slp2 protein (42kDa in whole cell lysates compared to 38 kDa
expected molecular weight). In a second study, HsSlp2 was detected with its expected
molecular weight of 38 kDa from whole HeLa cell lysates (Da Cruz et al., 2008).
These observations demonstrate that many factors could influence the processing and final
form of a stomatin-like protein of the HsSlp2 type. With this knowledge as a background,
it is interesting to speculate that AtSlp1, like HsSlp2, may be proteolytically cleaved, but
the mature version not readily detected. It is possible that the cleavage is dependent on
some kind of secondary event, or that the mature protein has a high turnover rate.
To demonstrate localisation of AtSlp1 to the inner mitochondrial membrane facing the
intermembrane space, the experiment using protease K and digitonin treatment should be
repeated. Specific marker proteins for each mitochondrial subcompartment should be used
to test more specifically for the effective digestion of proteins in each compartment. As an
alternative to the method used here, purified mitochondria could directly be separated into
their compartments. Mitoplasts (mitochondria of which the outer membrane has been
removed by freeze-thawing or hypotonic shock) can be separated from outer membrane
fractions and the intermembrane space compartment (Da Cruz et al., 2008;Da Cruz et al.,
2003). This way, AtSlp1 could be localised with higher confidence to either the inner or
the outer mitochondrial membrane.
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It is worth noting that these types of experiments require higher protein concentrations than
achieved here, and would need to be scaled up by using at least double the amount of
tissue. Alternatively, seedlings rather than mature rosettes could be used, or Arabidopsis
suspension cell cultures. These types of mitochondria sources are more frequently
mentioned in the literature because of the higher yield of mitochondria. When using
suspension cells, one could make use out of dark-adapted cell cultures that lack
chloroplasts and therefore yield mitochondrial pellets that are free of thylakoid membranes.

4.5.3 In vivo evidence for AtSlp localisation to mitochondria
Before stable transformations with the 35S driven Slp-YFP expression constructs were
imaged, transient expression was attempted as a quick measure to test the expression levels
of these constructs. Both Agrobacterium infiltration and transfection of Nicotiana tabacum
leaves, and particle bombardment of onion epidermal cells resulted in very high expression
levels of the 35S driven constructs. However, the expression pattern with both transient
methods did not resemble the distribution expected for mitochondria. Under these
conditions, Slp1 and also Slp2 expressed with C-terminal YFP resembled large, mobile
vesicular structures (not shown). Onion epidermal cells even showed sheet-like internal
structures that resembled ER distributions. Fusion of YFP to the N-terminus of either Slp
resulted in expression patterns that were similar to those observed with the C-terminal
fusions in these systems. Again, large vesicular structures were fluorescently labelled that
were mobile and frequently fused. However, the observed distribution and size of these
structures did not correspond to mitochondria and looked very different from the pattern
observed upon stable expression in Arabidopsis. It is plausible that fusion of YFP to the Nterminus of either Slp could cause mistrafficking of the proteins since the N-terminal
targeting sequence would be buried. The C-terminal fusions should not have affected
targeting of these proteins, as it was seen in Arabidopsis. Therefore, the heterologous
expression systems, despite being plant cells, must have caused mistrafficking. The
expression of the genomic construct of AtSlp2 required correct splicing, which was clearly
accomplished in Arabidopsis stable lines. This construct was also transiently expressed in
onion epidermal cells and tobacco leaf epidermis cells as described before. The expression
pattern with this construct showed smaller and mobile organelles similar to the
mitochondrial pattern seen in Arabidopsis. In tobacco cells, these organelles appeared
larger than in Arabidopsis, whereas in onion cells they were smaller, but much more
abundant. It was not confirmed whether these structures were indeed mitochondria. These
results clearly demonstrate the advantages of stable expression in a native system,
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compared to heterologous and transient overexpression which caused mistrafficking of
Slp-YFP under the 35S promoter.
MitoTracker labels active mitochondria after it has been taken up in a membrane potential
dependent manner. However, the use of these dyes is not free from controversy. Care must
be taken not to overload cells, and in the case of plant cells, additional worries concern the
accumulation of MitoTracker dyes in chloroplasts. In the examples presented here, both
MitoTracker dyes did not seem to yield chloroplast labelling. The confocal settings (laser
power, detector gain) were kept low deliberately to avoid artefacts. In some cases, colocalisation between fluorescently labelled Slp proteins and MitoTracker was not
complete. However, this could be related to the state of the imaged mitochondria. As
mentioned, MitoTracker is only taken up by actively respiring mitochondria. Mitochondria
that did not take up MitoTracker, or did so only weakly might still have been labelled with
fluorescent Slp protein. Overall, the observed organelle patterns corresponded well to what
has been published previously for Arabidopsis mitochondria (Logan & Leaver, 2000).
Plant mitochondria are highly amorphous in shape, ranging from tubules and networks to
distinct spots. This plasticity depends on the cell cycle and also the stress levels of cells.
Additionally, the number of mitochondria per cell varies greately between specific cell
types. Guard cells and other cells found in actively metabolising tissues have frequently
higher numbers than epidermal cells for example (Taiz & Zeiger, 2002), page 232).
Concerning the proposed dual localisation of HsSlp2 protein in specific cells, epidermal
cells and root hairs imaged here definitely did not show evidence of such a phenomenon.
Neither Slp protein was detected at the cell periphery nor was visible in chloroplasts. This
observation concurs with the results obtained from the 2-phase partitioning experiment and
to what has been observed elsewhere. In some cases, chloroplasts displayed weak
fluorescence in the YFP or GFP channel during confocal imaging. However, this signal
was not quantiatively different from that observed in control tissues and was therefore
regarded as artefacts down to the confocal settings and bleedthrough of the chlorophyll
autofluorescence. Arabidopsis Slps are not regarded as dually localised to mitochondria
and chloroplasts based on these observations.
Rather curiously, 35S-driven Slp1-YFP expression reduced the protein level of the
endogenous Slp1 as seen on Western blots in Figure 4-11. Phenotypically, these plants
looked like wild types and seemed to grow normally on plates, hydroponic culture, or on
soil. The clear reduction in Slp1 protein levels could be down to transcriptional or
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translational repression of the Slp1 gene. Such an effect might arise if the Slp1-YFP fusion
was functional inside mitochondria, and therefore did not cause a growth phenotype.
Co-localisation of Slp1-YFP with MitoTracker was confirmed by confocal analysis in root
hairs because of the ease of imaging in this system. Several attempts were made in leaf
epidermal cells, but were not successful because of high background autofluorescence in
the MitoTracker channel. The co-localised pattern in root hairs assumes that the protein is
expressed naturally in this cell type. Currently this assumption cannot be firmly confirmed
based on the microarray data and the promoter-GUS fusion lines. However, given that Slp2
is expressed in the root epidermis and in hairs, it seems likely that Slp1 would share the
same pattern when expressed under its own promoter. The protein extracts from roots
clearly showed high levels of Slp1 protein on a Western blot (Figure 3-41 A).
Overexpression of Slp2-YFP under the 35S promoter resulted in a strong growth
phenotype. Assuming that this phenotype was not related to the T-DNA insertion site, it
must have been caused by large amounts of Slp2-YFP protein inside mitochondria. These
plants were small, had necrotic lesions and became prematurely senescent. This phenotype
was only observed in this severe form when the fusion protein was expressed under the
35S promoter. On explanation for this observation is that Slp2-YFP was not functional
because of the YFP fusion. For example, although the fusion protein was targeted to
mitochondria, once imported it might be mislocalised or might prevent other proteins from
interacting with Slp2. Alternatively, the highly increased expression levels under the 35S
promoter could have caused misfunctioning of this protein simply through saturation of its
interaction(s) with other (unknown) partner proteins. As concluded in chapter 3, AtSlp2
normally is not as highly expressed as AtSlp1. It might be that high Slp2 levels are toxic to
the plants and its expression must be tightly regulated. Since it is assumed that both AtSlps
act in a complex together, AtSlp2 could have an important regulatory function.
Compared to the expression of Slp2-YFP under the 35S promoter, the expression of Slp2GFP from its genomic sequence caused a milder growth phenotype. This finding in itself
was unexpected, given that the expression of this fusion protein was controlled entirely by
its own genomic sequence. Under these circumstances, the presence of GFP at the
protein’s C-terminus could have caused this change in growth for the same reasons as
mentioned above for Slp2-YFP. The GFP fusion protein was expressed at overall higher
levels than it was expected originally. GFP fluorescence could be detected in T1 seedlings
in all organs examined. The high expression of the protein in stipules agrees with what has
been observed in the promoter-GUS fusion lines (Figure 3-36 C). If Slp2-GFP was
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expressed at slightly elevated levels than in wild type plants, the growth phenotype of these
plants could also be related to increased protein levels. As a third possibility, this growth
phenotype could indicate that the native Slp2 protein is indeed processed by proteolysis for
example. When the protein is expressed as a C-terminal GFP fusion, this processing might
be impaired. This in turn could result in the accumulation of unprocessed fusion protein
that hinders mitochondrial function and plant growth.

4.5.4 Biochemical characterisation of AtSlp1
FA crosslinking
The detection of a higher molecular weight band with anti-Slp1 after crosslinking of
mitochondria with FA does not come as a surprise. Based on what is known about HsSlp2,
the Arabidopsis protein was expected to exist in a protein complex. The human Slp2
protein was detected in crosslinked complexes with mitofusin-2, a GTPase of the outer
membrane that mediates mitochondrial fusion (Hajek et al., 2007). An HsSlp2 dimer, and a
ladder of additional higher complexes with mitofusin were detected from FA-treated
mitochondria and cells. HsSlp2 was also identified in a 250 kDa protein complex, where it
binds prohibitins (Da Cruz et al., 2008). The low resolution of the gel format used here
(minigel) does not allow detection of very large complexes of the kind reported by Hajek
et al. However, it would be interesting to repeat the crosslinking experiment and isolate the
crosslinked band from a SDS-PAGE gel followed by mass spectrometry analysis. This
way, it would be possible to confirm whether this band contains only AtSlp1 or an
additional mitochondrial protein. Additionally, this experiment should be repeated, and the
proteins separated on a maxi gel format to improve resolution of separation. To avoid loss
of protein material by precipitation effects by FA, an alternative crosslinker could be
applied. A good example would be DSP (Dithiobis[succinimidyl propionate]) that has been
successfully applied to isolated mitochondria by da Cruz et al. (Da Cruz et al., 2008).
Crosslinking by DSP can also be reversed by applying strong reducing agents and heating
of samples during denaturation.
Interestingly, Arabidopsis does not encode a direct mitochondrial homolog to mitofusin-2.
GTPases that are similar belong to the FZO type proteins and have been identified from the
chloroplast outer membrane (Gao et al., 2006). However, given the conserved features
between HsSlp2 and AtSlps, interacting Arabidopsis proteins that could be involved in
mitochondrial fusion would also be expected in this case. Additionally, the conservation of
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prohibitins between humans and plants would strongly suggest that AtSlps can also interact
with Arabidopsis prohibitins.
The question remains whether Slp1 contineously exists as a dimer (or even higher
oligomer) or bound to other proteins, or whether it is associated with other proteins only
temporarily. The rather different results seen in Figures 4-20 and 4-21 with respect to the
monomeric band in the FA treated sample would argue that the latter is probably the case.
In the first experiment in Figure 4-20, no monomeric band could be detected after FA
treatment. In Figure 4-21, a monomer with an increased mass was detected in addition to
the 90 kDa band. As mentioned in section 4.4.1, the increased weight could represent a
precursor that was crosslinked while processed, a post-translational modification, or the
binding to a small protein. The result seen in Figure 4-21 would also argue that only a part
of the Slp1 pool is available for dimerisation/complex formation, whereas the other part
exists at least temporarily in a monomeric form. Slp1 oligomerisation would support the
concept of a scaffolding protein in the mitochondrial membranes. As such, oligomeric Slp
complexes could associate with microdomains and regulate interacting or surrounding
protein complexes, as has been suggested for HsSlp2 and stomatin (Hajek et al.,
2007;Snyers et al., 1999b;Salzer & Prohaska, 2001a).
AtSlp1 membrane association properties
Microsomal extraction and protease K digestion
During the extraction procedure to obtain microsomal fractions from leaf tissue,
mitochondria must have been broken during homogenisation in a blender, and their
membrane fractions released. Mitochondrial membranes were detected in microsomal
fractions that were isolated by similar protocols before (Borner et al., 2005;Mitra et al.,
2007). The extraction involved a first spin at 10000 g to remove cellular debris, but also
unbroken organelles such as mitochondria, chloroplasts and nuclei. Since the majority of
Slp1 is always associated with microsomes, a significant proportion of mitochondrial
membrane material must have been released before this spin. A second spin at 100000g
was applied to pellet microsomes. The isolated membrane fraction must have contained at
least in parts vesicles of two orientations, right-side out and inside-out. This can be
concluded by the result of the protease K treatment in the absence of detergent. Both
degradation products of Slp1 and Syp121 were weaker in band intensity than the untreated
or the detergent-treated samples (Figure 4-23 lane no. 2). Particularly the Slp1 band lost
intensity; a good proportion of the protein must have been exposed to the outside of the
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vesicles. To homogenise tissue for this experiment, blending in homogenisation buffer was
applied with repeated strokes. The isolated microsomal pellet was resuspended by careful
pipetting. These procedures supposedly produce mainly vesicles that are not inverted, but
right-side out. With this concept in mind, membrane material derived from the
mitochondrial inner membrane was probably also of this orientation. Thus, the loss in Slp1
band intensity seems a plausible consequence of the formation of right-side out vesicles.
AtSyp121 on the other side is localised to the inside of the plasma membrane, with the Nterminus protruding into the cytosol. The N-terminal part of the protein is also recognised
by the antibody used to detect this protein. If the plasma membrane also generated mainly
right-side out vesicles, the largest fraction of the N-terminal part must have been located
inside the vesicles and was thus protected from protease degradation with no detergent
present. Indeed, this appears to be the case as observed in the Western blot in Figure 4-23.
This theory would further support that Slp1 is facing the intermembrane space on the inner
membrane.
The orientation of Slp1 to just one membrane side is in agreement with what has been
demonstrated for the human stomatin protein (Salzer et al., 1993;Umlauf et al., 2006). This
concept of membrane association through a loop and the consequential orientation of both
termini to the same compartment has been suggested to be a conserved feature of many
band-7 family proteins, with the exception of the prohibitins and bacterial HflC/K proteins
(Browman et al., 2007;Kihara & Ito, 1998). For human Slp2, this model has been
experimentally tested using protease K digestion in the presence of digitonin (Hajek et al.,
2007). The N-terminus of AtSlp1 is unusually rich in proline, an amino acid that
commonly occurs at sites where the protein structure bends. Four proline residues are also
found within and around the putative hydrophobic domain of Slp1, further supporting the
idea that the structure probably bends to accommodate the proposed hydrophobic loop
insertion. The possibility of Slp1 membrane attachment by this hydrophobic area is further
explored in chapter 5.
AtSlp1 membrane association
The most interesting finding about membrane association properties of AtSlp1 is the
complete extraction by sodium hydroxide, compared to only partial solubilisation after
sodium carbonate extraction. Treatment with sodium hydroxide causes hydrolysation of
thioester and ester bonds, and denaturation of proteins. As a consequence, protein-lipid
interactions are disrupted under these conditions. Carbonate on the other side and mild
alkali treatment affect ionic bonds, but generally do not hydrolyse thioester bonds. Proteins
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that have no membrane anchor (ie peripheral proteins) are normally detached from
membranes under this condition. Slp1 was also resistant to carbonate extraction as reported
by some of the proteomics papers (Borner et al., 2005;Mitra et al., 2007;Dunkley et al.,
2006). In these studies, membranes were isolated and carbonate-washed to remove
peripheral proteins before their proteome was analysed.
Alternatively, treatment of S-acylated proteins with hydroxylamine at neutral pH also
cleaves thioester bonds and releases the fatty acid moiety. This procedure is commonly
used to test specifically for membrane anchorage of proteins by thioester bonds (Magee et
al., 1984). To distinguish whether Slp1 is mainly attached by a hydrophobic loop rather
than post-translational modification, an S-acylated control protein in combination with
hydroxylamine treatment should have been used in the experiment of Figure 4-24. The Sacylated protein would be expected to be completely solubilised by hydroxylamine and
sodium hydroxide, but not by carbonate. AtSlp1 on the other side is expected to be
partially solubilised by hydroxylamine and completely extracted by hydroxide.
Slp1 solubilisation after sodium hydroxide extraction only confirms that Slp1 is not an
integral membrane protein like Syp121. From the outcome of this experiment, it is not
possible to exclude the possibility that Slp1 is exclusively membrane anchored by Sacylation. Since Slp1 contains only a single cysteine in its sequence this possibility seems
unlikely, regarding the strong association with microsomal fractions. S-acylation normally
occurs in concert with other types of membrane anchorage (Hemsley & Grierson,
2008;Yalovsky et al., 1999). Acylation of proteins can also occur by other amino acid
modifications. Attachment of palmitate or another type of fatty acid by an ester bond to a
serine residue offers another possibility to anchor proteins. Modification of proteins by
acylation via an amide bond presents a third possibility. Amide bonds however are
resistant to alkali hydrolysis (Towler et al., 1988) and are therefore not considered for Slp1
membrane attachment. Furthermore, the stretch of hydrophobic amino acids close to the Nteminus of Slp1 does not necessarily have to penetrate the lipid bilayer, but might aid
membrane attachment by providing a hydrophobic surface if the protein is otherwise posttranslationally modified. Currently, Slp1 membrane attachment via a hydrophobic loop
insertion is just a model based on what has been proposed for other stomatin proteins.
Modification by S-acylation is supported by the association of Slp1 with microdomains
(Borner et al., 2005), and by the result of the biotin-switch assay.
The differences seen regarding membrane solubility between Slp1 and Syp121 after
carbonate and sodium hydroxide extraction might also relate to the nature of the
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membranes where these proteins localise. AtSyp121 is localised to the plasma membrane
facing the cytoplasm with its N-terminus. The lipid and protein composition of the plasma
membrane is remarkably different to that of the mitochondrial inner membrane, a
membrane that is highly specialised to provide a tight barrier for ions, solutes and proteins.
Therefore, carbonate and sodium hydroxide might be differentially effective in solubilising
membranes of different lipid compositions. This fact might also contribute to the different
solubility properties of these two proteins after extraction with detergents. Regardless of
this possibility, the characteristics of membrane attachment of Syp121 as seen in Figure 424 ºC learly correspond to the expected behaviour of an integral protein. Such a protein can
only be solubilised by the application of detergents.
Overall, the solubilisation characteristics of AtSlp1 are strikingly similar to those observed
for HsSlp2. The human protein was also fully extractable from erythrocyte ghost
membranes after sodium hydroxide application, but it was not extracted by 0.5M
potassium chloride (Wang & Morrow, 2000). As a control for an integral protein, the
human stomatin protein was used. This protein was not detached from membranes under
either of these two conditions. Stomatin was assumed to insert itself into the plasma
membrane by a hydrophobic loop as suggested for AtSlp1. Curiously, human Slp2 from
erythrocytes remained almost insoluble after extraction with Triton-X100, only a small
proportion became solubilised. The authors concluded from this result that HsSlp2 is
associated with the insoluble cytoskeletal matrix and therefore localised to the plasma
membrane where it is a peripheral, but well attached membrane protein (Wang & Morrow,
2000). In a second study the membrane association of HsSlp2 was investigated from
mitoplasts (Hajek et al., 2007). The membrane localisation was completely unaffected by
treatment with 1.5M sodium chloride and 0.1 M carbonate. However, in this study HsSlp2
was almost completely extracted by the application of 1% Triton-X100, as it was observed
for AtSlp1 in Figure 4-24. From the study of mitochondrial inner membranes, the authors
concluded that HsSlp2 is membrane-attached by acylation or the addition of a GPI anchor.
The different behaviour of HsSlp2 upon Triton extraction between these two studies could
again reflect the nature of the membranes used. In the study by Wang et al., erythrocyte
plasma membranes were examined, whereas Hajek et al. used purified mitochondria
extracted from HeLa cells. The two membrane types probably possess different properties
upon Triton extraction because of their varying lipid and protein compositions.
The identical membrane association properties of AtSlp1 and HsSlp2 (as observed by
Hajek et al. in mitochondria (Hajek et al., 2007)) lead to the conclusion that membrane
association of these proteins is generally mediated by the same mechanisms. The
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hydrophobic domain in AtSlp1 could penetrate the lipid bilayer, or it could also only
facilitate membrane attachment without actually protruding into the membrane. In this
case, acylated amino acids would mediate membrane attachment, as it has been suggested
for HsSlp2 by Hajek et al. (Hajek et al., 2007)and Wang and Morrow (Wang & Morrow,
2000). This protein does not possess a hydrophobic domain as predicted for the
Arabidopsis Slps, but the amino acid sequence is nevertheless highly similar in this region,
with a high number of conserved hydrophobic residues (Figure 3-4). AtSlp2 contains the
same prediction for a hydrophobic domain as AtSlp1, and it probably has membrane
association properties identical to AtSlp1. AtSlp2 contains a second cysteine further
upstream very close to the hydrophobic domain that is not conserved, but could
nevertheless be acylated.
S-acylation of AtSlps in mitochondria
Based on homologies and the experimental evidence by the biotin switch assay, the
conserved cysteine residue of AtSlp1 is most likely modified. As mentioned, the nature of
the modification is most likely by a thioester bond and attachement of a palmitate residue.
Alternatively, this cysteine might also be modified by other means, for example by the
attachment of another long chain fatty acid. Attachment of a fatty acid residue by an ester
bond on a hydroxylated amino acid might be another type of post-translational
modification occurring in Slp1. A third way of modification would be the possibility that
this cysteine could be S-nitrosylated. S-nitrosylation also happens non-enzymatically and
is dependent on the target sequence. This type of modification provides an additional level
of regulatory control in proteins and complexes implicated in stress-mediated signalling
(Moller et al., 2007;Wang et al., 2006). Whatever the exact type of modification is, the
conserved cysteine probably has an important role in the regulation of the function of Slps
of type 2. Palmitoylation of this residue would imply consequences on the protein’s
hydrophobicity, or on its ability to interact with other proteins. As other palmitoylated
proteins frequently partition into detergent-resistant membrane fractions, this type of
modification provides means to specifically target and shuttle proteins within membranes.
It cannot be excluded however, that palmitoylation of Slp1 provides the main way of
attaching itself to membranes. In this case, its hydrophobic domain would in fact not
penetrate the bilayer or only aid membrane attachment on the surface. An intriguing
possibility could also be that this cysteine could be modified by multiple post-translational
mechanisms at any given time, especially considering that these types of modifications are
reversible.
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The reversal of palmitoylation always happens enzymatically, thus it is presumed that
some kind of thioesterase would exist in mitochondria. As mentioned, palmitoylation of
mitochondrial proteins is thought to occur spontaneously depending on the protein
environment and the target sequence. One of the first reports about acylated proteins in
mitochondria came from the discovery that radiolabelled myristate and palmitate was
found incorporated in proteins from rat liver mitochondria in vitro (Stucki et al., 1989).
Most of the radiolabel was localised to the matrix and the inside of the inner membrane.
The authors demonstrated that fatty acid incorporation was reversible and that acylation
and deacylation were rapid processes. Examples of mitochondrial acylated proteins include
bovine methylmalonyl semialdehyde dehydrogenase (MMSDH) (Berthiaume et al., 1994)
and rat liver carbamoyl-phosphate synthetase I (CPSI) (Corvi et al., 2001). In these cases,
acylation occurs spontaneously at cysteines in the active sites and inhibits the metabolic
activity of these enzymes. The majority of mitochondrial fatty acylated proteins were
found localised in the matrix, but also in the inner membrane. No radiolabel was detected
in the outer membrane or the intermembrane space (Corvi et al., 2001). The inhibition by
palmitoyl-CoA of CPSI was found to be dependent on the palmitoyl-CoA concentration
and was time-dependent. As such, it resulted in irreversible enzyme inactivation. Sacylated proteins were not only detected in rat liver mitochondria, but also in other tissues,
although most acylated mitochondrial proteins were found in the liver. Thus, the degree of
protein S-acylation in mitochondria depends on the metabolic state of a particular tissue,
but it is also regulated by the level of tissue specific expression of a particular protein. In
the case of CPSI, the function of this inhibition is thought to have impact on the
degradation of amino acids under starvation conditions. Enzyme inhibition by fatty acyl
CoA has been previously demonstrated on other enzymes and is thus a general mechanism
of metabolic control. Examples include the glycolytic enzyme glyceraldehyde-3 phosphate
dehydrogenase (Yang et al., 2005), rat adipocyte pyruvate dehydrogenase (Moore et al.,
1992), rat liver ADP/ATP translocase (Morel et al., 1974) and bovine live glutamate
dehydrogenase (Kawaguchi & Bloch, 1976). A recent publication identified as many as 21
S-acylated mitochondrial proteins from rat liver by applying a similar detection mechanism
to the biotin-switch assay (Kostiuk et al., 2008). The majority of these proteins were
matrix-localised enzymes involved in β-oxidation and dehydrogenases. In this case, it was
concluded that the main function of fatty acylation is probably not the direct inhibition of
all identified enzymes, but the promotion and stabilisation of protein-protein interacations.
Matrix proteins for example could be anchored to the inner membrane by this mechanism.
Thus, palmitoylation can have direct regulatory roles on enzymes and provides additional
levels of metabolic control (Linder & Deschenes, 2003).
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In the case of Slp1, palmitoylation probably happens spontaneously inside mitochondria
once the protein has reached the inner membrane. Palmitoylation however is dependent on
the availability of palmitoyl-CoA that has to be transported into mitochondria. Fatty acylCoA is the substrate for the breakdown of fatty acids by β-oxidation in animal, fungal and
plant cells and for the synthesis of glycerolipids. Fatty acyl CoA is generally synthesised
by fatty acyl CoA synthetase, an enzyme that is localised to the ER and the outer
mitochondrial membrane in animal cells. In plant cells, these enzymes are found on
various organelles: in the lumen of peroxisomes (and glyoxysomes) (Goepfert & Poirier,
2007), the outer envelope of chloroplasts (Schnurr et al., 2002;Schnurr et al., 2004), the
ER and mitochondria (Thomas et al., 1988). Beta-oxidation of fatty acids in animals
happens in mitochondria and peroxisomes. For β-oxidation in animal mitochondria to
occur, fatty acyl CoA must be transported across the inner membrane. In animals, this
happens via the acyl carnitine carrier operating across the mitochondrial inner membrane.
There is evidence that similar carriers exist also in plants, and carnitine has also been
identified in plant cells (Wood et al., 1992). A putative acylcarnitine carrier-like protein
has been identified in mitochondria named BOU. It was demonstrated that this protein is
necessary for lipid breakdown and seedling growth in the light (Lawand et al., 2002).
In plants, beta-oxidation is active in peroxisomes of vegetative tissue and glyoxysomes of
storage tissue. It is generally considered that peroxisomes are the only organelles in which

β-oxidation occurs. Generally, β-oxidation is important for seed development and
germination, but also for vegetative and reproductive growth, and in stress responses
(Goepfert & Poirier, 2007). There is evidence however for β-oxidation in mitochondria. In
this case, acyl-CoA is shuttled across the inner membrane by an carnitine shuttle analogous
to that of animals. It is proposed that a fatty acyl CoA synthetase exists in the outer
membrane (facing the intermembrane space) where it activates fatty acids by conjugation
to CoA. Acyl CoA is then converted to acylcarnitine and translocated across the inner
membrane by a carnitine/acylcarnitine translocase. Once in the matrix, it is converted back
to carnitine and acyl CoA by a carnitine acyl transferase. Acyl CoA is then used as the
substrate for β-oxidation as in peroxisomes (Masterson & Wood, 2000). Assuming that
Slp1 faces the intermembrane space, palmitoyl CoA would be directly available for
palmitoylation without the need to be transported across the inner membrane by a carnitine
carrier-like system.
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Use of the palmitoylation inhibitor BPA
The application of BPA to Arabidopsis wild type liquid cultures did not result in an
increased pool of soluble Slp1 as anticipated (not shown). This negative result could either
mean that BPA application over a prolonged time was not effective in blocking
palmitoylation, or that palmitoylation of AtSlp1 is indeed not important for its membrane
association.
BPA was supplied in excess in the experiments presented in Figure 4-26 on agar plates at a
concentration of 1mM. BPA itself is highly insoluble in aqueous solutions and had to be
applied from a stock solution dissolved in DMSO. The agar plates had visible fatty acid
precipitates, thus not all of the BPA applied was actually taken up by seedlings. At this
point it is also not known whether BPA was chemically stable for the period of plant
growth (20 days). Plants grown on these plates displayed a strong phenotype. Root and
shoot growth was dramatically restricted, and green tissue became very rapidly chlorotic.
Images of treated seedlings are presented in chapter 5 (Figure 5-31). Reduction of growth
was also reported for the tip1 mutant that encodes a putative PAT protein with an ankyrin
repeat domain. These plants are defective in polar tip growth of root hairs and their
phenotype can be mimicked by the application of BPA on wild type plants (Hemsley et al.,
2005).
On the base of the observed phenotype, it is assumed that BPA must have had effects on
lipid metabolism and protein acylation in this treatment. An issue that remains open
concerns the specificity of the anticipated effect on protein palmitoylation. BPA competes
with palmitate for transfer on CoA and therefore reduces available palmitoyl-CoA pools
(Resh, 2006). However, given that the inhibitor was applied in excess amounts and was
taken up sufficiently, it is likely to have depleted a large proportion of the acyl-CoA pool
from cells. When incorporated, Br-palmitoyl-CoA is not transferred to protein thiol groups
and could potentially form an inhibitory complex with a PAT enzyme. If incorporated into
proteins as bromo-palmitate by spontaneous acylation, it might diminish membrane
association because the bromine group increases hydrophilicity and bulkiness of the acyl
chain. Additionally, BPA could prevent uptake of palmitate into cells and mitochondria. It
is poorly metabolised and cannot undergo β−oxidation itself, and it could even prevent
oxidation of other long chain fatty acids. Thus, BPA has the potential to cause changes in
lipid metabolism and could have other pleiotropic effects on metabolism (Resh,
2006;Webb et al., 2000). With regard to the spontaneous palmitoylation expected to occur
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on Slp1, BPA could have effects either by diminishing the available acyl-CoA pool, or by
being incorporated, but not mediating membrane association.
Given these circumstances and issues with the use of such an inhibitor, the experimental
protocol should be modified in a repeat of this experiment. Incubation with BPA for
shorter periods (eg for one day only) would probably constitute a better experimental
setup. In addition, effects on the mitochondrial distribution of Slp1 could be followed
directly if plants overexpressing Slp1 with a C-terminal fluorescent protein are to be used
in combination with a mitochondrial marker such as MitoTracker (as described in chapter
4). This way, it could be established whether Slp1 palmitoylation is important to keep the
protein anchored inside mitochondria, or whether it might then be degraded or lost if it
becomes soluble. To control for the efficiency of BPA treatment, the solubility of a known
palmitoylated protein should have been tested in parallel.
The palmitoylation of band-7 family proteins is not a new concept. Several classes of
band-7 proteins are post-translationally modified by acylation, including stomatins and
flotillins (Browman et al., 2007). In Arabidopsis, some of the HIR proteins mentioned in
chapter 3 are N-myristoylated at N-terminal acceptor glycines. The first report of such a
modification came from the human stomatin protein. This protein was demonstrated to be
palmitoylated at cysteine 29, and at a second site further downstream (Snyers et al.,
1999b). Other palmitoylated band-7 proteins include podocin and Mec-2 (Huber et al.,
2006a). These two proteins are palmitoylated at two cysteine residues that both lie inside
the conserved band-7 domain. The ability of the band-7 domain to bind cholesterol
depends in these proteins on the acylation status of the cysteine residues. Mutations of
these residues dramatically reduced cholesterol binding and rendered C.elegans touch
insensitive. Thus, the availability of palmitoylated cysteines is crucial for these proteins to
accomplish their function in mechanosensation of the nematode. Whether increased
hydrophobicity by palmitoylation targets these proteins to microdomains and therefore a
cholesterol rich environment, or whether palmitoylation has other effects on cholesterol
binding of these proteins is currently not known. Given the high degree of conservation of
the band-7 domain, palmitoylated cysteines are probably a part of this conservation and
have a common underlying function. Thus, mutation of this residue in AtSlps and
putatively also in HsSlp2 might be expected to yield similar strong phenotypes as
demonstrated for the C.elegans protein Mec-2. Human Slp2 is not known to be modified
by S-acylation, but this would an expected feature at the same conserved residue (see
Figures 3-4 and 4-25), given the degree of homology to the Arabidopsis proteins.
Additonally, surrounding residues as highlighted in Figure 4-25 could also be mutated
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since they are putatively important to provide a suitable protein environment for
palmitoylation to occur spontaneously. In particular, the conserved arginine two residues
downstream of the cysteine would be a good candidate for site-directed mutagenesis, as
well as the nearby leucine and tryptophane residues, all conserved residues between AtSlps
and HsSlp2. Cholesterol binding of the band-7 domain of podocin was also shown to be
crucially dependent on the presence of a conserved proline residue located directly in
upstream of the band-7 domain (Huber et al., 2006a;Kadurin et al., 2008b). Such a proline
is also present in the AtSlp and HsSlp2 sequences at the same relative position as in
podocin and Mec-2 (four amino acids upstream of the start of the band-7 domain). This
residue would be another prime candidate for mutagenesis in an attempt to prove the
importance of cholesterol binding for the function of these proteins.
In conclusion, the results presented in this chapter provide new details about the structure,
mitochondrial localisation and membrane association properties of Arabidopsis stomatinlike proteins. They suggest these proteins reside at the inner membrane surface, and they
underline close similarities between these plant proteins and their human ortholog,
consistent with the idea of functional homology. These results provide now the basis to
investigate how these proteins function in the plant.
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5 Phenotypical and functional characterisation of
AtSlp mutants
Introduction
This chapter describes the phenotypical analysis of different mutants associated with AtSlp
genes. First, T-DNA insertion lines will be described that were isolated for the AtSlp1
gene. Various associated growth phenotypes are presented and discussed. In particular,
phenotypes associated with mitochondrial function were further investigated. In addition to
the characterisation of T-DNA insertion lines, the creation of inducible RNAi lines for both
genes is briefly described and prospects of a double knockout plant. Finally, effects on
plant growth and morphology by the overexpression of truncated versions of AtSlps, so
called dominant negative proteins, are presented and discussed. These results are
summarised at the end and put into context with a proposed model for Slp function in
Arabidopsis.

5.1 Isolation of homozygous AtSlp1 T-DNA insertion lines
Altogether four different homozygous T-DNA insertion lines were isolated in and around
the AtSlp1 gene named slp1-1 to slp1-4. All of these lines stem from the SAIL collection
(Sessions et al., 2002) and were selected based on their putative position in the AtSlp1
gene as given by the database. All lines were resistant to BASTA (glufosinate ammonium),
and isolated based on the homozygous presence of the T-DNA and their ability to suppress
AtSlp1 transcript and protein levels. Figure 5-1 gives an overview over the Slp1 gene and
three of the four isolated insertions.

Figure 5-1. Scheme of the AtSlp1 gene with three isolated T-DNA insertion sites (slp1-1 to
slp1-3) marked by black triangles. The slp1-4 insertion site lies upstream of slp1-3 and is not
included in this figure.
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5.1.1 Genotyping PCR
Lines slp1-1 and slp1-3 were the first two that were analysed for homozygous T-DNA
insertions by genotyping PCR. Supposedly both of these lines had insertions in exons,
slp1-1 towards the end of the gene, and slp1-3 close to the start codon. Figure 5-2 shows
the results of the genotyping PCR for these two homozygous lines on DNA agarose gels.
Two separate PCR reactions were set up to probe for homozygous T-DNA insertions. The
presence of the genomic product in the wild type, but not in the mutants indicates the
presence of homozygous T-DNA insertions around the probed genomic areas in both
mutants. The T-DNA PCR products (2. reaction) visible in both mutants are only formed
when a T-DNA is present. These results clearly demonstrate that both isolated mutant lines
were indeed homozygous for the T-DNA insertion they carried.

A)

B)

Figure 5-2. Genotyping PCR for homozygous T-DNA insertion of slp1-1 and slp1-3.
A) Confirmation of homozygous T-DNA insertion in slp1-1 mutant. Two individual slp1-1
homozygous plants and one wild type (Wt) were probed by PCR. Shown on the left is the TDNA product (indicating the presence of the insertion), and on the right the genomic
product around the insertion site that can only be formed in the wild type. M stands for DNA
marker as indicated by the numbers on the left side corresponding to base pairs [bp].
B) Confirmation of homozygous T-DNA insertion in the slp1-3 mutant. The left image shows
an agarose gel with PCR products from a heterozygous (Hz), a homozygous (Hm) and a wild
type (Wt) plant. The genomic product can only be formed in the Hz and the Wt plants, but
not in the Hm. Labelling is as explained above.
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The same results were also obtained for the two other isolated mutant lines, slp1-2 and
slp1-4. These two lines were isolated after the first two lines and supposedly had insertion
sites in exons towards the 3’ end (slp1-2) and the 5’end (slp1-4) of the gene. Figure 5-3
shows agarose gels with the relevant PCR products for the genotyping of these lines. This
time, plants were selected straight for resistance to BASTA on MS agar plates, and only
resistant individuals were subsequently analysed for their genotype. A total number of 10
plants for each line were analysed and the results are presented below (Figure 5-3). All
individual plants had T-DNA insertions as can be seen from the presence of the T-DNA
products. For slp1-2, only a single homozygous line could be detected (no. 2 in part (A) of
Figure 5-3). For slp1-4, altogether four different homozygotes were identified (nos. 2, 4, 5
and 6 in part (B) of Figure 5-3).

A)

B)

Figure 5-3. Genotyping PCR for BASTA resistant slp1-2 and slp1-4 mutant lines.
A) 10 individual plants (nos. 1-10) were probed for an insertion site (Genomic product) and
the presence of the T-DNA (T-DNA product) in slp1-2 mutant lines. The wild type control (Wt)
only has the genomic product, but no T-DNA insertion product. Individuals nos. 1, and 3 to
10 are all heterozygous for the T-DNA insertion. Only no. 2 is a homozygous plant that
cannot form the genomic product.
B) 10 individuals (nos. 1-10) for the slp1-4 line were probed for T-DNA insertions. Nos. 1, 3
and 7-10 are all heterozygous for the insertion, whereas nos. 2 and 4 to 6 are homozygotes.
All 10 plants have the T-DNA insertion present.

All homozygous insertion lines were also verified by DNA-sequencing of the formed PCR
products. This resulted in the confirmation of the exact T-DNA insertion sites. Table 5-1
summarises the positions of the T-DNA insertions of each line. The mutants slp1-1 and
slp1-2 had indeed insertion sites in the last exon (slp1-1) and in the second last intron
(slp1-2) of the AtSlp1 gene, respectively. However, slp1-3 was revealed to have an

308

insertion outside of the open reading frame in the 5’UTR. The mutant line slp1-4 had an
insertion site in the promoter region upstream of the 5’UTR.
Mutant line
slp1-1
slp1-2
slp1-3
slp1-4

Insertion site
110 bp upstream of TAG
480 bp upstream of TAG
79 bp upstream of ATG
150 bp upstream of ATG

Location
9. Exon
7. Intron
5'UTR
Promoter

Table 5-1. Isolated kockout mutant lines and their respective T-DNA insertion sites as
determined by DNA-sequencing of genotyping PCR products. TAG (stop codon), ATG (start
codon).

For AtSlp2, several attempts were also made to isolate homozygous knockout lines.
However, identified lines had T-DNA insertions, but it could not be confirmed that they
were indeed homozygous. In other cases, it was already clear from the genotyping PCR
that several insertion sites must have been present. None of the analysed lines from the
Salk collection was resistant to the antibiotic marker present on the T-DNA. No further
attempts were made to isolate additional mutant lines for this gene.

5.1.2 RT-PCR and Western blotting
The homozygous mutant lines slp1-1 and slp1-3 were further analysed for AtSlp1
transcript production by RT-PCR. Figure 5-4 shows the result of one individual plant of
the slp1-3 line (5’UTR insertion) and three individuals of the slp1-1 line. The T-DNA
insertion into the 5’UTR of the Slp1 gene did not result in any transcript interruption as
judged by this RT-PCR. It had RNA levels just like wild type plants. The slp1-1 insertion
however caused a sharp reduction in transcript accumulation. When primers were used to
probe for transcript in the area around the last exon (where the insertion site is), no
transcript at all could be detected. By contrast, slp1-3 had RNA levels like wild type plants
in this region. However, when primers were used for RT-PCR to probe transcript
accumulation around the first exon in slp1-1, small amounts of transcript could be detected
after 35 cycles. This leads to the conclusion that the T-DNA insertion interrupts
transcription downstream in the gene, but small amounts can still be produced further
upstream of the insertion site. However, these transcripts are most likely incomplete and
therefore unstable. It is unlikely that they would lead to the production of any protein.
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Figure 5-4. DNA agarose gel of RT-PCR reactions to probe for transcript levels in slp1-1 and
slp1-3 mutants. Only one individual plant of slp1-3 was probed, and three plants of slp1-1.
Wilt type (Wt) is included for comparison. Actin 2 was used as a control for total transcript
amounts present. 35 cycles of PCR were applied.

The interruption of the AtSlp1 gene and thus also protein was further analysed by Western
blotting of crude protein extracts obtained from the four individual lines. Figure 5-5 shows
a Western blot of protein extracts from slp1-1 and slp1-3 plants. Corresponding to the
results obtained from the RT-PCR experiments, the slp1-1 mutation abolishes any protein
produced that can be detected by the Slp1 antibody. More specifically, the C-terminus of
the Slp1 protein that is recognised by this antibody is not expressed any more in these
plants. Whether some protein nearer to the N-terminus is still made cannot be excluded
based on this blot. This is however assumed to be unlikely. The slp1-3 insertion does not
cause reduction of the Slp1 protein compared to wild type plants. This finding is also in
agreement with the RT-PCR of this line, where transcript was clearly detectable despite the
T-DNA insertion in the gene’s 5’UTR.

slp1-1

47.5

47.5

Wt

slp1-3

α-Slp1
Rubisco

Figure 5-5. Western blot probed with anti-Slp1 to test for the presence of Slp1 protein in the
T-DNA insertion lines slp1-1 and slp1-3. Two individual plants were tested from slp1-1 and
slp1-3. Wild type (Wt) protein extract is included in the middle for comparison. The Ponceau
S stain (Rubisco band) is included at the bottom for comparison of loading levels. Numbers
on the left side indicate molecular weight markers in kDa.
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Figure 5-6 shows Western blots of the 10 individual lines of slp1-2 and slp1-4 insertions
(see Figure 5-3 A and B) that were all BASTA resistant. The single homozygous
individual (no. 2) of slp1-2 was confirmed to lack detectable Slp1 protein. All other
heterozygotes had protein levels like wild type. In slp1-4, no difference could be seen
between homozygous plants (nos. 2, 4, 5 and 6) and heterozygous ones (nos. 1, 3, 7-10).
As expected from the insertion site in the promoter of the gene, this T-DNA insertion, even
when homozygous, does not affect Slp1 protein levels compared to wild type plants. Based
on this evidence, the mutant lines slp1-3 and slp1-4 were not further used for phenotypic
analysis. Only slp1-1 and slp1-2 (individual no. 2) were propagated and their phenotypes
experimentally analysed.
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Figure 5-6. Western blots probed with anti-Slp1 of protein extracts from slp1-2 (A) and slp14 (B) lines.
A) The homozygous individual no. 2 was already identified from the genotyping PCR (Figure
5-3 A) and is confirmed to lack the Slp1 protein (indicated as red arrowhead). All other
heterozygous plants of this line have protein levels like wild type (Wt). The Rubisco bands
from the Ponceau S stained membranes are included for loading control. The number
indicates the molecular weight marker in kDa.
B) Protein extracts from the 10 individual slp1-4 lines that were genotyped in Figure 5-3 (B).
All plants have protein levels like wild type plants with no difference between homozygotes
(nos. 2, 4, 5 and 6) and heterozygotes (1, 3, 7-10). Labelling is as above.
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5.2 Associated knockout mutant phenotypes
The following sections contain results about the phenotypic analysis of the isolated slp1
mutants. Most phenotypes were observed in the slp1-1 mutant, but were absent in the slp13 mutant. Some experiments also contain results comparing defects in slp1-1 with slp1-2.
Since this mutant was isolated later than slp1-1, it is not included in all analyses. Where it
is present however, slp1-2 did not always show the same phenotype as slp1-1. These
results and the prospective implications for the study of Slp function in Arabidopsis are
discussed at the end of this chapter.

5.2.1 Shoot growth and morphology
The growth of slp1-1, slp1-3 and wild type plants on soil was compared. Figure 5-7 shows
photographs taken from these plants grown in long day light conditions for 23 days.
Compared to the wild type and slp1-3, slp1-1 had smaller leaves and a different leaf
morphology. When the whole surface area of these plants was quantified (see bar chart
below photographs), slp1-1 had reduced growth by approximately 40% compared to wild
type plants. Leaves from slp1-1 plants were rounder in shape, and had shorter petioles.
Additionally, the leaves were observed to be flatter than in control plants and did not curl
as much once they were mature. Frequently, small lesions were noticed at the leaf margins
that did not appear in wild type plants. The slp1-3 mutant plants looked phenotypically like
the wild type, and their surface area and leaf shape were indistinguishable from these
plants. Since the Slp1 protein is present at levels comparable to wild type plants in slp1-3
plants, the lack of a phenotype is not surprising.
Figure 5-8 shows photographs of slp1-1, slp1-2 and wild type plants that had been grown
on soil under the same conditions as above for 28 days. As seen before, slp1-1 plants were
smaller and had rounder leaves than wild type plants. Leaves from slp1-2 plants however
did not show this phenotype, despite the lack of Slp1 protein in these plants. slp1-2 plants
were indistinguishable from wild type rosettes in terms of leaf surface area. Interestingly,
the difference in measured leaf surface area between slp1-1, slp1-2 and wild type
disappeared once the plants were mature and flowering at a late stage (see second bar chart
on the right side). This result would indicate that slp1-1 plants have a delay in growth, but
do eventually catch up with wild type plants in terms of leaf surface area. However, it was
noted that even at the mature stage, the leaves from slp1-1 plants still differed in shape
from wild type leaves as described above.

312

slp1-1

Wt

slp1-3

14

Leaf area [cm2]

12
10
8

*

6
4
2
0

slp1-1

slp1-3

Wt

Genotype
Figure 5-7. Photographs taken of slp1 mutant plants grown in long day light conditions on
soil for 23 days. Scale bar = 1cm. Shown below is a bar chart of the quantified leaf surface
area with standard errors. The asterisk indicates a significant difference (paired t test, p
<0.05; n=12 (slp1-1), n=6 (slp1-3, Wt)).

slp1-1

Wt

slp1-2

28 days
40

14

35

10

Leaf area [cm2]

Leaf area [cm2]

12

28 days

8
6
4
2

42 days

30
25
20
15
10
5
0

0
slp1-1

slp1-2

Genotype

Wt

slp1-1

slp1-2

Wt

Genotype

Figure 5-8. Photographs and quantified leaf surface areas of slp1-1, slp1-2 and wild type
plants grown on soil for 28 and 42 days in long day light conditions. Scale bar = 1cm. Error
bars represent standard error values (n=9 (slp1-1), n=10 (slp1-2), n=8 (Wt)).
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5.2.2 Seed germination
Because of the high upregulation of AtSlps during seed imbibition as proven by microarray
data (see Figures 3-22 and 3-24), the germination rates of slp1 mutant seeds were tested.
Seeds of the slp1-1 and slp1-2 mutants were sown with wild type seeds sterile on MS agar
plates (no sucrose present in the medium). In parallel, the same seeds were also sown on
the same plates supplemented with either 1 μM ABA or 2 μM GA (gibberillic acid). The
experimental setup was always such that half of a squared Petri dish was used for slp1
seeds, and the opposite half for wild type seeds. Approximately 60 seeds per line were
sown on a single plate and their germination checked every day after sowing. Figure 5-9
shows the quantified germination rate of slp1-2 and wild type seeds over time on MS (A),
ABA (B) and GA (C) agar plates. On MS medium alone, slp1-2 seeds showed a delay in
germination rate compared to wild type seeds at days one and two. Over the time course of
eight days, the germination rate of slp1-2 seeds caught up with wild types, but stayed
slightly lower overall. On MS medium supplemented with ABA, the delay in germination
remained at days one and two, but germination quickly resembled wild type levels at day
three. This effect of germination delay was surprisingly even more pronounced on plates
containing GA, but only at day one. The germination rate of wild type seeds on GA
medium resembled that on MS medium. Identical experiments were also set up for slp1-1
seeds with similar results (not shown). In this case, the delay on GA containing medium
was not quite as pronounced as shown for slp1-2 seeds in Figure 5-9 (C), but there was
nevertheless a reduction in germination rate.
This result confirms that the Slp1 protein (and putatively also the Slp2 protein) has an
important function in the germination of seeds after the breaking of seed dormancy.
Putatively, these proteins are involved in metabolic changes during seed germination, some
of which take place in mitochondria (e.g. the conversion of succinate to malate during the
glyoxylate cycle).
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Figure 5-9. Germination assay of slp1 mutant seeds. Seeds were germinated on three
different media, and the proportion of germination counted on each day after seed
imbibition.
A) Germination on 0.5x MS medium on agar plates.
B) Germination on 0.5x MS agar plates supplemented with 1 μM ABA.
C) Germination on 0.5x MS agar plates supplemented with 2 μM gibberillic acid (GA).
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5.2.3 Root growth
To investigate whether slp1 mutant plants would be affected in root growth, slp1 and wild
type seedlings were grown on vertical plates. To control for any influence of sucrose in the
medium, plain MS plates and MS plates supplemented with 0.5 % sucrose were used. The
lengths of the main roots were measured after 10 (A) and 13 (B) days and are plotted in
Figure 5-10. After 10 days of growth, slp1-2 seedling main roots were visibly shorter in
length than the corresponding wild type plants (Wt slp1-2). Slp1-1 roots were also shorter,
but this was not statistically different from the wild type seedlings (Wt slp1-1). On medium
supplemented with sucrose however, the opposite was measured. Slp1-1 root lengths from
mutant plants were shorter than those of wild types. Slp1-1 roots however, had the same
lengths as slp1-2 and the corresponding wild type plants. Considering the overall lengths of
roots, the addition of sucrose did not cause differences in the absolute lengths of slp1-1 and
slp1-2 seedlings at this stage.
After 13 days of growth, differences between slp1 mutants and their corresponding wild
types were more pronounced. When grown on MS medium alone, both slp1 mutants were
visibly shorter than their corresponding wild type roots (Figure 5-10 B). When this was
compared to growth on MS medium with sucrose, this difference was persistent for slp1-1
seedlings, but not so obvious for slp1-2 seedlings. However, as seen in Figure 5-10 (A),
growth on sucrose containing medium did not change the overall total length of the main
root after 13 days significantly when compared to MS medium alone. Overall, slp1
mutants generally seem to grow at a slower rate than wild type seedlings. This has
previously been demonstrated for shoots, and it also appears to apply to root growth.
However, the data presented here only represent one experiment and therefore have to be
validated independently before any final conclusion can be made.
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Figure 5-10. Main root length measurements of slp1-1, slp1-2 and wild type seedlings grown
for 10 (A) or 13 (B) days on MS agar plates (MS) or MS supplemented with sucrose
(MS+suc). The path length of the main root was measured from seedlings grown vertically
on squared Petri dishes. “Wt slp1-1” indicates that wild type seeds were used to compare
root growth that had been harvested together with each mutant seeds. Error bars indicate
standard error values.

317

5.2.4 Leaf osmolarity
Since stomatin-type proteins are known to interact with various ion channels in animals
and humans, slp1 mutants were analysed for differences in overall osmolarity levels in
leaves. Rosette leaves of mature, long day grown plants on soil were harvested and ground
using a pestle. Squeezed-out leaf sap was collected by centrifugation, and directly
measured in a vapour-pressure osmometer. Figure 5-11 shows the quantified result from
these measurements. The slp1-1 mutant has significantly higher osmolarity levels (350
mOsM) in leaves than the slp1-3 mutant and wild type plants (320 mOsM). These
differences are however small and still fall into an expected range for plant cell osmolite
levels. Therefore, this elevated osmolarity is unlikely to cause large differences in cell
function and is not expected to affect leaf growth. This experiment was not carried out on
slp1-2 leaves, therefore no assumption can be made about leaf osmolarity levels in this
allele.
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Figure 5-11. Osmolarity (in mOsM) of rosette leaf sap from slp1-1, slp1-2 and wild type
plants. Leaves were ground and the sap collected by centrifugation. Osmolarity was
measured in a vapour-pressure osmometer in a volume of 10 μL. Asterisks indicate
significant differences from slp1-1 osmolarity (n= 6, t test, p< 0.05).

5.2.5 Flowering time
AtSlp promoter sequences were shown to contain response elements involved in the timing
and development of flowers (Tables 3-14) and AtSlps are highly expressed in developing
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pollen (Figures 3-35 and 3-37). To determine whether slp1 mutants would have delays in
the timing of flower transition, vegetative leaves were counted as a measure of flowering
timing. Figure 5-12 shows the result from these counts. No significant difference in the
number of rosette leaves was observed between slp1-1, slp1-3 and wild type plants grown
in long day light conditions. Leaves were counted from plants that visibly bolted as judged
by the appearance of the shoot apex at least 1 cm from the soil. slp1-1 plants had on
average slightly less rosette leaves than wild types, but the difference was not statistically
significant. Therefore, no effect on the timing of flower transition in Slp1 lacking plants
could be observed.
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Figure 5-12. Determination of flowering time of slp1-1, slp1-3 and wild type plants as
measured by the number of vegetative leaves upon bolting. Rosette leaves were counted of
bolting plants grown under long day light. No statistically significant difference between
mutants and wild type was observed. Error bars represent standard error values (n=12).

5.2.6 Seed production/Fertility
Because both Slp proteins are highly expressed in pollen, effects on plant fertility or flower
development would be expected in mutant plants. To assess for differences in fertility, the
total number of seeds per silique from slp1-1, slp1-2 and wild type plants were counted.
Figure 5-13 (A) shows the result of an example count. Siliques from slp1-1 plants
contained frequently less seeds (approximately 20 %) than those from slp1-2 and wild type
plants. This was statistically significant as judged by a t-test. By comparison, siliques from
slp1-2 plants also had on average less seeds, but this was not significantly different from
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wild type plants. Additionally, siliques from both slp1-1 and slp1-2 plants were noticed to
differ in shape from wild type siliques. Frequently, mutant siliques were shorter, had gaps
where seeds would be normally expected, and were also thicker in appearance. These
observations were not further quantified. Figure 5-13 (B) shows example photographs of
counted siliques.
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Figure 5-13. slp1-1 plants produce siliques with significantly less seeds than slp1-2 and wild
type plants.
A) Seeds per mature silique were counted from a total of 10 plants per genotype. Error bars
indicate standard error values. The asterisk indicates a significantly reduced value
compared to the wild type (t test, p< 0.05, n= 10).
B) Images of cleared siliques from mutants and wild type plants. Scale bar = 0.5 cm.

5.2.7 Sensitivity to salt stress
AtSlp transcripts were specifically upregulated in roots by salt stress as described in
section 3.5.1.5. To test for any differences related to salt tolerance in roots, a root bending
assay (Wu et al., 1996) was conducted. Wild type and mutant seedlings were grown for
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four days on MS medium before being transferred to medium containing either MS, MS
supplemented with 100mM sodium chloride, or MS supplemented with 200mM sodium
chloride. At the point of transfer, vertical plates were turned by 180°, and the seedlings
were grown for another four days until imaging. The distance of root growth after the
transfer was then measured and compared between wild type, slp1-1 and slp1-2 plants.
Figure 5-14 shows a series of images taken from seedlings of each genotype and medium.
From these photographs it can be seen that wild type seedlings were larger in size, and had
also greener leaves than mutant seedlings, even on MS medium. Both leaves and roots
were overall larger in wild type plants. Additionally, wild type seedlings developed visibly
more lateral roots than slp1-1 mutants, but not slp1-2 mutants on MS medium (not further
quantified). Overall the root gravitropic response was not impaired in mutant plants. These
seedlings had root tips that bended and reoriented themselves like wild type root tips. Upon
shift to medium containing 100mM sodium chloride, these differences between wild type
and slp1 mutants were even more pronounced. Whereas the wild type roots were visibly
impaired in the size of leaves and the lengths of root growth after the transfer, they still
developed lateral roots. Slp1 mutants by comparison hardly had any lateral roots, and their
rosettes were visibly smaller than those of wild type seedlings. Transferring seedlings to
200mM sodium chloride impaired all genotypes heavily in overall growth. However,
differences could be seen again between wild type and slp1 seedlings. Wild type plants still
had green tissue and shorter lateral roots. Root bending still occurred, but further root
growth was almost completely restricted. By comparison, slp1-1 seedlings were visibly
chlorotic in appearance and had no lateral roots at all. Root bending was impaired equally
as in wild type seedlings, but slp1-1 roots grew less than wild type roots. slp1-2 seedlings
resembled slp1-1 plants growth characteristics on medium containing 200mM sodium
chloride.
Root growth of all genotypes after the transfer was quantified and is presented in Figure 515. slp1-1 seedlings showed significantly decreased growth (by approximately 20 %)
compared to wild type plants after the transfer on all media tested. The roots of slp1-2
seedlings were also impaired on MS and 100 mM sodium chloride, but not significantly
different from wild type roots as tested with a t-test. On 200 mM sodium chloride, slp1-2
roots grew as much as wild type, whereas slp1-1 was significantly decreased compared to
slp1-2 and the wild type.
These results demonstrate that Slp1 is indeed required for responses to salt stress in roots
and also in shoots. They confirm the results from microarrays that indicate upregulation of
the AtSlp genes upon salinity stress in roots.
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Figure 5-14. Root bending assay. Images were taken four days after the transfer to either
control medium (0.5 x MS), or medium containing 100 or 200 mM NaCl. Images are shown
from wild type plants (Wt), slp1-1 and slp1-2 mutants. The pink arrowhead indicates the
point of turning, and the yellow arrowhead the end point after four days of growth. The
distance between those two points was quantified in Figure 5-15 shown below. Scale bar = 1
cm. The images are shown upside down for clarity; the white arrow indicates the direction
of gravity after turning the plates.
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Figure 5-15. Quantification of root bending assay. Root growth after the transfer to either
control medium (MS), or medium containing 100 or 200 mM sodium chloride was quantified.
Slp1-1 root growth after the transfer is significantly decreased on all three media tested
compared to wild type (indicated by a single asterisk). Root growth of slp1-1 is also
significantly less on 200 mM salt compared to slp1-2 (indicated by a double asterisk). These
differences were tested with a two-tailed t-test (n= 20-30, p< 0.05). Error bars indicate
standard error values.

5.2.8 Photosynthetic activity and transpiration rate
The AtSlp1 promoter was demonstrated to be active in guard cells upon growth in liquid
medium. Additionally, AtSlp transcripts were found present in guard cells in microarray
studies (chapter 3 section 3.5.1.2.). These results lead to a question whether slp1 mutant
plants would be impaired in photosynthesis and transpiration.
The photosynthetic activity and transpiration rates of slp1 mutants and wild type plants
were measured in an infrared gas analyser chamber (IRGA) as a function of light intensity.
A light response curve was set up to follow photosynthetic parameters over increasing
photon flux densities. Mature rosette leaves of short-day grown plants were sealed in a
round leaf chamber attached to the analyser. The CO2 assimilation rates, stomatal
conductances and transpiration rates of the plants were analysed and compared. Each run
was always performed in parallel with one wild type and one mutant plant. Altogether four
runs were set up for each mutant and one wild type plant. Table 5-2 lists the number of
replicates used for the quantitative analysis. Because of technical problems, not all runs
yielded all parameters anticipated and could thus be quantified. All values were compared
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at 500 μmol/m2/s photosynthetic photon flux density (PPFD) because neither parameter
should have been saturated under this condition.
No. replicates
Genotype
Wt
slp1-1
slp1-2

Assimilation Stomatal Transpiration
rate
conductance
rate
5
8
8
3
4
4
2
3
3

Table 5-2. Replicates of photosynthesis measurements in the IRGA chambers for wild type
(Wt), slp1-1 and slp1-2 plants.

Figure 5-16 shows graphs of the analysed datasets. No significant differences could be
detected between any of the mutants and wild type plants in any of the analysed
parameters. The CO2 assimilation rate of slp1-2 plants was reduced compared to wild type
and slp1-1 plants, but only two replicates could be analysed from the recorded data. The
stomatal conductance and transpiration rate in slp1-2 plants were also reduced, but not to a
significant extent as judged by paired t- tests at p<0.05.
In addition to these parameters, the light efficiency or quantum yield of photosynthesis
(superimposed as a linear regression on top of the assimilation rate at low range light
values), and the dark respiration rate were also determined. Neither of these values was
statistically significantly different in slp1 mutants compared to wild type plants (not
shown). An independent experiment to investigate leaf water content was set up as
described later in this chapter in section 5.6.5. The water content of detached leaves was
determined by comparing fresh weight and dry weight as the percentage of initial fresh
weight. Slp1-1 mutant leaves had marginally reduced (by 1 %) water content compared to
wild type and slp1-3 leaves. This difference has probably no effect on the water status of
these plants. Whole plant transpiration rates were measured as it will be described in
section 5.5.6. An example of such a measurement is shown in Figure 5-15B. In these
experiments, slp1-1 mutants had slightly decreased transpiration rates and responded less
well to light changes than wild type plants. However, also these differences have probably
no effect on the overall water homeostasis of these plants.
From these data it can be concluded that the single slp1 knockout has no effect on the
photosynthetic capacities of these mutant plants. Thus, the delayed/reduced growth of slp11 plants is not the result of impaired capacities of carbon fixation or transpiration.
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Figure 5-15A. Water content of slp1 mutants and wild type plants. Water content was
quantified as the percentage of weight after drying of the initial fresh weight. Slp1-1 leaves
had significantly reduced water contents (by 1 %) than slp1-3 and wild type leaves (paired ttest, p<0.05, n=12).
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Figure 5-15B. Whole plant transpiration rates between slp1-1 (red line) and wild type plants
(black line) over time. A humidity response experiment (from 0-4700 minutes) was followed
by a light response experiment. Humidity levels were set high (80 %) or low (40 %) as
indicated by the elevation of the blue line. The presence of light is indicated by the thick
black line. Further explanations to the experimental setup are given in section 5.5.6 and
Figure 5-44.
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Figure 5-16. Quantifications of assimilation rates, stomatal conductances and transpiration
rates between wild type and slp1 mutants at 500 μmol/m2/s photon flux density. None of
these results were statistically different from each other. Error bars indicate standard error
values.
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5.3 Mitochondrial phenotypes of slp1 knockout plants
Because of the specific subcellular localisation of AtSlps, slp1 mutant plants were analysed
for phenotypes related to mitochondrial function. The first objective was to compare
whether there would be any notable differences in the mitochondrial membrane potential
between slp1 plants and wild type. Secondly, oxygen consumption rates from
mitochondrial preparations were measured and compared between slp1-1 and wild type
plants. Finally, two attempts were utilised to monitor differences in the accumulation of
reactive oxygen species in these plants.

5.3.1 Membrane potential
The diagram shown below gives an overview over the different mitochondrial
compartments for orientation purposes. The inner membrane has multiple invaginations
(cristae) that increase the overall membrane surface area. The matrix (shown in blue) is the
space surrounded by the inner membrane. The outer membrane surrounds the whole
organelle and gives rise to the intermembrane space inbetween the inner membrane and the
outer membrane.

Scheme of the mitochondrial ultrastructure. This image was taken from the web
(http://www.cartage.org.lb/en/themes/sciences/zoology/AnimalPhysiology/Anatomy/Animal
CellStructure/Mitochondria/Mitochondria.htm)

Mitochondria are characterised by the presence of a membrane potential across the inner
mitochondrial membrane. The membrane potential (negative on the matrix side) consists of
an electrical potential across the membrane and a proton gradient generated by protonpumping protein complexes of the electron transport chain. This proton gradient is
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maintained by the integrity of the inner membrane and is utilised to synthesise ATP, but
also for the transport of metabolites, ions and proteins across the inner membrane.
TMRE (tetramethylrhodamine ethyl ester) is a potentiometric fluorescent probe that is
taken up by cells and mitochondria, dependent on their membrane potential. It is a
rhodamine derivative and can be described as a lipophilic cationic, or redistribution probe
that is membrane permeable (Ehrenberg et al., 1988). The uptake of this class of
fluorescent dye into the mitochondrial matrix happens relatively fast (the half time of
equilibrium distribution at 100nM TMRE is six minutes at 22C for animal cells (Farkas et
al., 1989)) and is dependent on the positive charge and lipohilic nature of the molecules
(Scaduto & Grotyohann, 1999). Rhodamine derivatives are characterised by low toxicity to
cells, low self-aggregation and low membrane binding (Ehrenberg et al., 1988;Farkas et
al., 1989). Estimates for the mitochondrial membrane potential of animal cells such as
fibroblasts by using rhodamine derivatives range from –105 to –150 mV, compared with a
plasma membrane potential of approximately -50 mV (Farkas et al., 1989).
Rhodamine derivatives can serve as qualitative indicators of the mitochondrial membrane
potential of individual cells. Their uptake by cells and mitochondria is largely governed by
the Nernst equation that allows for quantitative estimates of the mitochondrial membrane
potential. Upon uptake of these dyes by cells, they distribute at equilibrium between the
extracellular space, the cytoplasm and organelles such as mitochondria (Farkas et al.,
1989). The final concentration of TMRE inside mitochondria is dependent on both the
plasma membrane and the mitochondrial membrane potentials. Dissipation of the
mitochondrial membrane potential by ionophores such as dinitrophenol (DNP) results in a
sharp decrease of TMRE fluorescence that leaks into the cytosol (Johnson et al., 1981).
Thus, differences in mitochondria-associated fluorescence reflects changes in the
functional state of the organelles and the magnitude of the mitochondrial membrane
potential (Johnson et al., 1981).
TMRE was utilised here to check for any differences in fluorescence between slp1 mutants
and wild type plants. Slp1 and wild type seedlings were grown for five days in hydroponic
culture. They were incubated with 50 nM TMRE for a few minutes, rinsed and mounted on
microscope slides for imaging on the confocal microscope. Only roots were imaged
because of high background fluorescence observed in green tissue. Whole roots were
scanned completely across the entire root diameter, and three-dimensional images were
reconstructed. Figure 5-17 shows an example of the observed fluorescence pattern of slp11, slp1-2 and wild type roots. Scanned slp1-1 roots frequently had visibly weaker TMRE
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fluorescence than wild type roots or slp1-2 roots as seen in the image on the left side. This
was observed across three independent experiments. TMRE-stained mitochondria were
clearly visibly as bright punctate structures in slp1-2 and wild type roots. In slp1-1 roots,
individual mitochondria were barely visible besides the cytosolic and other background
fluorescence.

slp1-1

slp1-2

Wt

Figure 5-17. TMRE fluorescence in slp1-1 and wild type (Wt) roots. The images show threedimensional reconstructions of confocal scans through the entire root in a particular area.
The confocal settings were identical in all three images. Scale bar = 20μm.

The overall TMRE fluorescence of each image was quantified and the result is presented in
Figure 5-18. Part (A) shows a quantification from a single experiment in which three to
four independent seedling roots were imaged at three different places along the length of
the roots. The quantification shows that TMRE fluorescence intensity in slp1-1 mutant
roots is significantly decreased compared to slp1-2 and wild type TMRE fluorescence. Part
(B) shows a graph with data combined from two independent datasets, averaging a total of
six seedlings from each genotype. TMRE fluorescence is still significantly reduced by
approximately 20% in slp1-1 roots compared to slp1-2, but the reduction was not
significant compared to wild type roots.
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Figure 5-18. Quantification of TMRE fluorescence from three-dimensional reconstructed
images obtained from slp1 mutant roots and wild type plants. Background fluorescence was
substracted from each image.
A) A dataset obtained from a single experiment shows significantly decreased fluorescence
in slp1-1 roots compared to both slp1-2 and wild type roots (paired t-test, n=12, p<0.05).
B) A dataset showing the average of two independent experiments each consisting of at
least three separate seedlings. The reduction in TMRE fluorescence in slp1-1 roots is still
significant (paired t-test, p<0.05) compared to slp1-2 roots, but not to wild type.

Quantification of TMRE fluorescence as presented here can only give a very crude
qualitative estimate of the mitochondrial membrane potential, and thus the functional state
of mitochondria. Despite the fact that the reduction in TMRE fluorescence in slp1-1 plants
was not statistically significant to wild type plants when two datasets were averaged, the
trend indicating reduced mitochondrial membrane potential was still visible. Overall the
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TMRE staining of whole seedlings was repeated three times for slp1-1, and four times for
slp1-2. Because of different confocal settings and TMRE concentrations used initially,
quantitative comparisons with other datasets was not possible. However, the trend of
reduced TMRE fluorescence in slp1-1 seedlings was reproducible throughout.

5.3.2 Oxygen consumption rates
Mitochondria have several important metabolic roles in plant cells that make them crucial
for aerobic energy production, photosynthesis, anabolic (e.g. the provision of carbon
skeletons for nitrogen assimilation) and catabolic (fatty acid oxidation) reactions. During
the photoperiod, mitochondrial ATP production provides energy for sucrose synthesis in
the cytosol, but mitochondria also participate in photorespiration and antioxidant
metabolism to minimise the formation of reactive oxygen species (ROS) and to sustain
optimal photosynthesis rates (Fernie et al., 2004). During the dark period and in
heterotrophic tissues such as roots, mitochondria provide the main energy source in the
form of ATP produced by oxidative phosphorylation in the electron transport chain (ETC)
of the inner membrane.
The whole process of aerobic respiration actually consists of three interdependent
processes: cytosolic glycolysis, the TCA (tricarboxylic acid) cycle and oxidative
phosphorylation inside mitochondria. Glucose is oxidised to pyruvate during glycolysis
that is then transported into mitochondria. During the reactions catalysed by pyruvate
dehydrogenase and the TCA cycle, reducing equivalents such as NADH and FADH2 are
produced whose electrons feed into the mitochondrial ETC under simultaneous substrate
oxidation to provide energy in the form of ATP (Fernie et al., 2004).
The plant mitochondrial ETC differs from the ETC of animals and fungi in the context of
enzyme composition. In contrast to animals, plant mitochondria contain five additional
enzyme complexes. Two additional NAD(P)H dehydrogenases localised in the outer leaflet
of the inner membrane (= NDex), two additional NAD(P)H dehydrogenases in the inner
leaflet (= NDin), and the alternative oxidase (= AOX) facing the matrix side. Figure 5-19
gives an overview over the composition and organisation of the plant mitochondrial ETC.
All plant-specific enzymes are shown in blue, whereas proteins in common with animal
mitochondria are shown in grey. As in animals, the plant ETC also contains complex I
(NADH dehydrogenase/NADH-Q-reductase), complex II (succinate dehydrogenase/
succinate-Q-reductase), complex III (ubiquinol-cytochrome bc1 reductase) and complex
IV (cytochrome-c oxidase), as well as the inner membrane ATP synthase (sometimes
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referred to as complex V). Protons are pumped from the matrix side into the
intermembrane space by complexes I, III and IV to generate a gradient across the inner
membrane. This gradient generates an electrical potential (see above) that is utilised for
transport processes. The energy stored in this proton gradient is also used to synthesise
ATP on the matrix side by the ATP synthase (= phosphorylating respiratory pathway). The
plant specific enzymes NDex, NDin and AOX, as well as complex II do not contribute to
the build-up of the proton gradient and are thus non-phosphorylating (alternative
respiratory pathway) (Affourtit et al., 2001). This plant-specific architecture of the ETC
provides additional means by which electrons can flow and oxygen is consumed (by
AOX), without the simultaneous translocation of protons. As such, they allow respiration
to continue even in the presence of a high membrane potential and are thus thought to
ensure continuous electron flow when the ETC is overreduced. AOX lies in competition
with complex III for the flow of electrons from the reduced ubiquinone pool. However, its
contribution under non-stress conditions to overall oxygen consumption rates is low. It is
active when the Q-pool is overreduced and the membrane potential high (Borecky &
Vercesi, 2005). Additionally to this alternative respiratory pathway that lowers the
membrane potential and ensures adequate electron flow, plants and animals also possess
uncoupling proteins (UCPs) that act as protonophores in the inner membrane upon specific
signals. These proteins dissipate the proton gradient by causing a controlled leak in the
inner membrane that is used to generate heat in small mammals (Nicholls, 1979). The
ubiquitously expressed Arabidopsis UCP AtUCP1 was demonstrated to be important to
ensure continuous photorespiration rates under light conditions in leaves (Sweetlove et al.,
2006).
An unavoidable byproduct of this aerobic metabolism is the formation of reactive oxygen
species by the mitochondrial ETC in the form of superoxide anions (O-2). Superoxide is
formed when the electron flow is inadequate and the build-up of membrane potential high.
The majority of superoxide is formed at complexes I and III, when oxygen interacts with
NADH and ubiquinone (Moller, 2001). The effects and impact of ROS formation on
metabolism are discussed in the following section 5.3.3.
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Figure 5-19. Schematic presentation of mitochondrial electron transport chain (ETC). Plantspecific enzymes are shown in blue. Protons are pumped by complexes I, III and IV as
indicated. The inner membrane ATP synthase is not included. The normal electron flow is
indicated by grey arrows. Dissipation of the proton gradient either happens via ATP
synthesis and cytochrome oxidation, or via alternative routes involving either NDex, NDin,
and/or the alternative oxidase (AOX). Additionally, the uncoupling proteins (UCPs) can
contribute to this task (not included here). Complexes I-VI are numbered as indicated and
shown in grey. Complex I (NADH dehydrogenase/NADH-Q-reductase), Complex II (succinate
dehydrogenase/succinate-Q-reductase), complex III (ubiquinol-cytochrome bc1 reductase),
complex IV (cytochrome c oxidase). The alternative electron flow routes are shown by
purple arrows. Chemical inhibitors of the various reactions are shown in red. The formation
of ROS as superoxide anions at complexes I and III is indicated by the star shapes. The Ca2+
dependence of the plant-specific NAD(P)H dehydrogenases is indicated. Abbreviations are
MIM (mitochondrial inner membrane), IMS (intermembrane space), NDex (external NAD(P)H
dehydrogenases), NDin (internal NAD(P)H dehydrogenases), Q (ubiquinone), CytC
(cytochrome C), SHAM (salicyl hydroxamic acid), AOX (alternative oxidase). This figure is
redrawn after a scheme by IM Møller (Moller, 2001).

The oxygen consumption rates of isolated plant and animal mitochondria can be measured
with an oxygen electrode by stimulation of respiration with externally added substrates.
Commonly, isolated mitochondria can be stimulated with TCA cycle intermediates
(organic acids) such as pyruvate, malate or succinate. In contrast to animal mitochondria,
isolated plant mitochondria are also capable of oxidising externally added NADH by the
rotenone-insensitive NDex enzyme complex. Organic acids and other molecules can pass
the outer mitochondrial membrane through pores formed by beta-barrel type proteins
called porins. These allow access for small molecules to the intermembrane space up to a
molecular weight of 10 kDa (Zalman et al., 1980), (Moore & Proudlove, 1983). Gases
such as oxygen and CO2 can pass freely through the inner membrane, whereas it is
impermeable for larger molecules as well as ions. Substrates such as TCA-cycle
intermediates and pyruvate are transported into the mitochondrial matrix via dicarboxylate
carriers in exchange for inorganic phosphate (Pi). Additionally, a tricarboxylate transporter
takes up citrate via exchange for a dicarboxylic acid such as malate, and pyruvate enters
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via the pyruvate transporter. NAD(P)H is shuttled indirectly via electron transfer by the
malate/oxaloacetate shuttle system which is not functional in isolated organelles. ADP is
transported into mitochondria in exchange for ATP by a translocase, and Pi can enter the
matrix through a proton/Pi symporter (Douce, 1985). As mentioned above, succinate
oxidation at complex II is not coupled to the translocation of protons and thus does not
contribute to the formation of the proton gradient. Theoretically, plant mitochondria are
capable of oxidising succinate and NAD(P)H through the AOX and thereby circumventing
the build-up of the proton gradient.
Because of the proposed submitochondrial localisation of AtSlps to the inner membrane,
the effect of the slp1-1 T-DNA insertion on mitochondrial oxygen consumption rates was
investigated.
A commonly used type of oxygen electrode is the Clark-type. It consists of a working
electrode made of platinum (= cathode) and an Ag/AgCl reference electrode (= anode).
The two poles are connected by an electrolyte solution. An oxygen-permeable Teflon
membrane is placed over the electrodes and the electrolyte solution. Located above the
membrane is a chamber filled with assay medium and isolated mitochondria. A voltage is
applied on the Pt electrode that causes reduction of dissolved oxygen and the flow of 4
electrons/reduced O2 molecule. The resulting current is directly proportional to the partial
oxygen pressure in the surrounding assay medium. Oxygen consumption by mitochondria
is followed with a chart recorder whose full deflection represents the total oxygen content
of the assay medium. In the presence of excess phosphate and endogenous or externally
added ADP, oxidative phosphorylation takes place inside isolated mitochondria, and the
loss of molecular oxygen from the medium is followed over time. Various substrates can
be added via injection with a Hamilton syringe while the mitochondria solution is stirred.
To measure oxygen consumption of isolated slp1-1 and wild type mitochondria, crude
organelle pellets containing mitochondria were prepared by differential centrifugation.
These resuspensions contained primarily also chloroplasts and peroxisomes and were green
in colour. To avoid interference by oxygen evolution from chloroplasts, the measurements
were taken in the darkness by covering up the electrode chamber. For each round of
measurement, 200 μL of the mitochondrial resuspension (containing approximately 1 mg
total protein) were added to the chamber and the oxygen consumption of one substrate at a
time was measured. Table 5-3 contains all substrates and their concentrations used in these
experiments. Oxygen consumption rates were calculated based on changes followed by the
chart recorder in nmoles O2 consumed/minute/mg of protein present. The injection
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protocol was always such that one substrate was injected, followed by the addition of ADP.
This was repeated if no good respiration rates could be measured. Following ADP, SHAM
was added to block AOX, followed by DNP (2,4-dinitrophenol), an ionophoric uncoupling
agent, and finally NaCN to block oxygen consumption by complex IV. In some cases,
oligomycin was added afterwards to block proton-translocation (and therefore dissipation
of the proton gradient) by the ATP synthase.
Substrate/Inhibitor
Succinate
NADH
Malate/pyruvate
ADP
SHAM
DNP
Oligomycin
NaCN

Concentration [mM]
10
1
10
0.1
0.1
1 μM
1 μg/ml
1

Table 5-3. Respiration substrates and inhibitors used in oxygen consumption
measurements. The final concentration in the assay medium is given in mM unless
otherwise stated.

Altogether five separate measurements with slp1-1 and wild type mitochondria were
carried out. The measured oxygen consumption rates varied greatly between those
individual measurements for all substrates tested. Three measurements for each genotype
were averaged and the results are presented in Figure 5-20. Consistently it was found that
NADH gave the highest oxidation rates (20-50 nmoles/min/mg protein), followed by
succinate (20-40 nmoles/min/mg). Oxidation of malate and pyruvate at the given
concentrations was very slow (<10 nmoles/min/mg) and in some cases almost impossible
to quantify accurately. However, between those measurements it was noticed that
mitochondria from slp1-1 consistently oxidised succinate and NADH at higher rates than
wild type mitochondria. Despite the large standard error values in Figure 5-20, this trend
can be seen between slp1-1 and wild type oxygen consumption.
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Figure 5-20. Oxygen consumption rates of slp1-1 and wild type isolated mitochondrial
pellets. Three independent measurements were averaged. Only the oxidation of the initially
added substrate, and the change in oxygen consumption after addition of ADP (= state 3
respiration) are shown.

These calculated oxygen consumption values were well below what can be found
elsewhere in the literature for Arabidopsis mitochondria. Sweetlove et al. (Sweetlove et al.,
2002) reported oxygen consumption values of approximately 160 nmoles/min/mg for
succinate and NADH, and 60 for malate/pyruvate without added ADP. However, the
measured mitochondria were isolated from an actively dividing suspension cell culture. In
the experiments presented here, mitochondria were isolated from fully expanded leaf tissue
grown under short day light. The cells from which the mitochondria originated here were
clearly not dividing any more and thus metabolically less active. Additionally, because the
mitochondrial preparation used here was very impure, the actual content of mitochondriaderived protein was much lower than quantified from the Amidoblack assay. Therefore, the
normalisation of respiration values to the protein content is inaccurate in terms of absolute
values. It is most likely an underestimate of the real oxygen consumption contributed by
actual mitochondria. Additionally, these lower values could indicate that mitochondria
were damaged or not fully active any more.
Curiously, additions of ADP to substrate-oxidising mitochondria hardly resulted in the
expected stimulation of oxygen consumption. The addition of ADP was expected to

336

increase oxygen consumption and electron flow because of the dissipation of the proton
gradient by the ATP synthase. However, this increase can only happen if the mitochondria
are tightly coupled, i.e. if the inner and the outer membrane are both intact. Figure 5-21
presents quantifications of the relative changes in oxygen consumption of a particular
substrate upon addition of ADP, DNP or sodium cyanide (NaCN). When wild type
mitochondria were oxidising succinate, ADP addition increased oxygen consumption
moderately, but significantly from the basal rate (on average by 50%). This is also known
as state 3 respiration. Once all ADP has been consumed, the respiration rate is expected to
slow down again, which would correspond to state 4 respiration. The ratio of these two
states can be used to estimate the intactness (i.e. coupling efficiency) and thus quality of
the mitochondria used (Chance & Williams, 1955). Compared to the wild type, slp1-1
mitochondria did not show any increased oxygen consumption upon ADP addition, the
respiration rate even decreased slightly. The uncoupling agent DNP was added after
SHAM that blocks oxygen consumption by the AOX. SHAM was supplied as a 300x
concentrated stock solution dissolved in ethanol. The final concentration in the chamber
was 100μM with an ethanol concentration of 0.6 %. Because of this rather high ethanol
content, a sharp increase in oxygen consumption was observed (not shown), that probably
arose from damaged mitochondria by organic solvent. Most likely, the added ethanol
dissolved at least the outer membrane and therefore dissipated the proton gradient. In this
scenario, oxygen consumption resumes uncontrolled from the demand of the ATP synthase
and therefore increases. It is also possible that the ethanol present in the medium even
damaged the inner membrane or inactivated the respiration enzymes. Therefore, what was
observed upon subsequent addition of DNP probably did not reflect actual uncoupling
effects by this ionophore. During succinate oxidation, DNP addition after SHAM
decreased respiration of wild type mitochondria, but had hardly any effect on slp1-1
mitochondria in state 3 respiration. Following DNP, NaCN was added to stop oxygen
consumption by complex IV. This resulted in an almost complete halt of respiration,
indicating that oxygen was previously still taken up by what were probably at least partly
damaged mitochondria.
Compared to succinate oxidation, NADH-driven oxygen consumption was clearly
decreased by ADP addition in slp1-1 mitochondria, and also slightly in wild type
mitochondria. This observation was partly unexpected. Under non-stress situations, ADP
addition to NADH-oxidising mitochondria would be expected to stimulate oxygen
consumption rates. However, externally added NADH can only be oxidised by the NDex
complex in isolated, intact plant mitochondria. This oxidation is not directly coupled to the
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generation of the proton gradient. Protons can only be pumped and ATP generated if the
electrons from NADH oxidation are further passed to ubiquinol, and from there to
complexes III and IV. If AOX diverts this flow however, oxygen is consumed without
proton pumping and is therefore uncoupled from ATP generation. The observation made
here would either indicate that AOX diverted the electron flow, or that the isolated
mitochondria were partly damaged as described above. DNP addition following SHAM
injection did not change respiration rates significantly, and NaCN almost completely
abolished them. In mitochondria oxidising malate/pyruvate, ADP addition did not cause a
significant change, whereas DNP following SHAM this time actually caused an increase in
respiration rates in both mutant and wild type mitochondria. The addition of cyanide ions
afterwards almost completely abolished this respiration.
These data can be interpreted in different ways. Generally there was a clear trend towards
overall higher respiration rates from slp1-1 mitochondria compared to the wild type. Even
if the calculated values were not correct in terms of absolute oxygen consumption by actual
mitochondria, the relative difference in respiration rate compared to wild type would
nevertheless remain. The relative responses after ADP stimulation observed with slp1-1
mitochondria were more stable than those from wild type (note the smaller standard errors
in the relative responses in Figure 5-21). Combined with the observed lower membrane
potential and the lack of state 3 respiration, these results could indicate that the integrity of
the inner membrane of slp1-1 mitochondria was impaired. This would give rise to partly
uncoupled mitochondria. It is assumed that Slp1 participates in higher molecular weight
protein complexes (see chapter 4) and also provides microdomains or platforms for the
regulation of such complexes in the inner membrane. Thus, a lack of Slp1 could lead to a
leakiness of this membrane that also embeds the proteins of the ETC.
Alternatively to this explanation, the decrease in membrane potential of slp1-1
mitochondria could also point towards an upregulation of the alternative respiratory
pathway involving AOX. This could be the result of an upregulation or activation on the
protein level of the alternative components (including NDex, NDin and AOX), or an
inhibition of the ordinary respiratory complexes. Additionally, lack of Slp1 could influence
the activity of the UCPs that would in turn lead to a partly dissipated proton gradient.
These respiratory measurements were all conducted with independently isolated
mitochondria from the same batch of plants. A second round of experiments to confirm
these results is still in preparation. These experiments will also include measurements with
the slp1-2 allele.
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Figure 5-21. Relative responses of oxygen consumption rates upon addition of ADP, DNP
and CN- (n=3). All values were normalised to the oxygen consumption rates of the initially
added substrate. ADP addition was expected to stimulate oxygen uptake if the mitochondria
are tightly coupled because of dissipation of the proton gradient. DNP acts as an
uncoupling agent that was expected to increase respiration rates. The addition of NaCN
almost completely blocked respiration through complex IV. It should be noted that DNP was
added after the addition of SHAM dissolved in ethanol which probably caused damage to
the outer, and even the inner membrane.

339

5.3.3 Reactive oxygen species
An unavoidable consequence of aerobic metabolism is the formation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS). ROS generally increase locally under
stress conditions and can cause damage, but they can also serve as signalling molecules. In
plants, the major ROS production sites are chloroplasts and peroxisomes during the
photoperiod, and mitochondria during darkness and in heterotrophic tissues such as roots
(Moller et al., 2007;Dutilleul et al., 2003). Additionally, ROS are formed by the plasma
membrane bound external NADPH oxidase during pathogen attack and in N2-fixing root
nodules (Moller, 2001). In chloroplasts, the major production sites are the two
photosystems in the electron transport chain. Chloroplastic ROS include singlet oxygen
(1O2) produced at photosystem II (PSII) and superoxide (O2-) at photosystem I (PSI).
Peroxisomes produce ROS during photorespiration, mainly in the form of superoxide and
H2O2. The plasma membrane NADPH oxidase, as well as the mitochondrial ETC mainly
cause superoxide accumulation. In the mitochondrial ETC, superoxide is produced by the
transfer of a single electron to molecular oxygen at complexes I and III (see Figure 5-19)
(Moller, 2001). The effects of ROS accumulation depend on the production sites and the
nature of the ROS produced. For example, H2O2 is relatively stable and able to cross
membranes through aquaporins. Thus, it can cause damage at a different location from its
production site. By contrast, singlet oxygen and superoxide are only able to travel very
short distances (nm to μm) and are chemically more reactive. Superoxide can be converted
by superoxide dismutase (SOD) to hydrogen peroxide, which in turn can react with free
transition metal ions to the extremely reactive hydroxyl radical (OH.) in the Fenton
reaction. Superoxide anions can also react with the Fe-S clusters of proteins and damage
these. Hydroxyl radicals react with all classes of biomolecules, causing widespread
irreversible damage. Generally, all ROS formed are capable of oxidising surrounding
biomolecules such as proteins, lipids, carbohydrates and DNA. Lipid oxidation by singlet
oxygen occurs particularly on conjugated double bonds of polyunsaturated fatty acids.
Singlet oxygen can also oxidise certain amino acids in proteins such as tryptophan,
histidine, tyrosine, methionine and cysteine. Sulfur-containing amino acids can generally
be oxidised or nitrosylated by all ROS and RNS in a reversible manner, an event that can
be important for cellular signalling. DNA molecules can be oxidised at the bases of
nucleotides, in particular guanine bases, causing mutations and genetic damage.
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The nitric oxide radical (NO.) is formed by nitrate reductase and at the mitochondrial
electron transport chain (Moller et al., 2007). It can react with superoxide to the more
reactive peroxynitrite (ONOO-), which can damage DNA and amino acids irreversibly.
All cells have endogenous antioxidant systems to scavenge ROS and limit damage. These
are localised near the ROS production sites inside organelles (mitochondria, chloroplasts,
peroxisomes), but also in the cytosol. Examples include non-enzymatic systems such as
ascorbate/glutathione, and carotenoids in chloroplasts, but also enzymatic detoxifying
systems including SODs, catalase and peroxidases (Dutilleul et al., 2003). In mitochondria,
MnSOD is the active enzymatic mechanism for the detoxification of superoxide.
Additionally, ascorbate peroxidase, thioredoxin-dependent reductase, glutaredoxin and
PRXII F provide other important detoxifying enzymatic mechanisms (Finkemeier et al.,
2005). Additional antioxidant properties are also provided by the reversible oxidation of
free thiol groups and methionine in proteins ((Moller et al., 2007). Relief of electron
overload of the mitochondrial ETC is mediated by the activation of AOX, the plantspecific NAD(P)H dehydrogenases, and by the action of UCPs (see above).
If these ROS limiting systems are overwhelmed under stress, excessive amounts of ROS
can accumulate and damage molecules as described. The effects of excessive ROS-induced
damage in mitochondria include swelling of the matrix, a decrease in membrane potential,
formation of the mitochondrial transition pore (MTP- holes in the inner membrane) and
eventually rupture of the organelle (Logan, 2008b). Damaged organelles and protein
aggregates can subsequently be removed by autophagy for degradation and recycling, and
they can be replaced by subsequent mitochondrial fission if necessary. If cells are
overwhelmed by oxidative damage, a type of programmed cell death takes place that
resemble events during the HR response.
With the background of the observed effects of slp1-1 on mitochondrial respiration, the
formation and accumulation of ROS was investigated in slp1 mutants and wild type
seedlings. ROS can be detected by several approaches. Commonly, the H2O2-triggered
polymerisation of diaminobenzidine (DAB) in the presence of peroxidase is used as a ROS
indicator in vivo and in situ (ThordalChristensen et al., 1997). The amount of H2O2 is the
limiting factor for the polymerisation of DAB, given that peroxidase is present. High light
also stimulates DAB polymerisation because of excessive photosynthesis-driven H2O2
formation. In addition to DAB staining, several dyes (fluorescein derivatives) become
fluorescent upon uptake by living cells and reaction with ROS (see below).
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Leaves from fully-grown slp1-1, slp1-3 (Figure 5-22 (A)) and slp1-2 and wild type plants
(Figure 5-22 (B)) were excised and their petioles dipped into DAB solution over several
hours in dim light. Chlorophyll was subsequently cleared from leaves with ethanol to fully
visualise polymerised DAB. DAB was taken up through the transpiration stream and
mainly accumulated in and around vascular tissue as seen in Figure 5-22. This happened
regardless of the genotype, because H2O2 is involved in the lignification of vascular tissue.
Additionally, the cut sites on the petioles always become heavily stained because of H2O2
evolution during the wounding response. Around the veins, DAB polymer was mainly
spread evenly throughout the tissue. In some leaves, intense DAB-stained spots were
visible (as seen in top panel of Figure 5-22 (A)). However, no principal differences in
DAB intensity or distribution could be clearly recognised between mutant and wild type
leaves. This approach of ROS detection is rather crude and might not pick up ROS
differences in unstressed plants. The dynamic range for detection of H2O2 by DAB staining
lies between 1-10 μM H2O2. Smaller amounts of H2O2-related ROS are not detected by this
method. In this respect, an obvious lack of differences between wild type and slp1 mutants
might not be surprising (ThordalChristensen et al., 1997;Torres et al., 2002;Dutilleul et al.,
2003).
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Figure 5-22. DAB-stained leaves from slp1-1, slp1-3, slp1-2 and wild type plants. A) Leaves
from a first batch of plants grown under long day light conditions stained with DAB. B)
Leaves stained with DAB including slp1-2 from an independent plant batch grown under the
same conditions. Scale bars = 1cm.
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ROS accumulation was also quantified from seedlings incubated with 2’7’dichlorodihydrofluorescein diacetate (H2DCFDA). This dye is non-fluorescent until it is
taken up by cells and two acetate groups are removed by intracellular esterases. The
resulting charged form of the dye is thus sequestered within the cells, by contrast with the
original dye molecule. Following oxidation inside cells, the dye also becomes highly
fluorescent and can be excited at 492 nm (Molecular Probes, “Reactive Oxygen Species
(ROS) Detection Reagents”). This ROS probe has been previously used to detect and
quantify ROS from plant cells (Desikan et al., 2006;Ahn et al., 2006). As with TMRE
staining, FDA fluorescence was imaged from roots of slp1-1, slp1-2 and wild type
seedlings by reconstructing three-dimensional confocal scans and quantifying the relative
fluorescence amounts. Seedlings were always incubated for identical periods before
imaging on the confocal microscope to avoid accumulative effects of dye uptake. Only
roots were imaged, because chloroplasts of shoot tissue gave excessive FDA fluorescence
that was difficult to localise and to quantify. Figure 5-23 shows confocal images of threedimensional reconstructions from FDA-stained roots. The fluorescence of each
reconstructed stack was quantified and the result is presented in Figure 5-24. Three
separate seedlings per genotype were imaged, and three to four areas per root were chosen
for scanning. On average, mutant roots had 30-40 % reduced FDA fluorescence compared
to wild type roots. This result was significantly different from the average wild type
fluorescence and indicates decreased ROS accumulation in roots of slp1 mutant plants.
Currently, this finding can only be interpreted as a trend rather than a final result because
the experiment was so far not independently confirmed at least a second time.

slp1-1

slp1-2

Wt

Figure 5-23. Three-dimensional reconstructions of confocal images of H2DCFDA-stained
seedling roots. Whole seedlings from slp1-1, slp1-2 and wild type plants (5 days old) were
stained with 2 μM H2DCFDA. Roots were scanned completely horizontally through the plane
and images reconstructed. Scale bar = 20μm.
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Figure 5-24. Quantified H2DCFDA fluorescence. The relative fluorescence was quantified
from at least three separate seedlings per genotype. In each seedling, three to four areas
were scanned and quantified (n=13 (slp1-1), n=12 (wild type), n=9 (slp1-2)). Significant
differences to the wild type value are indicated by asterisks. Error bars indicate standard
error values.

According to these findings, no difference in ROS production and accumulation exist in
mature leaves when DAB was utilised as a ROS probe. By contrast, slp1 mutants seem to
accumulate or produce less ROS in roots of five-day old seedlings when ROS were
quantified by FDA fluorescence. This could indicate that Slp1 might have different
functions in roots than in shoots. Alternatively, this difference could also simply reflect the
difference in age and metabolic activity of the investigated tissues and plants. Mature,
fully-grown leaves are metabolically differently active than roots of young seedlings. Leaf
tissue is primarily occupied with photosynthesis and photorespiration, whereas root tissue
of young seedlings is still actively growing and heterotrophic in nature. Mitochondrial
ROS production is only secondary in terms of overall oxidative load in leaf cells during the
photoperiod. Under this condition, the majority of ROS are produced by chloroplasts and
peroxisomes during photosynthesis and photorespiration (Moller et al., 2007).
Nevertheless, mitochondria contribute to the maintenance of these processes via ATP
production for sucrose synthesis and oxidative decarboxylation of glycine, respectively.
Mitochondrial ROS production in shoots is also recognised to have important implications
in stress responses (Dutilleul et al., 2003). By contrast, in the darkness in leaves, and in
heterotrophic tissues such as roots, mitochondria are the main site of ROS production.
Thus, taking these metabolical differences into account, the observed local ROS difference
could reflect both the nature and the age of the tissue investigated. Additionally, the
fluorescence assay is more sensitive than DAB staining. For a better comparison, seedlings
of the same age as used for the FDA stain should be stained with DAB. After a longer
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DAB incubation time and especially under stress conditions (eg after irradiation with UVB light), differences in DAB accumulation would be expected.
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5.4 Dexamethasone-inducible RNAi knockdown lines
Because no homozygous T-DNA insertion lines could be isolated in the AtSlp2 gene,
additional transgenic plants were created that express a dexamethasone-inducible RNAi
construct. Stable Arabidopsis lines expressing one of the two AtSlp RNAi constructs were
selected.

5.4.1 Construct design
The fragments triggering gene silencing based on RNA hairpin formation were ordered
from the AGRIKOLA consortium (Hilson et al., 2004) as Gateway-based entry clones.
The inserts from these clones were then recombined into the Gateway-based binary vector
pOpOff2(Hyg) (Wielopolska et al., 2005). This vector contains the bidirectional promoter
pOp6 that drives transcription of the RNA hairpin as well a GUS reporter gene that allows
for the control of dexamethasone induction. This promoter responds to the LhGR
transcription factor upon activation with dexamethasone. LhGR is transcribed
constitutively by the 35S promoter. Figure 5-19 gives an overview over the pOpOff TDNA structure. The final constructs for both AtSlp1 and AtSlp2 RNAi were verified by
restriction digestions and DNA sequencing, before being used for floral-dipping of Col-0
plants.

Slp
RB

Intron

Slp

pOp6

GUS

T

T

LhGR

35S

35S

Hyg

T
LB

Figure 5-25. Schematic presentation of the pOpOff2(Hyg) T-DNA. The two Slp RNAi
fragments (Slp) forming a hairpin are shown in red flanking the hairpin intron. The pOp6
promoter drives expression of both the Slp RNA hairpin and a GUS reporter gene (shown in
light blue). The LhGR transcription factor (shown in pink) is driven by a 35S promoter. A
second 35S promoter drives expression of the hygromycin resistance gene (Hyg).
Abbreviations are: T (terminator), RB (T-DNA right border), LB (T-DNA left border). This
figure is redrawn after Wielopolska et al.

5.4.2 Time course of RNAi knockdown effect
The effectiveness of RNAi-mediated knockdown of AtSlp genes was assessed on the
protein level. Heterozygous seedlings of each line were grown hydroponically for 10 days,
before dexamethasone-induction was followed in a time course over 48 hours. Figure 5-26
(A) shows Western blots from protein extracts obtained from RNAi lines for Slp1 and Slp2
probed with anti-Slp1. A clear reduction in protein level can be seen in the Slp1 RNAi line
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starting at 24 hours after initial dexamethasone addition. This reduction was even more
pronounced after 48 hours, reducing the protein level to 50 % of the control level. The
RNAi line for the Slp2 gene did not cause reduction of Slp1 protein. Thus, no crossreaction
occured in the Slp2 line that might silence AtSlp1. The protein levels of these time courses
were quantified based on the densities of the bands on the Western blots normalised to the
Rubisco loading level seen on the Ponceau S stains. These quantifications are presented in
the bar charts in Figure 5-26 (A). In the Slp2 RNAi plants, the Slp1 protein was not
knocked down as seen on the Western blot, but even slightly increased in the three hour
samples compared to the control taken at time zero. However, since this was only a single
experiment, the observed upregulation may not necessarily be a reproducible event. Part
(B) of Figure 5-26 shows Western blots from the same lines (homozygous) grown on soil
and sprayed regularly with dexamethasone for several weeks. The knockdown level in the
Slp1 RNAi line can be clearly seen in the blot on the left side (“+” indicates
dexamethasone treatment) compared to the control (“-“ indicates control treatment). As
seen before, dexamethasone induction in the Slp2 RNAi line did not have any obvious
knockdown effect on Slp1, confirming the specificity of the RNAi construct.
Plants of homozygous induced RNAi lines of both genes were often smaller than wild type
or control sprayed plants grown in parallel on soil. Growth parameters such as leaf surface
area, flowering time and osmolarity were measured, but did not give reproducible results
(not shown). The rather large variety amongst replicates probably reflects the variability of
dexamethasone induction in these plants. Additionally, dexamethasone-induced wild type
plants were sometimes also smaller or flowered earlier than control treated wild types.
However, a reduction in the size of Slp1 RNAi plants was frequently observed and taken as
a real phenotype associated with the knockdown of this gene.
The homozygous single knockout slp1-1 was floral-dipped with agrobacteria carrying the
Slp2 RNAi knockdown construct. The idea was to create plants that were homozygous for
slp1-1, and carried at least one heterozygous insertion of the Slp2 RNAi construct. The
functional analysis of these plants is currently still under investigation. At this stage, it is
not known whether a plant heterozygous for the Slp2 RNAi will result in any obvious
growth phenotype different from slp1-1 alone.
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Figure 5-26. Western blot of time course showing RNAi-mediated knockdown of Slp1.
A) Western blots probed with anti-Slp1 of Slp1 and Slp2 RNAi lines. Samples were taken in a
time course over 48 hours as indicated. The control sample (“C”) was taken at time zero.
The Rubisco band from the Ponceau S stain is included for loading reference underneath.
Numbers on the left side indicate molecular weight markers in kDa. The bar charts
underneath indicate the quantitated signal from the intensity of the protein bands on the
Western blot normalised to the Rubisco intensity.
B) Western blot showing Slp1 knockdown level in dexamethasone-treated plants grown on
soil. The left panel shows plants expressing Slp1 RNAi and the right panel Slp2 RNAi. “-“
and “+” indicate the absence or presence of dexamethasone induction, respectively.
Labelling is as above.
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5.5 Overexpression of putative dominant-negative Slp
fragments (DN Slps)
To gain further insight about the physiological function of Arabidopsis Slp proteins,
additional transgenic plants were created. These plants overexpress truncated versions (so
called dominant-negative (DN) proteins of both AtSlps, rather than full-length proteins.
The rationale behind this approach was to overexpress proteins that lack an important part
of the structure, but still contain domains that are functional to a certain extent. In this case,
DN(AtSlps) were expressed that lack the hydrophobic domain putatively important for
membrane binding (Figure 5-27). Thus, it was anticipated that these DN proteins might act
as soluble competitors with the endogenous full-length Slp proteins. They would
accomplish this by either titrating out putative interacting proteins, or by forming
complexes with the endogenous Slp proteins, preventing other proteins from interaction.
Thereby, the function of the full length Slps was expected to be inhibited, or partly taken
over by the DN proteins.
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Band 7 domain
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DN Slp-1 protein
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411
Epitope Slp-1
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401
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401

147
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Figure 5-27. Construct design of DN Slps.
A) The DN protein of Slp1 (amino acids 104-411) includes the complete C-terminus and is
truncated after the hydrophobic domain shown as a red box. The black triangle indicates
the conserved cysteine implicated for S-acylation. The position of the Slp1 epitope is
indicated underneath.
B) The DN protein of Slp2 (amino acids 147-401) was designed in the same way as a
truncation after the second hydrophobic domain. The asterisk indicates the AtSlp2 unique
cysteine residue.
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5.5.1 Design of constructs
The expression of these DN proteins was designed as inducible constructs using the
pTA7002 vector (Aoyama & Chua, 1997). Their expression can be triggered by the
external application of dexamethasone to plants. The same approach has been applied
previously to produce cytosolic soluble competitors of tobacco and Arabidopsis plasma
membrane syntaxins (Geelen et al., 2002). Figure 5-28 gives an overview over the DN TDNA. Both DN Slp proteins were designed with an N-terminal myc tag to monitor protein
expression because it was not clear at the time of cloning whether anti-Slp1 would result in
protein-specific antiserum. The expression of the DN Slps is driven by the dexamethasoneactivated GVG transcription factor that binds to the 6xUASg promoter and activates
transcription. GVG itself is expressed under the constitutive 35S promoter. Dexamethasone
is a glucocorticoid that supposedly has no effect on plant growth and development on its
own.

Figure 5-28. Schematic presentation of DN(Slp) encoding T-DNA. The DN fragment is
indicated by the red box. Both DN protein constructs were designed with an N-terminal myc
tag as indicated. DN Slps were cloned into pTA7002 by using XhoI and SpeI restriction sites.
Abbreviations are: RB (right border), 35S (CMV 35S promoter), GVG (dexamethasoneresponsive transcription factor consisting of the GAL4 DNA binding domain, the VP16
transactivating domain and the GR receptor domain), E9 (pea rubisco terminator), Nos (Nos
promoter), Hyg (hygromycin phosphotransferase gene), Nos ( Nos terminator), 6xUASg (6x
GAL4 UAS), 35S TATA (TATA region of 35S promoter), 3A (pea rubisco 3A terminator), LB
(left border).

Both DN(Slp) constructs were used for stable transformation of Arabidopsis Col-0 plants.
Several independent transgenic lines were obtained based on the hygromycin resistance
gene, and three homozygous lines were chosen for further analysis.
Originally, these constructs were designed with the idea in mind that AtSlps were plasma
membrane localised proteins. As such, DN Slps were expected to act as cytosolic
competitors of plasma membrane-localised Slp proteins. The discovery of Slp
mitochondria localisation was made after DN plants were created and analysed for
phenotypes.
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5.5.2 Dexamethasone induction properties
Transgenic plants were tested for the level and kinetics of dexamethasone-mediated protein
induction. Dexamethasone induction of expression can be carried out with plants grown on
soil by spraying, and on MS agar plates and liquid medium by supplementing the medium
with dexamethasone. A series of plants were grown in liquid culture for 10 days.
Dexamethasone was added directly to the medium to 10 μM, and plant samples taken out
in a time course over 48 hours. In parallel, plants were grown under the same conditions
and dexamethasone was added in a concentration gradient and incubated over 12 hours.
Plants were then harvested and their proteins were extracted. Figure 5-29 shows Western
blots of these protein extracts obtained from the time course and dexamethasone
concentration gradient probed with anti-myc.
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Figure 5-29. Dexamethasone induction kinetics of a DN(Slp1) transgenic line.
A) Time course of dexamethasone induction over 48 hours. Recombinant myc-tagged DN
protein starts to accumulate 3 hours after the initial induction and then builds up in the
following time points. The maximum induction level is already reached after 12 hours. The
Rubisco loading control is shown underneath.
B) Dexamethasone concentration gradient after 12 hours incubation time. DN(Slp1) protein
accumulates already when dexamethasone (Dex.) is applied at 0.1 μM concentration and can
be seen when dexamethasone is applied up to 100 μM. The number on the right side
indicates the molecular weight marker in kDa.

DN(Slp1) protein started to accumulate at the expected molecular weight (35 kDa for
DN(Slp1)) already three hours after the initial dexamethasone application (Figure 5-29
(A)). The protein level then built up over time and was still present after 48 hours.
Dexamethasone-triggered protein induction was possible over a range of concentrations
applied over 12 hours (Figure 5-29 (B)). DN(Slp1) protein was visible when as little as
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0.1μM dexamethasone were applied, but it accumulated at higher levels when 10-100μM
were used. As a standard concentration for protein induction on plates or in liquid medium,
10μM were chosen for all future experiments.

5.5.3 Solubility of DN Slps
As mentioned, DN Slp proteins were designed as entirely soluble proteins. These truncated
Slp versions lack the entire Slp N-termini encoding the mitochondrial (or other) targeting
sequences. Additionally, DN Slp proteins lack the putative membrane-penetrating
hydrophobic domains and can thus only be bound to membranes by other means.

5.5.3.1 Assessment of DN protein solubility
To check for the protein solubility of DN Slps, plant protein extracts of control and
dexamethasone-treated plants grown on MS agar plates were separated into soluble and
microsomal fractions. Figure 5-30 shows Western blots probed with anti-myc of extracts
from wild type, DN(Slp1) and DN(Slp2) plants. The antibody did not recognise any
specific bands from wild type plants either in the control or in the dexamethasone-treated
samples, as it was expected. DN(Slp1) protein was clearly detectable in extracts from
induced plants, but not in the control-treated seedlings. The DN protein was in fact present
in the soluble fraction as anticipated, but it was also visible in the microsomal pellet. The
ratio of soluble to microsomal DN(Slp1) was approximately 2:1. In DN(Slp2) plants,
dexamethasone treatment caused expression of the myc-tagged DN protein mainly in the
soluble fraction at the correct expected molecular weight of 29 kDa. A small proportion of
DN protein was also associated with the membrane pellet, although to a lesser extent than
the DN(Slp1) protein. No DN(Slp2) protein was detected in the control-treated samples
(Figure 5-30 lower panel left side). This experiment illustrates the specificity of DN
protein induction, and it also addresses the question of DN protein solubility.
Unexpectedly, both DN Slp proteins were still at least partially associated with membrane
fractions, despite lacking targeting information and hydrophobic amino acid stretches that
could serve as membrane anchors.
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Figure 5-30. Assessment of DN Slp protein solubility. Wild type, DN(Slp1) (line #3) and
DN(Slp2) seedlings were grown on control and dexamethasone-supplemented MS agar
plates (+Dex). Soluble proteins (sol.) were separated from microsomal proteins (pellet) by
ultracentrifugation. Shown are Western blots probed with anti-myc. The numbers on the
right side of each blot refers to the position of the molecular weight marker in kDa. Ponceau
S-stained Rubisco bands are included for reference of protein loading levels.

5.5.3.2 Putative S-acylation of DN Slps
The unexpected membrane association of DN Slp proteins raised the question by which
alternative means these proteins might be bound to membranes. Since no hydrophobic
domain is present, DN Slps could be membrane-bound by a post-translational
modification. As discussed in chapter 4, S-acylation of endogenous Slp1 presents a likely
form of such a modification. The proposed modified cysteine residue is also present in the
DN proteins (indicated in Figure 5-27 by black triangles) and could be responsible for Sacylation-mediated membrane attachment.
To test this hypothesis, DN Slp and wild type seedlings were grown in the presence of
dexamethasone and BPA on MS agar plates. The rationale behind this approach was to test
whether DN proteins would be entirely soluble in the presence of BPA and dexamethasone
to inhibit S-acylation. BPA in the growth medium severely affected seedling growth in
roots and shoots (see photographs in Figure 5-31). Seedling roots on BPA medium were
short and frequently developed adventive root tissue. Leaf tissue was pale with visibly
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smaller leaves and grew very slowly. BPA is known to have inhibitory effects on root hair
development, mimicking the tip root hair mutant (Hemsley et al., 2005). The addition of
dexamethasone to the medium in combination with BPA did not affect further the growth
of DN or wild type seedlings than seen with BPA alone. Dexamethasone alone curiously
caused an enhanced main root growth in wild type and DN(Slp2) seedlings. In DN(Slp2)
seedlings, roots additionally showed more bending and had more adventive root tissue than
on plain MS medium. DN(Slp1) seedlings grown with dexamethasone had fewer lateral
roots than on the control plates. Wild type seedlings grown on dexamethasone medium had
more lateral roots than on the control, and they also generated larger rosettes.
Seedlings grown under these four conditions were harvested from plates and their proteins
were extracted. Soluble proteins were subsequently separated from microsomal fractions
by ultracentrifugation. The extracts were separated on SDS-PAGE gels and Western blots
prepared, probed with anti-myc and anti-Slp1 serum. Figure 5-32 shows the effect of BPA
and dexamethasone on the solubility of the DN(Slp1) protein. With dexamethasone alone,
the DN protein was present both in the soluble and microsomal fraction, as seen in Figure
5-30. In the presence of BPA alone, only an unspecific band was visible on the anti mycprobed Western blot, but no DN protein. Upon addition of dexamethasone and BPA, the
DN protein was mainly soluble, with a smaller proportion than seen before still associated
with membranes. However, these last two samples also had lower amounts of protein
loaded than the previous samples (see Ponceau S stain), and could therefore mislead the
impression of increased DN solubility. Despite the visible effect of BPA on seedling
growth, the palmitoylation inhibitor did not cause complete solubility of DN(Slp1), as it
was anticipated. A small proportion of the endogenous Slp1 protein was found in the
soluble fraction in the presence of dexamethasone, BPA and both combined (red
arrowhead Figure 5-32). However, no enhanced solubility upon BPA addition was
observed with this protein, similar to the result presented in chapter 4 (section 4.4.3). In the
dexamethasone-treated sample, the Slp1 antibody also recognised the overexpressed
DN(Slp1) protein, as it was expected because the antibody epitope is included in the DN
fragment. The overall Slp1 protein level in the dexamethasone-treated sample appeared
however weaker than in the BPA sample, when the loading levels between those samples
are compared. Overexpression of the DN(Slp2) protein did not have effects on Slp1 protein
solubility either (not shown).
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Figure 5-31. DN Slp seedlings grown on MS agar plates with dexamethasone and BPA. The
left panel shows images from control (plain MS) plates, followed by MS supplemented with
10μM dexamethasone (Dex.), 1 mM BPA or dexamethasone and BPA (BPA+Dex.). Scale bar
= 1cm. BPA is highly unsoluble in aqueous solutions and therefore precipitated on MS agar
plates as white clusters.
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Figure 5-32. Effect of BPA on DN(Slp1) protein solubility. Seedlings were grown on plates as
shown in Figure 5-31 as indicated. A Western blot of protein extracts separated into soluble
(Sol.) and microsomal (μs) fractions is shown. The upper blot was probed with anti-myc, and
the same blot below with anti-Slp1. The DN protein is marked by a blue arrowhead, and the
endogenous Slp1 protein by a red arrowhead. The Rubisco bands are shown as Ponceau S
stains at the bottom for reference of protein loading levels. The samples from plain MS
plates are loaded with too little protein in comparison to the other samples. Therefore, not
even the endogenous Slp1 protein can be seen, as it would be expected with anti-Slp1.
Numbers on the left side indicate molecular weight markers in kDa.
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In summary, these results indicate that the DN(Slp1) protein is probably membraneattached by other means than palmitoylation of the conserved cysteine residue. S-acylation
is not completely excluded by this result, since a much smaller proportion of the protein
was membrane-attached in the presence of BPA. S-acylation seems not, however, the only
mode of membrane binding of this truncated Slp1 protein.

5.6 Associated DN growth phenotypes
When grown on plates or in liquid culture in the presence of dexamethasone, DN(Slp)
expressing plants did not show obvious growth phenotypes apart from the ones described
in the previous section (Figure 5-31). However, these plants displayed a severe
morphological phenotype when grown on soil and sprayed with a solution containing 30

μM dexamethasone.

5.6.1 Growth phenotypes and reduction of leaf surface area
Plants that were continuously sprayed with dexamethasone solution from germination
onwards had several growth defects (Figure 5-33). Approximately at the six-leaf stage,
expanding rosette leaves started to curl up and produced dwarfed rosettes with a helical
wheel growth phenotype (bottom images in Figure 5-33). Leaves were severely affected in
their expansion and as a result, were smaller than those from wild types or control treated
plants. Figure 5-34 shows a bar chart with quantified leaf surface areas from DN(Slp1),
DN(Slp2) and wild type plants that were control treated, or induced with dexamethasone.
DN-Slp induced plants had significantly reduced leaf surface areas compared to their
controls, or treated wild type plants. Examples of affected leaves are shown in Figure 5-36
(right image) where DN(Slp1)-expressing leaves are shown next to wild type leaves from
identically treated plants. Both DN Slp proteins caused virtually identical growth
phenotypes. At a more mature stage, rosette leaves from both genotypes started to become
chlorotic and displayed lesions with patches of dead tissue. Leaf senescence started earlier
than in control treated plants or wild types, and in the most severe cases dwarfed plants
even died prematurely. Cauline leaves of flowering plants were also curled in appearance,
but did not become chlorotic and displayed the same severe lesions as seen in rosette
leaves. Leaf necrosis also occurred when dexamethasone was applied to plants at a later
growth stage, once they passed the flower transition. In this case, mature rosette leaves
started to become uneven and displayed lesions of dead tissue spreading out from the
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middle of the leaves (Figure 5-35). Once leaves became chlorotic, they did not recover,
even when dexamethasone application was stopped completely.
DN expressing plants flowered and produced seeds that germinated, but the overexpressed
DN proteins caused deformations of flowers and siliques. Frequently, flowers were smaller
and the buds rounder in appearance than those from control plants (Figure 5-36). Siliques
were shorter, and also thicker in shape, containing less seeds. In some cases, a lack of
apical dominance was recognisable. Figure 5-36 shows images of whole flowering plants
from the control and the dexamethasone treatments. The dexamethasone-sprayed plant had
more than one main shoot growing simultaneously out of the basal rosette. The shoots
were frequently also dwarfed in their overall length compared to control plants. All of
these described growth defects were observed in plants grown on soil in growth chambers,
both under long day and short day light conditions.
In summary, the most severe phenotypes were observed in leaves. Rosette leaves were
always more affected than cauline leaves, with necrotic patches on the surface. Frequently,
rosettes grew into a curled, helical shape and had severely reduced leaf expansion. This
observation could point towards defective cell elongation or cell division, processes
regulated by phytohormones such as auxin and cytokinins.
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Figure 5-33. Phenotypes of DN Slp plants grown on soil. DN lines of Slp1 and Slp2 were
grown in parallel with wild type plants and treated as indicated. The control treatment
consisted of spraying plants with water and solvent. Protein-inducing treatment was applied
by spraying the same solution as the control, but with added dexamethasone as indicated.
Scale bar = 1cm.
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Figure 5-34. Quantification of leaf surface area from soil-grown DN and wild type plants.
Significant differences between control and dexamethasone (Dex) treatment are indicated
by asterisks (t-tests, p< 0.001, n=12).
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Figure 5-35. Growth phenotype of plants grown on soil and induced after the flower
transition. Dexamethasone was applied once plants started to bolt. Shown is a transgenic
line expressing DN(Slp1), and wild type plants treated with control and dexamethasone
solutions (Dex). Scale bar = 1cm.
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Figure 5-36. Growth phenotype of whole flowering plants and leaves. The left image shows a
side view of a control DN(Slp1) plant (-Dex) and a dexamethasone-induced plant (+Dex) of
the same line. Scale bar= 1cm. Right side: Images of single leaves from a dexamethasonetreated DN(Slp1) plant and a wild type plant treated in parallel.
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5.6.2 Leaf osmolarity
Osmolarity levels of induced and visibly affected rosette leaves were measured directly
from leaf sap of short day grown plants. Figure 5-37 shows a summary of these
measurements. DN(Slp1)-expressing leaves had significantly elevated osmolarity levels
compared to their control-treated counterparts and wild type plants. On average,
dexamethasone-induced plants contained 400 mOsM osmolites, whereas control-treated or
wild type plants contained approximately 320 mOsM. No significant difference was
detected between dexamethasone-sprayed and control-sprayed wild type plants.
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Figure 5-37. Osmolarity levels of dexamethasone-induced and control DN and wild type
plants. Induced DN(Slp1) plants from two independent lines (nos. 3 and 6) had significantly
elevated leaf osmolarity (p< 0.05, t-test; n=3). No difference was detected between controlsprayed and dexamethasone-sprayed wild type plants.

5.6.3 Flowering time
The effect of DN Slp expression on the onset of flower transition was tested by counting
the number of vegetative leaves upon bolting. A plant was regarded as flowering when the
shoot apex was located about one centimetre above the soil. Figure 5-38 shows a bar chart
with the number of rosette leaves plotted per line. Two independent lines expressing
DN(Slp1) were counted, and one line expressing DN(Slp2), as well as wild type. All
dexamethasone-treated plants showed a tendency towards flowering at an earlier
developmental stage than control treated plants. However, this phenomenon was observed
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regardless of the genotype, and thus depended on the treatment itself. No statistically
significant difference could be detected in each line between control and dexamethsone
treatment, or between induced DN and wild type plants. Thus, despite the severe reduction
of leaf expansion and shoot growth, the actual timing of flowering was unaffected.
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Figure 5-38. Effect of DN expression on the onset of flower transition in long day light. The
number of vegetative leaves upon bolting was counted and plotted for each line. No
statistically significant difference was found between control and dexamethasone (Dex)
treatment in each line and between lines (t-test, n=12). Dexamethasone-treated plants all
tended to flower at a slightly earlier stage, but this occurred regardless of the genotype.

5.6.4 Guard cell phenotypes
Chlorotic rosette leaves that started to become necrotic and curled up were further
inspected under the light microscope. No obvious differences were observed in terms of
leaf structure or cell density. Surprisingly however, guard cells from induced DN Slp
plants were found to contain visibly enlarged chloroplasts compared to control-treated
plants, or wild types. Guard cells are highly specialised cells arranged in pairs around
stomatal pores. Their opening and closure governs the extent of leaf transpiration and gas
exchange between the atmosphere and the leaf internal space. Guard cell chloroplasts from
dexamethasone-induced DN plants were enlarged (at least double in size) and had less
chlorophyll autofluorescence than chloroplasts from control-treated or wild type plants.
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Figure 5-39 shows bright field images of affected guard cells from epidermal strips
prepared from DN(Slp1) expressing plants and wild type controls. Typically, between 4-5
enlarged chloroplasts were found per guard cell that sometimes took up most of the cell
volume. Control-treated and wild type plants usually had higher chloroplast numbers, and
these were smaller and had brighter chlorophyll fluorescence. Figure 5-40 shows threedimensional reconstructed confocal images of chlorophyll autofluorescence (shown as red
fluorescence). Leaf tissue was counterstained with propidium iodide to visualise cell walls
and nuclei (seen as yellow fluorescence). It was always found that affected guard cells did
not contain any ordinary-looking chloroplasts, only enlarged ones. Additionally, enlarged
guard cell chloroplasts were only identified from mature guard cells, but not from
developing stomata. Closer inspection of the enlarged chloroplasts revealed that the
changes probably originated in thylakoid ultrastructure. From the confocal image in Figure
5-40 (B) it can be seen that affected chloroplasts appeared hollow in structure, with
reduced chlorophyll autofluorescence. To check whether chloroplasts from other cell types
were also affected, plastids form underlying mesophyll cells were also scanned with the
confocal microscope. These cells were found to contain ordinary-looking chloroplasts with
autofluorescence levels similar to those observed in cells from control-treated plants or
wild types (Figure 5-40 lower panel). Thus, the observed chloroplast phenotypes are
assumed to be specific for guard cells. Interestingly, the majority of developing guard cells
had propidium iodide-stained nuclei, indicating that these cells were not viable. This effect
was restricted to younger stomata, but absent from mature ones. This might indicate that
DN overexpression interferes with guard cell development from an early stage on,
resulting in cell death.
Chloroplast enlargement was in some instances observed in only one cell of a particular
guard cell pair. In this case, one cell contained ordinary fluorescent and sized chloroplasts,
and the other guard cell contained enlarged and less fluorescent plastids. Thus, DN Slp
protein-triggered chloroplast changes happened autonomously in each cell of a pair.
However, more mature guard cell pairs always contained swollen chloroplasts
simultaneously. Apparently, chloroplast enlargement was first triggered in one cell, and
happened subsequently in the opposite-lying guard cell of one pair. Not all stomata of a
chlorotic leaf had enlarged chloroplasts. Normally, ordinary-looking stomata were
scattered between fields of stomata with large chloroplasts. No quantitative estimate was
made to calculate the proportion of affected guard cells from a particular area.
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DN(Slp1)#6
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Figure 5-39. Enlarged guard cell chloroplasts. Brightfield view of dexamethasone-treated
DN(Slp1) and wild type leaf epidermal strips showing guard cells. Enlarged chloroplasts can
be seen from DN(Slp1) induced plants, but not from wild types treated under the same
conditions on soil. Scale bar =5μm.

DN(Slp-1) Control DN(Slp-1) Dex.
A
B

DN(Slp-1) Dex.
C
Guard cell
chloroplasts

D

E

F
Mesophyll
chloroplasts

Figure 5-40. Confocal images of guard cell chloroplast autofluorescence (red)
counterstained with propidium iodide (yellow). Three-dimensional images were
reconstructed from scanned stacks. Shown are images from control-treated DN(Slp1) plants
(A, D) and dexamethasone-sprayed identical plants (B, C, E, F). The upper panel shows
guard cells (A-C), and the lower panel shows sections from mesophyll cell chloroplasts (DF). Image B shows a mature pair of guard cells and image C a developing pair. Chloroplast
ultrastructure is only perturbed in mature guard cells. Mesophyll cell chloroplasts are
unaffected by DN(Slp1) expression. Scale bar =5μm. Yellow punctae are propidium-iodide
stained nuclei.
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To determine whether the expressed DN(Slp1) protein had any effects on the development
of stomata in rosette leaves, the densities of guard cells per mm2 area were determined.
Random areas from leaves of the same developmental stage were chosen, and all stomata
in a fixed area were counted on the confocal microsocope. Stomatal densities from
DN(Slp1) and wild type plants were determined. Figure 5-41 shows the result of a count
comparing stomatal densities from mature (A) and growing (B) rosette leaves.
Dexamethasone-induction of DN protein expression caused a slight decrease in stomatal
density particularly in young leaves, compared to the control treatment of the same line.
However, this difference was not statistically significant. In wild type plants,
dexamethsone-treatment caused a slight increase in stomatal density, which in this case
was more pronounced in mature leaves. As before, no significant difference between
control and dexamethasone-treatment was found in wild type plants, or between
dexamethasone-sprayed DN and wild type plants. Based on this result, it is concluded that
the expression of the DN Slp1 protein does not affect the development of stomata per se.
This is in agreement with the observed late onset of chloroplast enlargement only in mature
cells. It is concluded that the DN protein has specific effects on the function of mature
guard cell chloroplasts and guard cells, but this effect is specific to a late developmental
stage of stomata.
To test the functionality of guard cells with enlarged chloroplasts, stomatal apertures were
measured. Epidermal strips from dexamethasone-induced DN and wild type plants were
prepared, attached to microscope cover slips and placed into a perfusion chamber for light
microscopy. Stomata were allowed to open first by perfusing the chamber with
depolarisation buffer. Stomatal closure was achieved by either adding ABA or Ca2+ to the
perfusion medium. It was observed that stomata with enlarged chloroplasts responded to
these stimuli, but the responses were less pronounced than in ordinary stomata. It was
concluded that the change in chloroplast ultrastructure did not render these guard cells
completely non-functional. These stomata were nevertheless affected in their ability to
respond to externally applied stimuli. These experiments were only carried out twice for
each genotype (DN(Slp1) and wild type), and therefore no reliable quantitative results
could be obtained (data not shown).
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Figure 5-41. Guard cell density of DN and wild type plants grown in long day light. The
number of stomata in a defined area was counted and the stomatal density calculated as the
number of stomata per mm2. A) shows the stomatal density in older leaves, B) the stomatal
density in younger leaves. Three plants per line and treatment were chosen. Of each plant,
one older and one younger leaf from the same relative position in the rosette were picked
for counting. Per leaf, 12 areas were counted, each spanning 230x230 μm2. No statistically
significant difference was found between the lines and treatments (as determined by paired
t-tests).

5.6.5 Water content and whole plant transpiration
To further investigate whether overexpression of the DN proteins affected stomatal
function, the water contents of treated DN and wild type plants were analysed as the
difference in weight between fresh and dried tissue. The water content was calculated as
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the percentage of initial fresh weight of leaves. Figure 5-42 (A) shows the water contents
of plants grown in short day light for 53 days that were sprayed with dexamethasone or
control solution when the rosettes were already grown to a more mature stage (but before
flowering). Leaves were harvested that already displayed chlorosis and onset of necrotic
patches. Dexamethasone treatment caused a slight increase in water content from 85%
initial fresh weight in control plants to 90 % in both DN-expressing and dexamethasonesprayed wild type plants. In both genotypes, this increase was statistically significant from
the control treatment of each line. The DN-expressing plants also had slightly elevated
water contents when compared to dexamethasone-sprayed wild type plants (90 %
compared to 87 % respectively). A second set of plants grown under long day light (23
days old) was analysed for water content as well (Figure 5-42 (B)). This time, DN(Slp2)expressing plants were included for analysis. Plants had been treated with control or
dexamethasone-containing solution for several weeks and were visibly chlorotic in
appearance. In this dataset, no significant difference between control and dexamethasone
treatment was detected, neither in the DN nor in the wild type plants. Dexamethasonetreated DN(Slp2) plants had slightly elevated water contents (92 % compared to 91 %), but
not to a significantly different extent. When these two datasets are compared, it appears
that control-treated plants from Figure 5-42 (A) have actually decreased water contents
compared to dexamethasone-treated plants, rather than the other way round. This finding is
surprising, considering that the same amounts of dexamethasone solvent (0.15% ethanol)
and detergent (0.01 % Tween-20) were present in the control spray than in the
dexamethasone spray solution. Based on the results shown in this figure, it also cannot be
excluded that the application of dexamethasone itself had pleiotropic effects, since the
water content in wild type treated plants was also elevated compared to its control
treatment. Based on the only small but significant difference in water content between
dexamethasone-treated DN(Slp1) and wild type plants, DN overexpression only marginally
affected guard cell function and their ability to control plant water loss. From this result it
appears that under short day light, water loss and therefore stomatal opening might have
been slightly impaired in these plants. Rather curiously, this did not seem to apply under
long day light conditions. However, it must also be considered that these long-day grown
plants were younger and not at the same developmental stage than those measured from
short day light.
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Figure 5-42. Leaf water content from DN Slp and wild type plants. Leaves from treated plants
were harvested and their fresh weight was determined. The water content (as % initial fresh
weight) was calculated based on the dry weight.
A) Water content from plants grown in short day light and sprayed once rosettes were
mature. Both DN(Slp1) and wild type plants treated with dexamethasone had significantly
higher water contents than control-treated plants. The water content of induced DN(Slp1)
leaves was also significantly higher than from identically treated wild type leaves (t-test,
n=9).
B) Water content from plants grown in long day light. The differences in water content are
smaller than those from short-day grown plants and statistically not significant (t-test, n=6).
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To determine further whether there would be differences in transpiration rates and water
loss between dexamethasone-and control-treated plants, water loss was recorded over time
from excised shoots. Short-day grown plants (42 days old) were harvested by cutting the
rosette just above the soil, the cuts were sealed, and the plants were placed on a small tray.
The weight of each plant was recorded every 15 minutes during the first hour after
harvesting, and then every 30 minutes until eight hours after cutting. Figure 5-43 (A)-(C)
shows water loss monitored over time from three independent DN(Slp1) lines that were
either control-treated or sprayed with dexamethasone. In all three lines, dexamethasoneinduced plants always lost water faster than control plants. Usually, water loss after eight
hours in dexamethasone-treated plants was approximately 10% above the water loss from
control plants. No comparably good datasets were obtained from wild type plants grown
under the same conditions treated with dexamethasone.
The finding that dexamethasone-induced plants lost actually more water than their
corresponding controls was surprising. The water contents measured previously from
leaves obtained from plants of similar age and also grown under short day light (Figure 542 (A)) do not correspond to this finding. It would have been expected that
dexamethasone-treated plants would actually retain water better than their controls.
However, it was also found that the size of the shoots and leaves influenced the rates of
water loss in this experimental setup. In subsequent experiments it was indeed established
that smaller shoots like the ones from the dwarfed DN-expressing plants lost water faster
than larger treated plants. Because there was a difference in size between the control and
the induced plants, these results might be influenced by this factor as well.
This type of experiment can only provide an estimate for the ability of stomata to regulate
water loss from leaves, but it does not provide data about actual transpiration rates. These
are influenced by several factors, amongst them the ability of plants to take up and
transport water from the roots to the shoot.
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Figure 5-43. Water loss rates from whole excised DN(Slp1)-expressing shoots (48 days old
grown under short day light). The cuts underneath the rosette were sealed with Vaseline.
Water loss was measured over 8 hours by following weight loss. Water content was
calculated as described before in % fresh weight. A) Water loss of DN(Slp1) line no. 1, B)
water loss from DN(Slp1) line no.3, and C) water loss from DN(Slp1) line no. 6. (n=3 per
treatment and genotype).
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Whole plant transpiration rates of dexamethasone-induced and control-treated plants were
measured in a customised environmentally-controlled chamber with set humidity, light and
temperature conditions. Transpiration was followed over a time course of several days as
water loss measured by putting sealed plant pots on balances inside the chamber. The
humidity conditions were always kept constant either low (40% relative humidity, RH) or
high (80% relative humidity) for periods of six hours at one time. Light conditions were set
to the same levels and times as the ones that plants were grown previously under in the
growth room (short day or long day light regimes). Alternatively, plants were measured
under the described humidity conditions, but kept under constant light inside the chamber.
The setup permitted two plants to be monitored simultaneously on two separate balances in
the same chamber. One control-treated and one dexamethasone-induced plant were always
measured in parallel. The weight of each plant was recorded every two minutes.
Transpiration rates were calculated as the difference in weight between each time step
normalised to the whole leaf surface area. Figure 5-44 (A) shows a typical result of a run
under constant light with a control and a dexamethasone-treated DN(Slp1) plant grown
under short day light until a mature stage. DN protein expression caused plants to have
increased transpiration rates compared to the control treatment. This phenomenon was
more pronounced in low RH conditions when transpiration rates were high. From Figure 544 (A) it can be seen that dexamethasone-induced plants lost approximately
0.01mg/min/cm2 more water than the corresponding control plants under low RH
conditions. This observation was made consistently with independent transgenic lines.
Figure 5-44 (B) shows an experiment with wild type plants that were treated with control
spray or dexamethasone. In this case, no such difference could be observed, and the
dexamethasone treated plants had even slightly lower transpiration rates towards the
beginning of the experiment. In addition to the constant overall higher water loss through
the transpiration stream, dexamethasone-induced plants also displayed altered kinetic
behaviour of transpiration rates. This can be seen in Figure 5-44 (A) in the red curve
(indicated by black arrowheads) upon transition from high to low RH. The decay of water
uptake/loss followed by a relaxation phase in which stomata closed, happened actually
faster than in the control curve. This phenomenon was only observed at this particular time
point corresponding to 4am, when stomata started to open under their circadian rhythm.
When the RH was forced down to 40% at this time point, stomatal closure seemed to be
altered in the DN-expressing plants compared to the control plants. When the same
treatment was repeated 12 hours later at 4pm (indicated by grey arrowheads), the closing
behaviour of dexamethasone-treated DN plants resembled that of the control-treated plants.
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This result in combination with the findings from the water loss measurements with
excised shoots imply that dexamethasone-mediated induction of the DN(Slp1) protein
affects stomatal function, both morphologically by changing chloroplast ultrastructure, and
functionally by probably affecting the ability of stomata to close. Thus, the altered stomatal
behaviour is probably a direct consequence of the changes in chloroplast morphology.
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Figure 5-44. Transpiration rate measurements of DN control and induced plants.
A) Transpiration rates of DN(Slp1)#3 plants grown in short day light and treated with control
solution (black line) or dexamethasone solution (red line). Transpiration rate was calculated
as water loss in mg/min/cm2 leaf surface area. The blue line indicates the level of relative
humidity (RH) that was set either high as 80% RH (elevated level), or low at 40% RH (bottom
line). The black line indicates that the light was on continuously throughout the
measurement period. The temperature was kept stable at 21 ºC continuously.
B) Transpiration rates measured from control-treated (black line) and dexamethasonetreated (red line) wild type plants. In this experiment the humidity changes (indicated by the
blue diagram as described in (A)) were set in combination with a long day light regime
(black thick line). Labelling is as above.
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5.6.6 Reactive oxygen species
Because DN-expressing plants grown on soil had necrotic patches of dying tissue, the
levels of ROS in these plants were investigated. Excessive ROS accumulation under stress
situations can lead to cell death in the most extreme cases. Mitochondrial ROS production
has been implicated in stress signalling and the triggering of programmed cell death in
plants (Logan, 2006b;Logan, 2008a). One example of this type of cell death is represented
by the hypersensitive response (HR) triggered in response to incompatible pathogen-host
interactions. The HR is a form of programmed cell death that evolves around infection
sites in an attempt to limit pathogen spread (Mittler et al., 1997), (Lam et al., 1999b).
The necrotic patches observed on DN Slp induced plants resembled HR-induced cell death
in appearance. To investigate whether the observed cell death could be triggered by ROS
or involved ROS-signalling, leaves of sprayed plants were stained with DAB as described
before. Figure 5-45 shows images of DAB-stained leaves from DN(Slp1) and wild type
plants that were treated with control solution or dexamethasone. DN(Slp1)-expressing
plants showed indeed increased DAB accumulation compared with their control and
treated wild type leaves. DAB stain was particularly intense around the leaf veins and
spread into the surrounding tissue. This effect was absolutely specific for DN plants and
supports the idea that DN-mediated cell death in leaves involves the formation of excessive
amounts of ROS. It is likely that these ROS are produced in mitochondria rather than
chloroplasts or peroxisomes in this particular situation. This would imply mitochondrialmediated stress signalling resulting in apoptosis-like cell death, similar to HR responses.

DN(Slp1)#6

Wt

Control

Dex.

Figure 5-45. DAB-stained leaves from control and dexamethsone-treated DN(Slp1) and wild
type plants. Leaves from the same relative position in the rosette were excised and stained
with DAB as described before. Dexamethasone treatment caused increased stain in
DN(Slp1) leaves, but not in wild type leaves. Scale bar = 1cm.
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ROS levels were further investigated by quantifying H2DCFDA fluorescence in seedling
roots. DN Slp and wild type seedlings were grown hydroponically in medium
supplemented with dexamethasone or control solvent. Roots were scanned in three
dimensions on the confocal microscope and images reconstructed. Figure 5-46 shows
examples of root stacks stained with the ROS probe. As seen in Figure 5-23, H2DCFDA
stained not only mitochondria, but also other areas around the nuclei, which could be ER.
No difference in terms of fluorescence intensity was recognisable by visual inspection of
the images. However, it was found that DN(Slp1)-induced seedlings had more clearly
defined spots of bright fluorescence that could represent mitochondria (marked by a red
arrowhead) compared to the control treatment or wild type roots. Fluorescence intensities
were quantified and are presented in Figure 5-47. No statistically significant difference was
found between control and dexamethasone treatments, and between wild type and DNexpressing seedlings. Uninduced DN Slp plants had overall slightly higher fluorescence
than wild type seedlings. Dexamethasone treatment in wild type and DN(Slp2) seedlings
caused slightly lower average fluorescence than the corresponding control treatments.
In summary, reactive oxygen species are clearly increased in leaves from soil-grown and
dexamethasone-treated plants as judged by DAB staining. This strongly indicates an HRlike form of cell death triggered by high levels of ROS accumulation in leaves. By
contrast, young seedlings that do not show obvious phenotypes when grown on plates or in
liquid culture, do not have increased ROS levels. Thus, ROS levels correlate with leaf
chlorosis and necrotic onset, leading to the observed growth phenotype of dexamethasoneinduced DN Slp plants. The exact reason why this DN protein can cause such a severe
phenotype is currently unknown.
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Figure 5-46. H2DCFDA stained roots from DN Slp and wild type seedlings (grown for 5 days
in hydroponic culture). The upper panel shows images from control treatments and the
lower panel from dexamethasone-treated plants. The red arrowhead indicates what could be
stained mitochondria. Scale bar = 20 μm.
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Figure 5-47. Quantified H2DCFDA fluorescence. Relative fluorescence from the images
collected in Figure 5-46. No significant difference could be detected between the treatments
of one particular line or between the genotypes (t-test, n=12, p>0.05).
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To investigate further the nature of necrotic patches on dexamethasone-treated DN-Slp
leaves, Trypan Blue staining was applied. This stain is based on the ability of living cells to
exclude this dye (= dye exclusion assay). Dead cells have damaged membranes through
which Trypan Blue can be taken up and accumulates. Thus, only dead tissue can be
stained. Trypan Blue staining is commonly used to detect dead tissue triggered by HR
responses after pathogen attack (Vogel & Somerville, 2000). Figure 5-48 shows a series of
images of Trypan Blue stained DN-Slp and wild type plants grown on soil and treated with
control or dexamethasone solution. A clear difference in the Trypan Blue stained pattern
can be seen between control and dexamethasone-treated plants expressing the DN protein.
Leaves from control-treated plants and wild type leaves show mainly stain at the side of
the cut (petiole) and occasionally in random spots spread over the leaf area. By contrast,
dexamethasone-treated DN(Slp1) and DN(Slp2) plants showed more defined intensely
stained spots (marked by red arrowheads) that were not visible in dexamethasone-treated
wild type leaves or control treatments. These spots were clearly specific and further
indicate HR-like cell death. This is supported by the notion that these spots resembled the
pattern observed in the DAB stain (Figure 5-45). Thus, DN-Slp protein triggered cell death
is linked to the accumulation of ROS at defined areas in the leaf (spreading around the
veins) and causes cell death that resembles HR-like aptoptosis. This causes a phenotype of
chlorotic leaves and necrotic patches on the leaf surface and malfunctioning guard cells.

DN (Slp1)#3

DN (Slp2)#3

Wt
Control
Dex.

Figure 5-48. Trypan Blue-stained DN and wild type leaves from soil-grown treated plants.
Leaves from dexamethasone-treated plants with visible leaf phenotypes and control leaves
from the same relative position in the rosette were harvested and stained with Trypan Blue
(dye exclusion assay). Dexamethasone-treatment of DN Slp plants causes Trypan Blue
accumulation in distinct spots (indicated by red arrowheads) corresponding to dead tissue.
These are not visible in identically treated wild type leaves. Scale bar = 1cm.
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5.6.7 Mitochondrial membrane potential
To assess the function of mitochondria in DN-induced seedlings, TMRE stain was applied
as described before in Figure 5-17. Seedlings were grown for three days in hydroponic
culture in the presence of dexamethasone or control treatment. TMRE-stained roots were
scanned on the confocal microscope and three-dimensional images were reconstructed.
Figure 5-49 shows examples of TMRE-stained DN(Slp1) and wild type roots.
Mitochondrial TMRE stain in these roots was overall more intense than previously
observed with knockout mutants. This phenomenon is probably related to the younger age
of the seedlings imaged here (three days compared to five days in Figure 5-17).
Particularly root hairs accumulated high levels of TMRE in mitochondria. No obvious
qualitative differences could be seen from these images between DN-expressing and wild
type roots. TMRE fluorescence was quantified as described before and the result is
presented in Figure 5-50. As expected from the confocal images, no statistically significant
difference was calculated between DN(Slp1) control and dexamethasone-treated seedlings,
or between DN(Slp1) and wild type seedlings. In the case of the DN-expressing plants,
dexamethasone treatment caused a slight increase in TMRE fluorescence (from 70 to 80
arbituary units), whereas there was a small decrease in dexamethasone-treated wild type
seedlings compared to their control (from 80 to 70). This result is not surprising, because
seedlings at that stage grown in hydroponic culture do not display any morphological
phenotype in the presence of dexamethasone. As with ROS levels, these plants are not
affected in their mitochondrial function. The DN phenotype linked to increased ROS levels
is therefore tissue-, age- and growth condition-specific. Differences in TMRE fluorescence
would be expected in affected DN-expressing leaves from soil-grown plants, since these
leaves have been shown to accumulate ROS.
It should be also noted that this experiment was not repeated under identical conditions and
therefore this result has to be independently confirmed before any final conclusions can be
made. Oxygen consumption rates from DN-expressing leaves from plants grown on soil
were attempted once, but gave no quantifiable results. Currently, this question is still under
investigation. However, it would be expected that DN-expressing plants are affected in
mitochondrial function and probably also mitochondrial morphology, especially with
respect to the changed chloroplast morphology.
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Figure 5-49. TMRE-stained seedling roots of DN(Slp1) and wild type plants. Seedlings grown
for three days in liquid medium (fully submerged) were stained with 50 nM TMRE and
imaged on the confocal microscope. Three-dimensional reconstructions of scanned roots
are shown in this figure. Scale bar = 20 μm.
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Figure 5-50. Quantified TMRE fluorescence from DN(Slp1) and wild type seedlings. No
statistically significant difference could be observed between the two treatments and
genotypes (t-tests, n=9).
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5.7 Cross of DN(Slp1) and slp1-1 knockout line
To further investigate the causes of the observed phenotypes in DN-Slp expressing plants,
crosses were prepared between slp1-1 mutants and homozygous DN(Slp1) plants. The
rationale behind this approach was to see whether the DN phenotype would change if no
endogenous Slp1 protein would be present. This way, one could test whether the proposed
DN protein acts indeed on the endogenous Slp1 protein as a soluble competitor. The first
generation of seeds from these crosses (heterozygous for both slp1-1 and DN(Slp1)) were
harvested, sown out on soil and sprayed with control or dexamethasone solution. Figure 551 shows a series of images from these plants at a mature stage (45 days old). Surprisingly,
even in the heterozygous slp1-1 and DN backgrounds the phenotypes of DN(Slp1)
expression persisted and were even stronger than in homozygous DN(Slp1) lines.
Dexamethasone-sprayed plants were extremely dwarfed, and cell death on leaves was even
more pronounced than in DN(Slp1) plants, with entire leaves dying (top panel Figure 551). Despite this massive cell death, the crossed treated plants still produced flowers,
although these were also dwarfed in their appearance. By comparison, control treated
crosses or dexamethasone-treated slp1-1 and wild type plants did not show such severe
phenotypes (second and third row).
The observation of an enhanced cell death phenotype in heterozygous crosses of the
knockout mutant and the DN(Slp1)-expressing plants was entirely unexpected. In a
homozygous slp1-1 background, the DN protein should theoretically have no effect related
to the endogenous function of the Slp1 protein. However, these plants were heterozygous
for the slp1-1 insertion. Thus, protein levels of Slp1 were either as those in wild type
plants, or they might have been reduced due to the knockout of one gene copy. This was
not checked in these plants by Western blotting using Slp1-antibody. If a reduction in Slp1
protein levels was indeed the case, the DN effect should have been less pronounced, since
less Slp1 protein would have been present. Since this was not the case, this result would
indicate that the overexpression of the DN(Slp1) protein must have other pleiotropic
effects that could be unrelated to the endogenous Slp1 function. In this case, it remains
open why a heterozygous cross with the knockout mutant resulted in enhanced leaf cell
death, unless the DN protein resulted in additional functions.
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Figure 5-51. Phenotypes of crossed heterozygous DN(Slp1)x slp1-1 lines. The first
generation of seeds obtained after crossing was sown on soil. One batch of plants (lower
panel) was treated with control solution, and the other batch (two top panels) were sprayed
with dexamethasone. As additional controls, slp1-1 and wild type plants were treated in
parallel as indicated. The most severe phenotypes are shown in the top row (DN Slp1(#3)x
slp1-1 ) of two independent crosses. Scale bar =1 cm. All images are taken from above the
plants apart from the second image in the first row (indicated as side view).
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5.8 Discussion
5.8.1 General slp1 mutant phenotypes
Generally, the two knockout mutant alleles slp1-1 and slp1-2 share several growth-related
phenotypes, but they also differ in some. Amongst the shared features are reduced seed
germination, reduced root growth, reduced seed production, increased sensitivity to salinity
stress and decreased levels of ROS in seedling roots compared to wild type plants.
Additionally, both slp1 alleles do not differ in the onset of flowering from wild type plants
and in the rates of photosynthesis and transpiration. The two alleles differ however in shoot
growth and morphology when grown on soil. Whereas slp1-1 plants showed decreased leaf
surface areas and altered leaf morphology, slp1-2 plants resembled wild type plants in both
aspects. Additionally, the reduction in mitochondrial membrane potential was only
observed in slp1-1 plants, but not in slp1-2 plants. Indeed, slp1-2 plants showed increased
TMRE fluorescence compared to both slp1-1 and wild type seedlings.
One explanation for the observed similarities, but also differences could be the T-DNA
insertion sites. It remains to be confirmed by Southern blotting that both mutant alleles
only carry a single T-DNA insertion site in their genome. The possibility remains currently
that a second T-DNA insertion somewhere else in the genome might cause certain
secondary phenotypes unrelated to the gene’s function. Additionally, the RT-PCR in
Figure 5-4 shows that small amounts of RNA are still produced upstream of the slp1-1
insertion site. It is currently not known whether similar RNA levels are also found
upstream of slp1-2. The slp1-1 allele has an exon insertion, whereas the slp1-2 allele has
an insertion site inside an intron. This difference could cause accumulation and maybe
even translation of RNA in one allele, but not in the other allele. Since both insertion sites
lie at the 3’ end of the gene, it is impossible to test for upstream protein production. No Nterminal antibody that would enable to test for the presence of the N-terminal part of the
protein was available, although an effort was made to obtain specific antibodies of this
kind (see chapter 3). If the observed RNA in slp1-1 is indeed stable and even translated
into a truncated Slp1 protein, this mutation would cause the expression of a true dominantnegative acting protein. This protein would probably still be imported into mitochondria
since the targeting sequence is present. Thus, this T-DNA insertion could act as a recessive
mutation and could cause different phenotypes from the other T-DNA insertion mutants.
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Another interesting notion concerns the presence of mRNA and protein in the slp1-3
mutant allele. This mutant has a homozygous T-DNA insertion in the AtSlp1 gene’s
5’UTR which does not affect transcription (Figure 5-4). This would imply that the 5’UTR
has actually no important regulatory effects on this gene’s expression levels, at least not
under normal growth conditions. Similarly, the slp1-4 T-DNA insertion inside the
promoter region did not cause any observable changes in Slp1 RNA or protein, and the
plants were phenotypically like wild types.
All observed phenotypes with the single slp1 knockout mutants are rather subtle and do not
put severe restrictions on plant growth or fertility. The exception is the reduced or delayed
growth of the slp1-1 allele that even results in changed leaf morphology. Currently it is not
known whether this reduced growth is a result of restricted cell elongation or cell division.
Both scenarios could be imagined with respect to effects on mitochondrial function.
Mitochondria undergo significant morphological changes before cell division takes place
(Logan, 2006a), and it could well be that the single mutant could have defects in these
processes. A simple cell count should yield answers to this question.
It is expected at this stage that these phenotypes are relatively mild because of a certain
redundancy level between both AtSlp genes. A double knockout mutant would be expected
to have more severe phenotypes, or it could putatively even be embryo or pollen lethal.
Currently, the cross between slp1-1 and the RNAi line knocking down transcription levels
of Slp2 is hoped to give answers to this question. If no stronger phenotype will be observed
in the proposed slp1-1x RNAi(Slp2) plants, the possibility of redundancy amongst other
band-7 family members would be likely. In this case, mitochondrial prohibitins might take
over Slp functions and partly replace these. On the amino acid sequence level, these
proteins differ remarkably from Slps (chapter 3), but if the presence of the band-7 domain
is required for their function, gene family redundancy could be possible.
The reason that no homozygous slp2 mutant allele could be isolated was probably related
to technical difficulties rather than lethality of such a mutant. Meanwhile, homozygous TDNA mutants in this gene are available from the NASC. Additionallly, the AGRIKOLA
consortium published images of constitutively silenced Slp2 RNAi lines. Not all published
lines show the same phenotype (based on the website), but a tendency towards an overall
growth reduction is recognisable and was also observed with some of the dexamethasoneinducible RNAi lines here. Generally it was observed that this gene is expressed at lower
levels throughout the plant (chapter 3). In addition, the overexpression of Slp2-YFP
resulted in a growth phenotype consisting of reduced shoot growth with leaf necrosis
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(chapter 4). Generally it is assumed that any phenotypes associated with this gene are more
severe than Slp1 phenotypes. Thus, the double Slp mutant is expected to have severely
affected growth parameters.
The observed phenotypes of the single slp1 mutants partly correlate with what has been
observed with the dexamethasone-inducible RNAi lines of this gene. Generally, growth
reduction was also observed in these plants, but it was not as consitent as in the T-DNA
insertion mutant. This is probably related to differing levels of dexamethasone-mediated
RNAi induction. Even when plants were sprayed almost continuously with dexamethasone
when grown on soil, the achieved knockdown level of AtSlp1 was probably not as high as
in the T-DNA insertion mutants. Additionally, the RNAi fragment might also have offtarget secondary effects on unrelated genes.
Since AtSlps are expressed throughout the plant in all developmental stages, the variety of
the observed associated growth phenotypes in slp1 alleles is not surprising. Certain growth
phenotypes such as delayed seed germination, reduced seed production and reduced root
growth correspond well with the observed expression patterns as seen with the promoter
GUS stains (Figures 3-33 to 3-37). With respect to the high expression levels in pollen,
reduced pollen germination rates would be expected in the slp1 single mutant, and
potentially also in a double mutant. In this case, pollen might be functionally affected
leading to embryo lethality and sterility.
With respect to the changed leaf morphology of slp1-1 plants, the expression pattern of this
gene offers rather little explanations. According to the GUS stains, the AtSlp1 promoter is
mainly active in vascular tissue and stipules, but not spread over entire leaves when plants
are grown on soil. If this gene is indeed expressed in leaf primordia and meristems, effects
on the plant’s ability to expand leaves could be expected. This is not immediately obvious
from the promoter GUS stains, but can be deduced from data on the eFP browser (Figure
3-22).
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5.8.2 slp1 mitochondrial phenotypes
The reduction in mitochondrial membrane potential as determined qualitatively by TMRE
fluorescence was only observed in the slp1-1 mutant. The slp1-2 mutant by contrast had
even increased TMRE fluorescence compared to slp1-1 and wild type seedlings of the
same age. This difference was consistently observed over five independent experiments.
This raises again the question about the specificity of either mutant allele. Assuming that
both alleles have only single T-DNA insertions, this difference in the mitochondrial
membrane potential would indicate additional features in one allele.
A change in mitochondrial membrane potential in roots agrees with the relatively high
expression levels of Slp1 observed in this tissue (see Western blot Figure 3-41). However,
it is currently not known whether slp1-1 shoot tissue would also have reduced TMRE
fluorescence. Additionally, mitochondria have different functions in roots than in leaves.
Thus, it would not be surprising if the observed decrease in TMRE accumulation in slp1-1
roots could also be tissue specific. Secondly, the decrease in TMRE fluorescence could
also be linked to the age of the imaged plants. AtSlps are expressed at higher levels in
seedlings, particularly from hydroponic cultures than in plants grown on soil. Therefore,
effects on mitochondrial membrane potential and also mitochondrial function would be
expected to correlate with the expression level of AtSlps and the activity of the plants’
metabolism. Less or no effect on mitochondrial membrane potential could be expected in
mature leaves from soil-grown plants. It would be very interesting to test how the
mitochondrial membrane potential of pollen grains from slp1 mutants would be affected.
Since AtSlps are highly expressed in this tissue type, even larger differences in
mitochondrial function would be expected.
TMRE dye does not purely accumulate in mitochondria. As mentioned in section 5.3.1,
this dye is initially taken up by cells through the plasma membrane and accumulates
subsequently in organelles such as mitochondria according to their membrane potential.
Thus, the observed and quantified fluorescence reflects both the seedlings’ membrane
potential across the plasma membrane and the mitochondria combined. Additonally, the
dye probably also accumulates in other organelles such as the ER. The main stain observed
in seedling roots was probably localised to mitochondria, since their membrane potential
has a higher negative value than that of the plasma membrane or of other organelles.
TMRE is expected to accumulate eventually in the matrix and partly in the inner
membrane because of the molecule’s charge and solubility. A red shift in the TMRE
absorption and emission spectrum can be observed upon organellar accumulation (Scaduto
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& Grotyohann, 1999). A certain level of background fluorescence was however also
noticed in the apoplast, and around other unidentified structures in roots.
Where TMRE was used to determine the membrane potential of animal cells, the dye was
always allowed to be taken up to equilibrium before imaging. In this experiment, the
incubation time with TMRE was kept relatively short (five minutes) to avoid artefacts
associated with excessive labelling in non-mitochondrial membranes. The seedlings were
then placed into fresh medium twice to remove excess unbound dye. Under these
conditions, TMRE was sequestered rapidly into the mitochondria of the root tissues and
dye accumulation could be assumed to have reached equilibrium.
In the original studies on the use of TMRE as a dye to quantify membrane potentials, it
was reported that no significant self-quenching would occur upon dye accumulation
(Ehrenberg et al., 1988;Farkas et al., 1989). However, fluorescence quenching in the
mitochondrial matrix and inhibition of respiration were reported by Scaduto et al. (Scaduto
& Grotyohann, 1999). In another report, depolarisation of the mitochondrial membrane
potential by the addition of an ionophore caused an increase in TMRE fluorescence,
because fluorescence was quenched inside mitochondria. When the dye was released into
the cytosol, increased fluorescence was measured (Coelho et al., 2002).
Despite these reports about inhibitory effects on respiration, TMRE is commonly used to
assess mitochondrial membrane potential and function. TMRE has been used to determine
changes in the mitochondrial membrane potential of protoplasts from tobacco cells
transfected with prohibitin-silencing RNAi constructs (Ahn et al., 2006). It was also used
to monitor changes in the mitochondrial membrane potential in HeLa cells silenced for
HsSlp2 (Hajek et al., 2007). In both cases, TMRE fluorescence was significantly reduced
compared to controls, an indication of a reduction in membrane potential. Decreased
TMRE fluorescence in root mitochondria of slp1-1 mutants could theoretically also reflect
a decrease in the plasma membrane potential. TMRE has to be taken up initially by cells
through the plasma membrane, therefore the dyes ultimate accumulation in mitochondria is
also dependent on the whole cell’s membrane potential. This possiblility still has to be
taken into account. It appears however unlikely, given the mitochondrial localisation of Slp
proteins in roots.
A second possibility how slp1-1 could account for decreased TMRE fluorescence could be
related to the protein’s function as a regulator of an ion channel or pump in the
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mitochondrial inner membrane. This conserved feature of animal stomatins might also be a
function of stomatin-like proteins of type 2.
Oxygen consumption rates
Mitochondrial pellets isolated from slp1-1 plants had higher oxygen consumption rates
than identically extracted pellets from wild type plants. To obtain as much material as
possible, short day grown shoot tissue was utilised for these extractions. It has been
previously demonstrated in this study that leaves of mature plants express Slp1 at
reasonable levels, since this protein is normally easily detectable from this tissue on
Western blots.
The calculated absolute values of oxygen consumption varied greatly between individual
measurements using the same substrates. Partly these differences were probably down to
the rather crude way of manual quantification used here, or to partially damaged
organelles. Centrifugation steps were kept to a minimum in the isolation protocol to avoid
organelle rupture.
Additionally, the values of oxygen consumption from wild type mitochondria were also far
lower than those reported elsewhere for Arabidopsis mitochondria (Sweetlove et al.,
2002;Millar et al., 2001). As already discussed, these differences are probably due to the
tissue type used here, the age of the plants, and the impurity of the mitochondrial pellets.
Only 25 grams of fresh shoot material was used here to extract mitochondrial pellets with
an average protein content of 1-1.5 mg/ml. To improve mitochondrial yields, the
preparation should be scaled up by at least a factor of two. Alternatively, oxygen
consumption rates from leaf tissue should be compared to rates from young seedlings.
Mitochondria from actively growing seedlings would be expected to have higher
respiration rates than from mature leaves. Alternatively, it would be interesting to compare
leaf oxygen consumption with that from root mitochondria. In roots, mitochondrialproduced ATP provides the main source of energy. Therefore, it is expected that oxygen
consumption rates would also be higher than in leaves. Since AtSlps are highly expressed
in pollen, oxygen consumption from flower tissue would be another interesting parameter
to measure. The reduction in seed production is supposedly linked to reduced fertility or
amount of viable pollen grains in slp1 mutants. Pollen viability has so far not been tested,
for example by viability staining. Reduced metabolic activity and viability of pollen
mitochondria could be one expected outcome. Mitochondrial activity in stamen is very
high, and frequently mutations that affect mitochondrial function are male sterile or
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impaired in pollen production (Moller et al., 2007). Based on this evidence, it could be
expected that the slp1/slp2 double mutant plant might be sterile based on dramatically
reduced pollen viability.
It has been reported that crude organellar pellets obtained by differential centrifugation
such as the ones used here only have a mitochondrial protein content of approximately
30%. The majority of proteins (60 %) are derived from chloroplasts, and another 10% are
peroxisomal (Heazlewood et al., 2004). Thus, the values calculated here are
underestimates of the oxygen consumption contributed by mitochondria in the pellet, since
oxygen consumption rates were normalised to the total protein content. If corrected for the
actual mitochondrial content, these values are still smaller than the ones reported for
mitochondria from Arabidopsis cell suspension cultures (approximately 100 nmol/min/mg
for succinate and 120 nmol/min/mg for NADH with slp1-1 mitochondria compared to 160
nmol/min/mg for mitochondria from wild type cell suspension cultures as reported by
Sweetlove (Sweetlove et al., 2002).
Oxidation of externally added NADH to isolated slp1-1 mitochondria resulted in the
highest oxygen consumption rates measured here (45 nmol/min/mg). In other reports,
succinate was oxidised at approximately similar rates to NADH (Sweetlove et al., 2002).
NADH can be readily oxidised by isolated plant mitochondria by the external NADH
dehydrogenase facing the IMS. If the isolated mitochondria are intact, this enzyme presents
the only way of NADH oxidation, since this substrate is unable to cross the inner
membrane without the necessary cytosolic factors of the shuttle systems. Thus, NADH
does not rely on carrier systems to be oxidised before electrons can enter the ETC. With no
added ADP, NADH oxidation is also expected to be fast because its oxidation is initially
uncoupled from the translocation of protons and the dissipation of the proton gradient by
the ATP synthase. If electrons are passed through ubiquinone to the AOX, no protons at all
would be pumped simultaneously, and thus NADH oxidation would be entirely uncoupled
from ATP synthesis. It is more likely however, that at least a part of the electron flow
caused by NADH oxidation was passed to complexes III and IV and therefore resulted in
the build up of the proton gradient.
Peroxisomes from leaf tissue probably contribute to the overall measured oxygen
consumption. The photorespiratory C2 oxidative photosynthetic carbon cycle should be
interrupted in isolated organelle extracts, but peroxisomes could still consume oxygen by
the action of glycolate oxidase under the simultaneous evolution of hydrogen peroxide.
Since oxygen consumption was brought to a near complete halt by the addition of cyanide
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ions, it is assumed that the majority of oxygen was consumed by mitochondria in the crude
organelle pellets. Finally, oxygen consumption by Rubisco in chloroplasts during
photorespiration could present another pathway by which the results presented here could
be obscured. Since all measurements were however carried out in very dim light, this
possibility was kept at a minimum.
The addition of cyanide ions was made after the addition of substrates, ADP and SHAM to
the organelle pellets. Under all conditions, cyanide stopped oxygen consumption almost
completely. Since SHAM was added before cyanide, no residual AOX-mediated oxygen
consumption was measured. However, as mentioned in section 5.3.2, the addition of
SHAM was accompanied by an ethanol concentration of 0.6% that might have damaged
mitochondrial membranes. Under these conditions, partial oxygen consumption by
enzymes of the mitochondrial ETC must still have been carried out. Cyanide addition must
have blocked these then completely.
In this study, no ATP was added externally to succinate-oxidising mitochondria. However,
this is commonly done to fully activate succinate dehydrogenase (Sweetlove et al., 2002).
Additionally, the study by Sweetlove et al. applied five times more ADP to isolated
mitochondria than in this study (0.5mM compared to 0.1mM here). The lower values
observed here could also be explained by the different experimental setup.
The lack of respiratory stimulation by the addition of external ADP was observed with
slp1-1 mitochondria with all substrates tested. Wild type mitochondria responded to ADP
addition with increased oxygen consumption when succinate was present, but not with
NADH or pyruvate/malate. The lack of respiratory stimulation in slp1-1 under succinate
oxidation would indicate partial uncoupling of mitochondria. However, wild type
mitochondria should have also responded to ADP addition when NADH was present. This
lack of response could indicate that also wild type mitochondria were at least partially
uncoupled through a damage of the outer membrane, or that mitochondria were already
saturated with ADP and therefore did not respond to further additions. The integrity of the
inner membrane should have been assessed by determination of the respiratory control
index (the ratio of state 3 over state 4 respiration). This was technically difficult in these
experiments, because a clear response upon ADP addition was lacking with slp1-1, and
also wild type mitochondria. A ratio of 1 would indicate that mitochondria were
uncoupled, whereas a ratio of 3 would be expected with a substrate such as malate (Moore
& Proudlove, 1983). Mitochondrial intactness can also be determined by the latency of
oxidation of externally added cytochrome c with ascorbate as an electron donor.
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Alternatively, proton leakage could also be directly measured as a function of the
membrane potential as described by Sweetlove et al. (Sweetlove et al., 2006).
The increased oxygen consumption rates in slp1-1 organelle pellets could have several
reasons. Since the mitochondrial membrane potential is supposedly lower in slp1-1 plants,
proton leakage across the inner membrane might be one way of increasing, and therefore
uncoupling respiration rates. In this case, the lack of Slp1 has supposedly similar effects as
uncoupling ionophores (such as DNP) or UCPs. Slp1 is expected to participate in protein
complexes in the inner membrane. By putatively binding to specific lipids, Slp1 might
provide unique microdomains necessary for the intactness of the inner membrane. Thus,
AtSlps might contribute to the inner membrane integrity as proteins that help to ensure
coupling efficiency. However, they are not expected to act analogous to the UCPs by
providing a pore in the inner membrane on their own. Rather, Slps could regulate the
activity of proteins acting as pores or facilitating transport across the inner membrane.
Another explanation for increased respiration rates would be the upregulation of the
alternative respiratory pathways. In this case too, oxygen consumption would be uncoupled
from the formation of the proton gradient driving ATP synthesis. To determine whether
AOX-mediated oxygen consumption differs from wild type levels, rotenone- and cyanide –
resistant respiration should be measured in the absence and presence of SHAM.
Upregulation of the alternative pathway has been reported for the tobacco CMSII mutant
that has impaired complex I activity. In this case, H2O2 levels in leaves were decreased and
the expression of antioxidant enzymes accordingly modified (Dutilleul et al., 2003).
The HsSlp2 protein was reported to affect the stability of respiratory complexes directly in
HeLa cells (Da Cruz et al., 2008). In this case, effects on the activities of proteases by
HsSlp2 were suggested as the reason for this phenomenon. Based on the close homology
between this protein and AtSlps, a similar situation might also occur in plants. In this case,
upregulation of the alternative pathways could be interpreted as a compensatory response
to a lack in general ETC activity.
Since photosynthesis efficiency and transpiration rates were unaffected in slp1-1 mutant
plants (as determined under a set photon flux density of 500 μmol/m2/s), it is assumed that
the loss of Slp1 and therefore increased oxygen consumption from isolated leaf
mitochondria did not affect the functionality of other organelles dramatically. It is
currently not known whether photorespiration (i.e. chloroplast and peroxisome function) is
affected in this mutant. Since all these organelles closely interact in leaves, effects on other
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metabolic pathways (e.g. sucrose synthesis) would be expected. An interesting feature
would be to measure ATP levels in slp1-1 plants, since a proton leak would be expected to
affect the amount of ATP produced by the ATP synthase. This would also hold true with
respect to a putative upregulation of the alternative respiration pathway. Therefore,
insufficient ATP synthesis would be expected to affect overall growth rates, particularly in
organs with high ATP demands such as stamen and guard cells.
Based on these assumptions, the delayed growth observed in slp1-1 plants is probably a
result of malfunctioning mitochondrial respiratory control. It is currently not known
whether slp1-2 plants show the same respiration phenotype than slp1-1 plants. Since plants
with this allele do not grow slower to the same extent on soil, a lack in a respiratory
phenotype might not be surprising. However, other shared phenotypes such as seed
production, root growth and seed germination could also be affected by malfunctioning
control of mitochondrial respiration. The results about increased oxygen consumption rates
presented here have been obtained from just one identical batch of plants. A second
independent set of measurements will be carried out to confirm these observations from
plants of the same age.
Mitochondrial ROS levels
ROS levels as measured by DAB intensity did not differ in rosette leaves of mature plants
between slp1-1, slp1-2 and wild type plants. As outlined in section 5.3.3, this might not be
a surprising finding with respect to the overall relatively low expression levels of Slps in
this tissue at this developmental stage. Effects on ROS production and accumulation by
loss of Slp1 would be expected in young seedlings or metabolically active tissue such as
meristems or stamens. In contrast to leaves, ROS levels as quantified by H2DCFDA
fluorescence were found to be lower in young seedling roots of mutant plants compared to
wild type plants. This finding would imply that mitochondrial function and ROS
production might be more impaired in growing root tissue than in mature plants. Since it is
not known whether oxygen consumption is affected in root tissue of seedlings, only
speculations can be made about effects of slp1 knockouts on root respiration and
metabolism.
As outlined in section 5.3.3., the methods applied here to detect ROS vary greatly in their
sensitivity. It would be interesting to compare ROS detected by DAB accumulation in
seedlings with those found in leaves. Alternative methods to detect and quantify ROS
accumulation exist, for example based on enzymatic assays or chromatographic techniques
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(Hideg, 2004). These have not been made use of in this study. As an alternative approach
to DAB staining of leaves, H2DCFDA fluorescence was also attempted to be quantified
from green tissue. However, imaging of leaf epidermal cells proved difficult because of
high background fluorescence levels. There was a clear difference in fluorescence intensity
between roots and leaves. This is probably down to ROS production by chloroplasts and
peroxisomes in the light. By comparison, ROS are mainly produced by mitochondria in
roots, and therefore this tissue was chosen for imaging. From the images presented in
Figure 5-23 and 5-46 it can be seen that H2DCFDA fluorescence was localised to several
organelles. The size and distribution of some of them would imply stained mitochondria,
but also nuclear regions were frequently intensely fluorescent, as well as cytoplasmic
strands. A certain level of background fluorescence was also present in the cell walls.
With respect to the observed increased oxygen consumption rates in leaves and under the
assumption that similar rates would also be observed in roots, the identified lower ROS
levels are unexpected. In fact, uncontrolled electron flow through complex I and III as
proposed in slp1-1 leaves would be expected to result in increased ROS production under
normal operation of the antioxidant systems. ROS in the form of superoxide anions are
formed by the transfer of an electron to molecular oxygen in situations where the ETC is
overreduced (Moller, 2001). The exception would be a scenario in which oxygen
consumption by the AOX would be increased in slp1-1 plants, and therefore ROS
production at complexes I and III indeed reduced. As with the oxygen consumption
measurements, ROS accumulation in slp1 mutants has to be confirmed independently.
As described, mitochondrial respiration and ATP synthesis have a different significance for
metabolism in root tissue than in shoots. This is related to the heterotrophic nature of roots
that rely primarily on mitochondrial ATP synthesis. Mitochondria-produced ROS in leaves
are nevertheless implicated to have important functions in stress situations and stressmediated signalling, despite being secondary in terms of the overall ROS load (Moller,
2001). Stress-triggered programmed cell death is implied to be a result of mitochondrial
signalling that involves the excess accumulation of ROS. If cellular antioxidant systems
are overwhelmed and ROS-triggered damage of biomolecules becomes irreversible, cells
might either sacrifice whole organelles or undergo a form of programmed cell death that
resembles the HR (Moller, 2001;Moller et al., 2007;Logan, 2008a). The function of Slps in
influencing either the intactness of the inner membrane, or the activity of the alternative
respiration pathways would imply that slp1 mutants could possibly be defective in stressmediated signalling. Therefore, the functionality of slp1 plants under stress conditions
should be investigated, for instance in response to pathogen attack with Pseudomonas
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synringae, or under abiotic stress. Differences in the HR response would be expected and
could be assayed by Trypan Blue staining. Different levels of DAB accumulation would
also be expected between stressed mutants and wild type plants. slp1 mutants have already
been shown to respond differently to high salinity, a finding that would support this
hypothesis. Slp proteins could also be indirectly involved in the process of replacing
damaged mitochondria or affecting cell division. With respect to the known protein
interaction between HsSlp2 and mitofusin-2, a role for AtSlps in controlling the ability of
mitochondria to fuse or divide would be a reasonable assumption. In this scenario, AtSlp
proteins could be indirectly important for the maintenance of mitochondrial function and
health. This task is probably more pronounced under stress and in metabolically highly
active tissues such as stamen, where ROS production is high.
In summary, the observed mutant phenotypes lead to the conclusion that AtSlps have
important basic functions to support mitochondrial metabolism and health that influence
the plant’s ability to grow and propagate. Under stress conditions, Slps are expected to
contribute to the maintenance of mitochondrial function and putatively also to the cell’s
ability to replace damaged organelles. With respect to cell division, Slps could have basic
effects on the redistribution of mitochondria. In principal, Slps are expected to have the
same basic functions in mitochondria from roots and shoots. However, the tissue-specific
metabolic activity determines specific requirements of Slp levels. In situations when plants
are stressed, Slp function is expected to affect the mitochondria’s ability to limit and repair
damage.

5.8.3 DN-Slp growth phenotypes
The expression of dominant-negative Slp truncations caused several growth-related
phenotypes in plants grown on soil. Leaves were severely affected in their ability to
expand. As a result, they curled up and showed a helical growth phenotype. In addition,
leaves became prematurely senescent and displayed chlorosis, and flowers differed in
shape. Interestingly, these growth phenotypes could only be observed when plants were
grown in air on soil, but not when they were kept under high humidity on agar plates or in
hydroponic culture. This observation was made independently of the DN expression level
as confirmed by Western blotting. Thus, these phenotypes were conditional for these
particular growth conditions. Putatively, the difference in transpiration and concentrations
of CO2 and O2 played a role in the development of these phenotypes. When grown under
sealed conditions, seedlings are expected not to transpire since the humidity levels are
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saturated. Thus, transport processes as well as photosynthesis rates must be affected under
these conditions.
It was anticipated that DN-Slp phenotypes would be observed related to the endogenous
function of AtSlps. However, since it became clear that AtSlps are actually localised to
mitochondria, effects on Slp function by DN proteins are questionable. Most importantly,
DN-Slps were designed as soluble competitors that would interfere with proteins facing the
cytosol. Since AtSlps are clearly not localised to the mitochondrial outer membrane facing
the cytosol, such effects are not easily credible. Both DN-Slps lack the mitochondrial
targeting sequence and should not be imported into mitochondria on their own, even in the
presence of the N-terminal myc tag. The result from Figure 5-30 demonstrates localisation
of DN-Slps to the cytosol, but also to membranes that could be derived from organelles
such as mitochondria. The cytosolic part of DN-Slp proteins could however still interact
with the endogenous proteins on their import pathway to mitochondria. Currently this
would provide one explanation of any specific effect by DN Slps on native Slp function. If
Slps indeed oligomerise via their C-terminus, DN versions might bind to the full length
proteins and hinder their mitochondrial import via prevention of unfolding. In this
scenario, no or reduced amounts of Slp protein should reach mitochondria and would result
in a loss-of-function plant. However, since the slp1 knockout plants do not have the same
phenotypes, this scenario seems unlikely. Theoretically, membrane binding of DN-Slp
proteins could also be mediated by other unrelated proteins that the DN versions could
bind to. Another possibility would be that DN-Slps unspecifically bind to other band-7
family members localised throughout the cell. The DN proteins still have a partially intact
band-7 domain and might therefore interfere with band-7 family proteins at locations
where only one specific member would normally act.
The remaining part of DN-Slps bound to membranes could indeed originate from
mitochondria. One scenario might be that the DN versions bind to endogenous Slps and are
imported as partly unfolded complexes. This way, DN proteins would localise inside
mitochondria where they could have specific effects on Slp function. This possibility could
be tested by checking for the presence of myc-tagged DN protein in isolated mitochondria
of dexamethasone-induced DN plants. Currently it is not known whether this is the case.
The treatment of DN-expressing seedlings with the palmitoylation inhibitor BPA did not
result in complete protein solubility as it was anticipated. This could either be related to
incomplete palmitoylation inhibition by externally added BPA, or by the fact that the DN
proteins’ ability to bind to membranes is mediated by other means than palmitoylation.
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From the Western blot in Figure 5-32, the DN protein appears to be more, but not
completely soluble upon BPA addition. Since no palmitoylated marker protein was used to
assess the level of palmitoylation inhibition, it is currently not possible to relate the
increased DN solubility with certainty just to a lack of palmitoylation. This result only
indicates that the DN protein could partly be membrane-anchored via S-acylation of the
conserved cysteine residue. All seedlings grown on MS agar plates supplemented with
BPA showed severe growth reductions, particularly affecting roots. From the photographs
in Figure 5-31 no obvious difference between DN seedlings grown on BPA, or on BPA
and dexamethasone could be seen. Thus, the increased solubility of the DN protein did not
result in further growth reduction of seedlings. Because Slp proteins are putatively
important for root growth, such a finding would have been expected if the DN proteins
were S-acylated and had specific effects on Slp proteins. It could therefore be assumed that
the soluble fraction of DN-Slps probably causes the growth phenotypes observed on soil.
The assumption remains that at least a part of the observed phenotypes in dexamethasonetreated plants is probably caused by unspecific side effects of cytosolic DN-Slp protein.
Dexamethasone treatment on its own also affected some properties measured in wild type
plants compared to their control treatments. For example, dexamethasone-treated wild type
plants also flowered slightly earlier than control-treated plants. Dexamethasone treatment
also affected stomatal density in older leaves of long day grown plants, and decreased the
water content of short day grown plants. Most of these observations were not statistically
significant, but they nevertheless demonstrate that dexamethasone-treatment per se has
certain effects on plant physiology. When applied to MS agar plated, plants grown in the
presence of dexamethasone consistently appeard larger than their controls. Dexamethasone
is a steroid-derivative and could as such have multiple effects on plant metabolism. Sterols
in general were reported to have metabolic effects that are unrelated to transcriptional
modification in animals (Losel et al., 2003). The original publication of this vector system
did not state any observations like the ones made here about dexamethasone treatment. To
better control for the effects of dexamethasone in this vector system, transgenic plants were
created that contain the empty pTA7002 T-DNA. This way, any phenotypic effects
contributed by the expression of the GVG transcription factor can be controlled. With
heterozygous pTA7002 plants, no obvious growth phenotypes have been so far observed,
at least not any that would resemble phenotypes of DN-Slp plants. No images of these
plants treated with dexamethasone were included in this thesis because transformants were
not available at the time when images of the DN-expressing plants were taken.
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Since both DN(Slp1) and DN(Slp2) plants have virtually the same phenotype, the question
of specificity amongst these two truncated proteins arises. Generally, DN(Slp2)
overexpression caused phenotypes that were slightly more severe than those observed with
DN(Slp1) plants. This correlates with the assumption that AtSlp2 is naturally lower
expressed, and that its overexpression with YFP under the constitutive promoter caused a
growth phenotype resembling the DN(Slp2) phenotype in some respects (lesions for
example). Assuming that both AtSlps interact and act in a complex, the expression of
either DN version would be expected to affect the function of both proteins. It also has to
be kept in mind that both DN-Slp proteins are highly similar around the band-7 domain,
and differ only in the C-terminal end. Thus, the identical features could interfere with other
similar band-7 family proteins and cause the same effects.

5.8.4 DN-Slp effects on guard cells
The expression of the DN proteins is expected to affect every plant tissue in which the 35S
promoter driving the GVG expression is active. Leaves of DN-Slp expressing plants had
specific phenotypes affecting guard cells. In independent lines it was consistently found
that guard cell chloroplasts were enlarged and had less chlorophyll autofluorescence than
those from control-treated plants. It is assumed that the organelle enlargement is caused by
changes in their thylakoid ultrastructure. Mitochondria are also expected to have altered
ultrasstructures in these cells. Chloroplast enlargement was only observed when treated
leaves started to become chlorotic, and it specifically affected mature guard cells. This
phenotype rendered guard cells less functional and probably lead to the observed increase
in water loss and whole plant transpiration compared to control plants. It is assumed that
guard cells with enlarged chloroplasts were impaired in stomatal closure, but this needs to
be confirmed independently by direct aperture measurements. In addition to guard cells,
DN expression could also affect transpiration through growth defects in other tissues. For
example, water uptake by roots could be altered, as well as water transport through defects
in xylem structure.
This specific effect on guard cell functionality was probably a secondary effect of DN-Slp
protein expression. It is currently not assumed that endogenous Slp proteins affect
transpiration and guard cell function per se (Figure 5-16). In relation to this, AtSlp
transcripts were identified in guard cells (chapter 3 section 3.5.1.2), and the AtSlp1
promoter was actively driving GUS expression in hydroponically-grown seedlings (Figure
5-33), but not in leaves from soil-grown plants. Since guard cells have specific metabolic
demands and higher numbers of mitochondria than mesophyll cells for example (Taiz &
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Zeiger, 2002), (Zeiger et al., 2002), the observed changes in behaviour probably underlie
general DN effects on organelle metabolism. If DN proteins indeed disturb the function of
endogenous Slps inside mitochondria and change mitochondrial metabolism, guard cellspecific effects would not be surprising. The guard cell phenotype is unlikely to be the
primary cause of the observed leaf necrosis and senescence. Currently it is assumed that
the reverse is the case; once leaves become chlorotic, altered guard cells can be observed.
It is also unlikely that the increased transpiration rates of DN plants are the direct cause of
the ongoing cell death. Rather, the increased water loss by leaves could enhance cell death.
The observed leaf cell death involves the excessive accumulation of ROS, pointing
towards a form of stress-signalling mediated pathway that involves mitochondrial ROS
production. Clusters of dead tissue patches as visualised by Trypan Blue staining indicate
hot spots of ROS-mediated cell death. It is currently not clear whether more ROS are
produced overall because of a malfunctioning mitochondrial ETC and then not sufficiently
scavenged. ROS probably also accumulate from malfunctioning chloroplasts, or a
combination of both organelles.
The swelling or enlargement of chloroplasts has been linked to stress responses before. For
example, repeatedly drought-stressed cotton plants developed swollen chloroplasts with
enlarged starch granules (Ackerson & Hebert, 1981). Effects on chloroplast morphology
were also reported in response to other abiotic stresses, including salinity (Izawa & Good,
1966;Abdelkader et al., 2007), cold acclimation (Stefanowska et al., 2002), and heat
(Holzinger et al., 2007). Arabidopsis mutants of the gamma subunit of the plastid ATPase
were seedling lethal and had swollen thylakoids under illumination with increased proton
concentrations in the lumen (Dal Bosco et al., 2004). The maize mutant lls1 encodes a
chloroplast protein and was reported to have swollen and distorted chloroplasts. This
mutant also developed light-induced lesions (Gray et al., 2002). Overexpression of the proaptoptotic mammalian Bax protein in Arabidopsis under the control of the dexamethasoneinducible promoter caused plant cell death through the destruction of organelles
(Yoshinaga et al., 2005). Bax is known to associate with the mitochondrial outer
membrane where it is targeted to by its C-terminus. It has several effects on mitochondriamediated apoptotic signalling such as the release of cytochrome c (Lam et al., 1999a). The
observed phenotypes upon Bax expression were actually remarkably similar to the
phenotypes described for DN-Slp expressing plants. Bax-expressing leaves developed
leaky chloroplasts with loose lamellae and misshaped, rounded mitochondria.
Mitochondria also stopped movements and aggregated. Leaves of dexamethasone-treated
seedlings became chlorotic only when plants were kept under light. All of these
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observations were made in mesophyll cells from seedlings grown on MS medium. The
authors did not comment on changes of organelles in guard cells. The overall high
similarity of phenotypes between Bax-expressing and DN-Slp expressing plants indicates a
common underlying reason for the observed cell death that involves the accumulation of
ROS and the interruption of organellar function. The exact reason for organellar damage
by DN-Slp expression is unkown. It is proposed in the case of DN-Slp-mediated cell death
that guard cells are particularly vulnerable to these changes because of their metabolic
demands and are therefore the earliest indicators of organellar damage. To confirm these
assumptions, organellar ultrastructures should be imaged by electron microscopy.
Additionally, mitochondrial marker dyes or mitochondrial-targeted GFP could serve as
markers to assess the size and distribution of these organelles in DN-expressing leaves and
guard cells. Mitochondrial activity as judged by TMRE or MitoTracker DeepRed could be
compared to the overall mitochondrial mass determined by staining with MitoTracker
Green, a dye that accumulates in mitochondria regardless of their membrane potential.

5.8.5 Effects of DN expression on ROS production
The expression of DN-Slps in leaves caused leaf necrosis and cell death after prolonged
dexamethasone treatment. This phenotype was leaf specific, and mainly associated with
rosette leaves. According to the levels of DAB polymerisation in DN-expressing plants, the
observed changes involve the production and/or accumulation of ROS in these organs in
the light. So far it has not been determined whether the same changes also occur when
plants are kept in darkness. Should these changes be light-specific, the assumption is likely
that excessive ROS are formed in malfunctioning chloroplasts and putatively also
peroxisomes during photosynthesis and photorespiration. It is currently not known how the
DN protein could directly affect the functioning of the chloroplast and also mitochondrial
ETCs implicated in ROS generation. Putatively it can also not be excluded that the
antioxidant systems of these organelles could also be malfunctioning and thus further
support ROS accumulation. The DAB stained pattern on leaves indicates ROS
accumulation in tissue around the central veins that appears in distinct punctae. This is also
the place where leaf necrosis started when plants were sprayed after the flower transition
(Figure 5-35). Trypan Blue staining also detected distinct punctuate patches of dead cells
spread all over the leaves of dexamethasone-induced DN plants. These observations
strongly support the idea of locally-triggered ROS mediated cell death that is probably
linked to organellar damage in a HR-like fashion. HR responses are triggered by attack of
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incompatible pathogens and involve localised forms of programmed cell death to limit
pathogen spread (Mittler et al., 1997).
ROS accumulation and cell death were observed to be leaf-specific in soil-grown plants.
Accordingly, no enhanced ROS accumulation was observed in seedling roots. With respect
to the higher Slp expression levels in roots and the importance of root-produced
mitochondrial ROS, this is a surprising finding. This result correlates however with the
absence of any obvious growth phenotype under these conditions in dexamethasone-treated
seedlings. In accordance with the lack of increased ROS and a growth phenotype in
seedling roots, the mitochondrial (and other) membrane potentials were also unchanged.
TMRE fluorescence intensities were not significantly different in dexamethasone-treated
seedlings from their controls. In contrast to the absence of ROS-related phenotypes in
seedlings, it would be expected that oxygen consumption rates of mitochondria isolated
from DN-expressing leaves from soil would be impaired. The higher leaf ROS levels and
the probably swollen organelle structures would support this assumption.
The question remains open how the DN protein can have such profound effects on
organelle function and whether any of these effects are related to the endogenous Slp
function. Currently it is not known whether the DN protein is targeted to mitochondria at
all. At least a good proportion of overexpressed DN is clearly cytosolic, and it can only be
speculated whether the protein could affect Slp function by interfering with mitochondrial
import. Ideally, a protein-protein interaction between full length Slp and DN-Slps should
be demonstrated at least in vitro. The observed DN effects could also relate to a prevention
of Slp oligomerisation by DN-Slps in mitochondria. This way, Slp-provided microdomains
or protein complexes might not assemble correctly and therefore directly affect the
function of other inner membrane proteins.
Another question relates to the severity of the dominant-negative phenotype versus the
relatively mild phenotypes of slp1 single mutants. One explanation might be given by the
fact that either DN-Slp can target both endogenously expressed Slps simultaneously. It will
be interesting to compare the DN phenotype with the expected slp1-1/RNAi(Slp2)
phenotype.
In summary, this chapter provided evidence for Slp functions in the plant at various
developmental stages. All phenotypes observed correlate at least partly with the observed
expression patterns of these genes as described in chapter 3 (such as during seed
imbibition, seedling growth under certain types of stresses and pollen development). A
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picture emerges in which Slps putatively provide and support the necessary conditions
under which mitochondria operate upon increased demands on metabolism. Slp proteins
are implicated to have important functions upon damage of mitochondrial function by
increased stress or in the presence of cytotoxic stress reagents (UV-B irradiation,
cycloheximide treatment) and when mitochondria need to regenerate.
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6 General Discussion
6.1 Summary of main results
The Arabidopsis band-7 family consists of 18 members that belong to the prohibitins (8
proteins), the stomatins (2 proteins), the flotillins (3 proteins) and erlins (1 protein), and
proteins upregulated in the hypersensitive response (4 HIR proteins). Within this family in
Arabidopsis, stomatin-like proteins are most closely related to the HIR proteins, despite
different subcellular localisations and structural diversities. Within the band-7 family from
plants and other species, the Arabidopsis proteins are highly homologous to stomatin
proteins of type 2 from human, mammals and certain fungi. This homology is also
reflected on the sequence level despite the large evolutionary gap between humans and
plants. The proposed structure of AtSlp proteins (based on secondary structure predictions)
is also remarkably conserved to other stomatin-type proteins. These proteins are generally
not membrane spanning. The AtSlp genes arose by a gene duplication event that could
have taken place in an ancestor of dicotyledon plants. Arabidopsis Slps are mainly
expressed at high levels in young seedlings and in specific organs of mature plants with
high metabolic demands. These include the shoot apex, imbibed seeds and developing
pollen. On the transcript level, AtSlps are highly upregulated upon cytotoxic stress
treatments. Presumably, these treatments could affect mitochondrial function by disturbing
the protein composition of the electron transport chain.
Arabidopsis stomatin-like proteins possess mitochondrial targeting sequences as
amphipathic alpha helices. These are presumably cleaved off following mitochondrial
import, although no corresponding cleavage products are detectable on Western blots of
protein extracts. Mitochondrial localisation of AtSlp1 was confirmed biochemically and in
vivo in a variety of cell types, amongst them guard cells. Overexpression of AtSlp2 as a
fluorescent fusion protein under the constitutive 35S promoter resulted in an early
senescent phenotype and dwarfed plants. In vitro crosslinking studies of Slp1 indicate that
this protein exists as a homodimer, or in a complex with other proteins, putatively Slp2.
Slp1 was confirmed to be a peripheral, but firmly attached membrane protein. Putatively,
this protein could be post-translationally modified by S-acylation of a single conserved
cysteine residue in vivo. The physiological significance of this modification could be
related to Slp localisation to lipid microdomains in the inner mitochondrial membrane.
AtSlp proteins could play an active role in the formation of such domains in mitochondria.
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Two isolated T-DNA insertion lines resulted in loss-of function mutants. These two alleles
gave overlapping, but also diverse growth phenotypes. The slp1-1 allele gave a phenotype
of delayed shoot growth in plants grown on soil. Leaves from these plants also had
elevated osmolarity levels and reduced water contents. Plants from both knockout alleles
had delayed seed germination rates, reduced growth of seedling main roots, they produced
less seeds than wild type plants, they were more sensitive to salt treatment and produced
less reactive oxygen species in seedling roots compared to wild type plants. On the
mitochondrial level, slp1-1 allele plants had a reduced mitochondrial membrane potential
in seedling roots, whereas slp1-2 allele plants had an elevated mitochondrial membrane
potential. Isolated leaf mitochondria from plants carrying the slp1-1 allele had higher
oxygen consumption rates than wild type mitochondria, and these could not be stimulated
by the addition of ADP. These findings indicate that lack of the Slp1 protein at the inner
mitochondrial membrane could lead to proton leakage and therefore affect inner membrane
integrity. Additionally, the alternative respiration pathway involving oxygen consumption
by the alternative oxidase could be altered in slp1-1 plants.
Overexpression under the dexamethasone-inducible promoter of Slp protein fragments
designed as dominant-negative proteins resulted in the development of a severe growth
phenotype in soil-grown plants. Dexamethasone-induced plants had curled leaves, a
reduced stature and early leaf senescence with patches of dead tissue. Leaf cell death was
accompanied by the accumulation of ROS and thus resembled HR-like programmed cell
death. Elevated ROS levels were absent from roots of young seedlings. Young seedling
roots were also not affected in their mitochondrial membrane potential. Leaves of DN-Slp
overexpressing plants had elevated osmolarity levels and a guard cell phenotype with
enlarged chloroplasts. These changes in organelle structure and the overall growth
phenotype resembled phenotypes of plants overexpressing mammalian Bax protein
(Yoshinaga et al., 2005). Guard cells of these plants were impaired in their function,
affecting transpiration rates and the shoot water content.

6.2 General functions of AtSlp proteins
AtSlps are ubiquitously expressed in most organs during plant development. High protein
expression is specifically associated with certain organs and developmental stages.
Generally, AtSlps localised to mitochondria are assumed to affect plant growth through
effects on mitochondrial metabolism required for growth. This assumption correlates at
least partly with the observed tissue-specific high expression levels in developing flowers,
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during seed imbibition and in seedling growth. On a cellular level, pollen development and
guard cells in particular have high metabolic demands and accordingly express high levels
of AtSlps. The overall respiration activity is dependent on the tissue type and the
developmental stage (Taiz & Zeiger, 2002;Moller, 2001).
Some of the phenotypes associated with slp1 knockout alleles also agree with a proposed
function related to increased metabolic demands. Accordingly, both slp1 alleles have a
delayed seed germination phenotype, decreased root growth and fertility and are more
sensitive to salt treatment than wild type plants. For example, mitochondria are known to
undergo morphological and metabolical changes during seed imbibition in relation with
their biogenesis (Logan et al., 2001). So far, only single knockout insertion lines of one Slp
gene were available. It is regarded as likely that an slp1/slp2 double knockout mutant
would not be viable because of male gamete sterility. AtSlp function in relation to
mitochondrial function is probably specifically required in pollen development. Therefore,
pollen from a double mutant plant might be infertile.
Additionally to these basic metabolic changes during plant development, AtSlps are
putatively also important for metabolic changes in response to certain, but not all stress
situations. These are commonly known to put increased demands on the mitochondrial
electron transport chain, leading to the increased production of reactive oxygen species.
Amongst several stresses tested, a clear correlation was observed in both slp1 alleles in
response to salt stress. Other stresses that were found to upregulate Slp transcript levels did
not specifically affect slp1 plant phenotypes. For example, irradiation with UV-B light did
not result in different growth phenotypes between knockout and wild type plants (results
not shown). Interestingly, both slp1 alleles had reduced levels of overall ROS in seedling
roots. However, ROS production in mutant and wild type plants was not assessed during
stress situations or in illuminated leaf tissue.
Stomatin-type proteins are commonly involved in the formation and/or anchorage of lipid
microdomains. This feature was so far only demonstrated for plasma membrane-localised
stomatins. This property appears generally specific for stomatins and flotillins, but remains
to be demonstrated for prohibitins. Scaffolding of microdomains and anchorage to the
cytoskeleton and membrane-embedded proteins has been suggested in independent studies
to be the main function of stomatins (Salzer & Prohaska, 2001b;Umlauf et al., 2004). So
far, the question remains open whether this concept can be adapted for the function of
stomatin-like proteins inside mitochondria. Lipid microdomains have not been described
from mitochondria or chloroplasts yet. However, there is no obvious reason why inner-

402

organellar membranes would be an exception from this concept. In particular, the
mitochondrial inner membrane is generally highly organised. Large protein complexes
accumulate at specific sites of energy production to facilitate substrate-channeling between
enzymes for efficient metabolism (Fernie et al., 2004). Mitochondrial microdomains could
differ in their lipid and protein composition from plasma membrane rafts (as described by
insolubility in Triton-X100 at low temperatures). Evidence from work presented here only
shows that a small fraction of the total AtSlp1 pool is insoluble in Triton-X100. Possibly
these microdomains are not enriched in sterols, but they might constitute other lipid types
and contribute to the enrichment of certain proteins at specific sites. In this way, AtSlp
proteins might regulate the formation and stability of inner membrane embedded protein
complexes. Analogous to the function of HsSlp2, this could also involve the regulation of a
membrane-bound protease of the AAA type. Thus, a part of AtSlp function is probably to
provide specialised scaffolds at the inner membrane. Putatively, specific lipids are
recruited through the band-7 domain that aid the integrity of the inner membrane. This
way, AtSlps contribute to the coupling efficiency of mitochondria.
Human Slp2 is the only studied member of the subgroup of Slp proteins of type 2 (or
“paraslipins”)(Green & Young, 2008). Functional similarities between AtSlps and this
protein are expected based on the close homology. HsSlp2 interacts with human
prohibitins in the inner membrane and regulates the activity of a protease. Additionally,
HsSlp2 is implicated to function in mitochondrial fusion via interaction with an outer
membrane GTPase (Hajek et al., 2007). Interestingly, HsSlp2 is also overexpressed in the
early stages of certain human cancers. This appears to be correlated to the cell cycle stage,
which in turns affects the distribution and function of animal cell mitochondria. These are
known to undergo massive fusion events prior to cell division, followed by redistribution
and mitochondrial fission. In plants, mitochondria are generally organised differently from
animal cells, but nevertheless undergo similar events after cell division in protoplasts
(Logan, 2006b;Logan et al., 2003). Additionally, plant mitochondria are proposed to be
divided into subgroups that have specific functions to meet metabolic demands and to
maintain DNA replication and repair. Based on the proposed functional homology between
AtSlps and HsSlp2, a similar role for the plant proteins would be expected in
mitochondrial fusion, redistribution and maintenance of metabolism that accompanies cell
division. Analogous to animal cells, a GTPase would be expected to interact with one of
the Slp proteins in Arabidopsis. Mammalian mitofusins do not have direct homologues in
Arabidopsis mitochondria. A similar GTPase (Fzo) however exists in the chloroplast outer
membrane (Gao et al., 2006). The fusion machinery of plant mitochondria is largely
unknown (Logan, 2003;Logan et al., 2003).
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In summary, the functions of AtSlps are putatively governed by the state of the cell cycle
affecting mitochondrial morphology and metabolic functions. They are highly expressed in
specialised cells that undergo metabolic changes and cell division, such as guard cells and
developing pollen. Figure 6-1 shown underneath represents a proposed model summarising
the functions of AtSlps in the mitochondrial inner membrane according to homologies with
human Slp2.

Figure 6-1. Proposed model for AtSlp function in the mitochondrial inner membrane. AtSlp1
(red) and AtSlp2 (black) assemble into hetero-oligomers that face the intermembrane space
(IMS). They are anchored to the mitochondrial inner membrane (MIM) by their hydrophobic
N-terminus and putatively S-acylation. The hetero-oligomers form clusters that recruit
specific lipids and protein complexes. Amongst these are parts of the electron transport
chain (ETC) and prohibitin clusters (shown in blue). Analogous to the function of HsSlp2,
AtSlp clusters might stimulate the activity of a membrane-bound protease (shown in grey)
that affects stability of inner membrane proteins. A GTPase located in the outer membrane
(MOM) might also interact with AtSlp clusters which has a putative impact on mitochondrial
fusion and morphology during the cell cycle.

Arabidopsis Slp1 and Slp2 are proposed to be at least partially redundant and to exist as a
heterooligomeric complex in the inner membrane. Analogous to the situation in human
cells, prohibitins might also be a part of an Slp containing protein complex. It is interesting
to note that stomatin-like proteins of type 2 and prohibitins share the same subcellular
localisation of all band-7 proteins in plants and mammals. Prohibitin-related phenotypes in
Arabidopsis (Van Aken et al., 2007) resemble partly those described for AtSlps in this
study. Putatively, Slps and prohibitins complement each other functionally and might be
partially redundant. This suggestion only partly agrees with the published tissue expression
pattern of Arabidopsis prohibitins of type I. For example, AtSlp promoters were not active
in root apices as PHBs are. However, AtSlps and PHBs probably contribute to leaf
expansion and tissue growth in general. Thus, functional complementation of AtSlps and
AtPHBs might be restricted to certain tissues and developmental stages.
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Arabidopsis Slps are suggested to interact and to form a higher protein complex in the
inner membrane. This might occur similar to the assembly of mammalian PHB1 and PHB2
into a large complex built out of smaller heterooligomeric units. The reported molecular
weight of HsSlp2 protein complexes in mitochondria (1.8 MDa (Reifschneider et al.,
2006)) is similar to those of mammalian prohibitin complexes (1.2 MDa (Tatsuta et al.,
2005)). The concept of heterooligomerisation of AtSlp1 and AtSlp2 proteins is also
supported by their identical tissue expression pattern. The appearance of an FA crosslinked
AtSlp1 complex that could be a heterodimer consisting of AtSlp1 and AtSlp2 also supports
this hypothesis. In its crosslinked form, the smallest AtSlp1 band on a Western blot is as
large as a homo- or heterodimer. AtSlp2 is generally expressed at lower levels than AtSlp1
and could have a regulatory or otherwise limiting role on Slp1 assembly and function.
Another interesting notion is related to the existence of two stomatin-like proteins in
Arabidopsis, compared to only one closely homologous protein in humans. This would
either suggest specialised stomatin functions in plants and certain fungi compared to
mammals, or partial redundancy of stomatins and prohibitins in mitochondria from animal
cells. Certain organisms such as the yeast S.cerevisisae even lack stomatins completely.
This would further suggest that stomatins and prohibitins could be partially redundant.
Related to this, it is noteworthy to point out the existence of seven prohibitin genes in
Arabidopsis, compared to only two in mammals and yeast. Based on these facts, band-7
family protein function is maybe generally more diverse and specialised in plants than in
animals.
Of the three proteins with a stomatin domain in Arabidopsis, only the two Slps are
structurally and functionally closely homologous. The third one (the HIR protein
At3g01290) is a putative plasma membrane localised protein upregulated during the HR.
The presence of the stomatin signature domain (that is largely similar to the band-7
domain) would still suggest a similar mechanism of action between these three proteins.
Even if they are not functioning at the same location, the overall mechanism of action
could be conserved and be related to the regulation of a protein complex containing an ion
channel or transporter protein. Possibly, HIR proteins at the plasma membrane could
function in a similar way to Slps at the mitochondrial inner membrane.

6.3 General functions of band-7 family proteins
Proteins with a band-7 domain are distributed at localisations throughout animal cells and
have diverse functions (Browman et al., 2007). The only common underlying theme
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between these proteins is the presence of the band-7 domain. Only few members have
additional domains, such as the flotillins that possess a unique domain. Stomatins have
been shown to regulate the gating of diverse ion channels and transporters by direct protein
interaction, mainly at the plasma membrane of a variety of cells. Certain stomatin-like
proteins such as HsSlp2 might even be dually localised in specific cell types and provide
scaffolds for the assembly and regulation of protein complexes. Additionally, they directly
regulate the activity of certain membrane-bound mitochondrial proteases. Prohibitins are
also localised to mitochondria where they assemble into large heterooligomeric complexes,
and putatively also to other compartments. Their role as described in animal cells is largely
similar to the stomatin-like proteins (Schleicher et al., 2008). In plants, mitochondrial
prohibitins of type I contribute to cell division and elongation and affect cellular
senescence via ROS production (Van Aken et al., 2007;Ahn et al., 2006;Chen et al., 2005).
Flotillins provide a specialised subset of microdomains that are involved in a novel mode
of endocytosis and act as membrane-bound scaffolds. Bacterial HflC/K proteins also
modulate the activity of membrane-bound proteases. HIR proteins appear to be plantspecific band-7 family proteins. Their exact function is not known, but they are involved in
the hypersensitive response, a form of programmed cell death in plants. The results of
several proteomics studies placed them at the plasma membrane. How do SPFH domain
proteins achieve such a variety of functions, and is there a common underlying
mechansim? In other words, are different SPFH domain proteins responsible for the same
tasks at different subcellular localisations?
Early on after the discovery of the SPFH domain (or band-7 domain) it was suggested that
the common underlying mechanism of all members lies in the regulation of a membranebound protease (Tavernarakis et al., 1999). This has so far been proven for prohibitins and
stomatin-like proteins. When the PID protein family was identified in plants, the authors
suggested this common mechanism to be the regulation of ion channels (Nadimpalli et al.,
2000). So far, both of these mechanisms have only been partly verified for a subset of
band-7 family proteins.
A common mechanism of action between band-7 family proteins is now regarded the
ability of the band-7 domain to bind certain lipids such as sterols. This way, band-7 family
proteins actively contribute to the assembly of lipid microdomains and protein complexes
in a variety of membranes. Thus, they can be described as “organisers” of organelles and
subcellular compartments (Browman et al., 2007). This apparently happens in a variety of
subcellular compartments by different, specialised SPFH domain proteins. Closely related
to this issue is the question about redundancy between band-7 family proteins. At least
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some of them share the same subcellular compartment, as it is the case for prohibitins and
stomatin-like proteins in mammalian and in plant cells. Very recent evidence suggests that
both mitochondrial prohibitins and stomatin-like proteins from mammalian cells interact
with membrane-bound GTPases. These proteins are implicated to mediate mitochondrial
fusion events that are important during various stages of the cell cycle. Human Slp2
interacts with mitofusin-2, a GTPase of the outer mitochondrial membrane, whereas
prohibitin interacts with OPA1, a GTPase of the inner membrane. At least in this case it
appears that these two types of band-7 family proteins affect the same pathway by the
same molecular mechanism, thereby complementing each other. Neither of these GTPases
has direct homologues in plant mitochondria. However, mitochondria in plants are
fundamentally differently organised from animal mitochondria, namely as discrete
organelles rather than as a tubular network. Plant mitochondria also undergo constant
fusion and fission, but unlike animal mitochondria, they do not exist as a continuing
network (Logan, 2006a). Based on the relatively mild phenotypes observed after
knockdown of HsSlp2 in mammalian cells, it was suggested that prohibitins could possibly
partially take over Slp2 functions (Hajek et al., 2007;Da Cruz et al., 2008). However, the
fundamental structure of prohibitin and Slp2 complexes in the mitochondrial inner
membrane is rather different and would argue against a high level of redundancy. In
Arabidopsis, the relatively subtle phenotypes observed with the single slp1 knockout
mutant would also argue for partial redundancy on the level of both Slp proteins. It remains
currently open whether an slp double mutant would have more severe phenotypes, or
whether prohibitins could take over general functions lost by an slp double knockout. The
level of redundancy seems even more acute in the case of Arabidopsis that possesses
altogether seven prohibitin genes and two stomatin-like genes. Evidence so far suggestes
that all of these are localised to the mitochondrial inner membrane. Additionally, prohibitin
and stomatin knockouts appear to have similar phenotypes ((Van Aken et al., 2007) and
this study) and prohibitins are also expressend in cells with high metabolic demands
(Coates et al., 2001).
On a general level, partial redundancy between band-7 family proteins that are localised to
the same subcellular compartment seems likely. All band-7 domain proteins are so far
much better studied and understood from animals than from plants. Since these proteins
form a very ancient family that evolved by convergent evolution, their overall protein
structure and function could be remarkably conserved, at least within the core band-7
domain. Putatively, all band-7 domain proteins are additionally regulated by posttranslational modifications such as phosphorylation and acylation. Throughout organisms,
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these proteins commonly act in pairs and form hetero-and homooligomeric building
blocks, or they from complexes with other band-7 family proteins.

6.4 Outlook and suggestions for further experiments
Many issues concerning the function of Slp proteins in Arabidopsis remain currently open.
One of the most intriguing questions concerns the specificity of the two isolated knockout
alleles. Whereas slp1-1 shows a clear growth phenotype, slp1-2 plants grow almost like
wild type plants. On the mitochondrial level, slp1-1 roots take up less TMRE, whereas
slp1-2 seedlings do the opposite. Thus, either slp1 knockout allele supposedly affects the
voltage across the inner membrane. To clarify that these effects are clearly related to the
knockout of the AtSlp1 gene, a Southern blot should be performed. This way, a single TDNA insertion site could be confirmed in both alleles.
Knockout of Slp1 appears to affect the production of ROS in seedling roots or otherwise
actively growing tissue. If Slps influence general mitochondrial function, it would be
expected that this might be even more pronounced in situations of stress. Thus, knockout
plants could be challenged with plant pathogens, and their ROS levels assessed.
Additionally, the extent of the HR following this challenge could be followed by Trypan
blue staining and compared with wild type responses. Human Slp2 is highly upregulated
upon the application of mitochondrial stress such as after treatment with chloramphenicol
(Da Cruz et al., 2008). This reagent blocks mitochondrial protein synthesis and disturbs the
composition of the mitochondrial electron transport chain. It is predicted that this treatment
would also upregulate AtSlps, similar to effects seen after irradiation with UV-B light and
treatment with cycloheximide.
To completely exclude dual targeting of Slp proteins to mitochondria and other
localisations such as the plasma membrane, the putative targeting sequence confined to the
first 50 amino acids of Slp1 could be fused to GFP directly. The resulting subcellular
localisation of this fusion could then be investigated by co-localisation with a
mitochondrial marker. Additionally, the effect on mitochondrial targeting of N-terminally
truncated Slp-GFP fusion proteins could be tested.
To confirm a role of Slp1 in basic oxygen consumption of isolated mitochondria, these
measurements should be repeated with an independent batch of identically grown plants.
Additionally, the effects of SHAM on oxygen consumption via blockage of AOX should
be further investigated. In particular, the role of the alternative respiration should be
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elucidated, and the basic level of proton leakage. This way, it could be confirmed that loss
of Slp1 affects the integrity and level of coupling of the inner membrane.
AtSlp proteins putatively have important functions in specialised cell types with specific
metabolic demands. Thus, Slp function in these cells should be specifically investigated.
For example, the viability of slp1 pollen grains (by a viability stain with FDA or the
assessment of pollen germination rates) would be one way, since the AtSlp1 promoter is
highly active in this cell type. With regard to the reduced production of seeds, it would be
expected that mutant pollen have reduced viability. In addition to pollen, Slp function in
stipules and guard cells could be closer inspected. As judged by basic transpiration rate
measurements using the IRGA chamber, no effect could be seen in the slp1 mutants
compared to wild type plants. However, these quantifications were only calculated at one
set level of photon flux density. Currently it is not known whether differences in stomatal
behaviour would be visible under other circumstances (e.g. under lower or higher light, or
with lower or higher levels of CO2). The concentration of CO2 could have effects on
mitochondrial function in illuminated leaves via activation of the photorespiratory
pathway. In guard cells, chloroplasts putatively function differently from mesophyll cells,
which probably also affects mitochondrial function. The level of redundancy between the
two AtSlps should be further assessed with transgenic plants that are homozygous for the
slp1-1 T-DNA insertion, and at least heterozygous for an RNAi construct silencing AtSlp2.
Currently it is also not known whether the slp1 single insertions affect the morphology or
fusion of mitochondria. It is therefore suggested to make use of mitochondrial marker dyes
to clarify this issue in vivo. Similar to the TMRE staining results, effects on mitochondrial
mass (by staining with MitoTracker Green that accumulates in mitochondria regardless of
their membrane potential) and membrane potential should be compared as it was done for
silenced tobacco prohibitins (Ahn et al., 2006). Mitochondrial dynamics might also be
altered in the slp1 mutant plants. Thus, movements of mitochondria should be followed by
using marker dyes or transient expression of mitochondrial-targeted GFP in the mutant
plants. Since plant mitochondria are known to move along actin filaments, the effects of
pharmacological agents such as cytochalasin D (disrupting the actin cytoskeleton) should
be investigated and compared to wild type mitochondrial behaviour. Additionally,
transmission electron microscopy should be applied to study effects of slp1 knockout on
mitochondrial ultrastructure.
The final confirmation of the specificity of the observed phenotypes in slp1 mutant plants
should be confirmed by complementing these plants with constructs overexpressing Slp1
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protein ideally under its own promoter. Alternatively, it would be interesting to check
whether these single knockout phenotypes could also be complemented by overexpression
of the Slp2 protein. Additionally, the effects of overexpressing prohibitins or the human
Slp2 protein would be interesting to study. This way, the proposed functional homology
between the human protein and the Arabidopsis Slps could be confirmed. With respect to
redundancy amongst Slps or Slps and prohibitins, it would be interesting to study the
effects of a slp1/prohibitin double or even slp1/slp2/prohibitin triple mutant plant.
Considering the effects of dominant-negative Slp overexpression on plant development, it
remains to be clarified whether the membrane-associated fraction of overexpressed protein
could be associated with mitochondria. This could be achieved by tagging the existing DN
proteins at their C-terminus with a fluorophore, or by testing for their presence in purified
mitochondria fractions from dexamethasone-treated DN plants.
Another interesting option would be to overexpress Arabidopsis Slps in mammalian cells.
AtSlps could also complement some of the phenotypes observed after knockdown of
HsSlp2. This has partly already been achieved by Dr. Christian Wunder working in a
collaborating laboratory at the NIH (Maryland, USA), who overexpressed native AtSlps
tagged with a fluorophore at their C-termini. These fusion proteins were observed to be
localised to mitochondria. However, rather than being evenly distributed throughout the
organelles, the Arabidopsis fusion proteins were observed in patches on mitochondria that
could stem from cristae junctions. Ultimately another goal is to assess the effects of
overexpressed identical DN AtSlp constructs on the growth and cell division of
mammalian cell cultures.
Additionally, a set of new transgenic plants in the slp1 single or double knockout (and wild
type) background should be created. These plants would be useful to help elucidating the
role of certain conserved residues for Slp function, based on homology to other stomatintype proteins. Specifically, the single conserved cysteine in Slp1 should be mutated to
alanine. Putatively this residue becomes S-acylated and might aid membrane attachment
and protein complex assembly at specific sites. Related to the mutation of this cysteine,
neighbouring hydrophobic residues could also be mutated, because these are putatively
involved in lowering the pKa required for cysteine protonation. Next, the conserved
proline residue that is responsible for cholesterol binding in podocin and Mec-2 could be
another candidate residue for a point mutation in AtSlps. Mutation of this residue would be
expected to affect microdomain formation and association and might result in similarly
catastrophic phenotypes as those observed in C.elegans (where animals were paralysed).
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The putatively phosphorylated serine residue of the human stomatin protein is also present
in both AtSlps and would be another prime candidate residue for point mutation. Plant
band-7 family proteins also contain other conserved residues such as the alanine (see
Figure 3-4), and a glycine that is conserved between various stomatins from different
species (Figure 3-5). The effects of point mutations in these residues could also help to
elucidate physiological functions of these proteins in vivo, especially with regard to
mitochondria.
To investigate novel functions or to confirm functional homology between plant and
animal Slps, protein interaction partners should be identified. In this case, the use of
protein interaction screens based on the yeast split-ubiquitin system where full-length
membrane proteins are expressed is of little use with respect to the mitochondrial
localisation of these proteins. Similar to the approaches that were used in human cell lines,
protein interaction partners should rather be identified by crosslinking of isolated
mitochondria followed by immunoprecipitation. This could be carried out with wild type
plants, or alternatively with tagged Slp versions that are ideally expressed under their
native promoters. Similar protein interaction partners to those found in animals would be
expected in Arabidopsis, amongst them prohibitins, and some kind of membrane-bound
protease or GTPase.
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Appendix 1
The first part of this appendix includes a set of tables of all protein sequences used for the
phylogenetic analysis in chapter 3. The first two tables contain information about the
animal proteins analysed. The next table contains the band-7 family proteins from yeast,
and the last two tables contain the plant band-7 proteins.
The second part of this appendix shows two tables that include the results from the BLAST
searches using the Plant Genome Duplication database mentioned in chapter 3 (section
3.5.3.1). The first of the two tables contains the results obtained when AtSlp1 was used as
the query, and the second one contains results obtained with AtSlp2 as the query.

412

UniProt ID
P27105
Q9NP85
Q9UBI4
Q9UJZ1
Q8TAV4
P35232
Q99623
O75955
Q14254
O75477
O94905
P54116
Q8CI66
Q99JB2
Q6PE84
P67778
O35129
Q27433
Q19200
Q19958
Q20657
Q22165
Q21190
Q17372
P0ABC3
P0ABC7

Species

Name

Abbreviation

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Escherichia coli
Escherichia coli

Stomatin
Podocin
Stomatin-like protein-1
Stomatin-like protein-2
Stomatin-like protein-3
Prohibitin
Prohibitin-2
Flotillin-1
Flotillin-2
Erlin-1
Erlin-2
Stomatin
Stomatin-like protein-1
Stomatin-like protein-2
Stomatin-like protein-3
Prohibitin
Prohibitin-2
Mec-2
Stomatin-1
Stomatin-2
Stomatin-3
Stomatin-4
UNC-1
UNC-24
HflC
HflK

HsStomatin
HsPodocin
HsSlp-1/STORP
HsSlp-2
HsSlp-3
HsPHB
HsPHB-2
HsFlotillin-1
HsFlotillin-2
HsErlin-1
HsErlin-2
MmStomatin
MmSlp-1
MmSlp-2
MmSlp-3
MmPHB
MmPHB-2
CeMec-2
CeSto-1
CeSto-2
CeSto-3
CeSto-4
CeUNC-1
CeUNC-24
EcHflC
EcHflK

Animal and bacterial band-7 family proteins (part I).

Gene ID Length (aa) PROSITE Position Domain #1 Position
2040
7827
9399
30968
161003
5245
11331
10211
N/A
10613
11160
13830
69106
66592
229277
18673
12034
180826
181017
180802
191966
181350
180458
177594
948697
948698

288
383
398
356
291
272
299
427
379
346
339
284
399
353
287
272
299
481
330
314
267
281
285
415
334
419

PS01270
PS01270

167-195
238-266

PS01270

164-192

PS01270

167-195

PS01270

160-188

PS01270
PS01270
PS01270
PS01270
PS01270
PS01270

254-282
176-204
206-234
152-180
163-191
168-196

Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7
Band7

53-228
124-299
78-241
37-211
50-225
26-218
39-232
1-185
1-139
22-211
24-211
53-228
78-285
37-211
46-221
26-218
39-232
140-315
63-237
92-267
38-213
49-224
54-229
87-278
19-244
96-270
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UniProt ID Domain #2
P27105
Stomatin
Q9NP85
Stomatin
Q9UBI4
Stomatin
Q9UJZ1
Stomatin
Q8TAV4
Stomatin
P35232
Prohibitin
Q99623
Prohibitin
O75955
Flotillin
Q14254
Flotillin
O75477
O94905
P54116
Stomatin
Q8CI66
Stomatin
Q99JB2
Stomatin
Q6PE84
Stomatin
P67778
Prohibitin
O35129
Prohibitin
Q27433
Stomatin
Q19200
Stomatin
Q19958
Stomatin
Q20657
Stomatin
Q22165
Stomatin
Q21190
Stomatin
Q17372
Stomatin
P0ABC3
HflC
P0ABC7
Stomatin

Position
Domain #3 Position Subcellular Localisation
59-81, 108-129, 143-160, 163-186, 187-205, 206-227, 231-254
PM, endosomes
130-152, 179-200, 214-231, 234-257, 258-276, 277-298, 302-325
PM
84-106, 131-152, 166-183, 186-209
SCP2
287-398 Membrane
43-65, 91-112, 126-143, 146-169, 170-188, 189-210
Mitochondrion
56-78, 105-126, 140-157, 160-183, 184-202, 203-224, 228-251
Membrane
70-86, 88-107, 111-129, 134-150, 157-176, 182-205, 205-221
Mitochondrion
84-100, 102-121, 125-143, 148-164, 171-190, 196-219, 219-235
Mitochondrion
190-363
PM
144-317
PM
ER
ER
59-81, 108-129, 143-160, 163-186, 187-205, 206-227, 231-254
PM
84-106, 131-152, 166-183, 186-209
SCP2
288-399 Membrane
43-65, 91-112, 126-143, 146-169, 170-188, 189-210
Membrane
52-74, 101-122, 136-153, 156-179, 180-198, 199-220, 224-247
PM
70-86, 88-107, 111-129, 134-150, 157-176, 182-205, 205-221
Mitochondrion, cytoplasm, nucleus
84-100, 102-121, 125-143, 148-164, 171-190, 196-219, 219-235
Mitochondrion, cytoplasm, nucleus
146-168, 195-216, 230-247, 250-273, 274-292, 293-314, 318-341
Membrane
69-91, 117-138, 152-169, 172-195, 196-214, 215-236, 240-263
Membrane
98-120, 147-168, 182-199, 202-225, 226-244, 245-266, 270-293
Membrane
44-66, 93-114, 128-145, 148-171, 172-190, 191-212, 216-239
Membrane
55-77, 104-125, 139-156, 159-182, 183-201, 202-223, 227-250
Membrane
60-82, 109-130, 144-161, 164-187, 188-206, 207-228, 232-255
Membrane
93-115, 140-161, 175-192, 221-239
SCP2
307-412 Membrane
1-327
Membrane
102-124, 149-170, 184-201
HflK
97-356 Membrane

Animal and bacterial band-7 family proteins (part II).
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UniProt ID
P40961
P50085
Q9P7H3
O94550
O60121
Q59X52
Q59XK2
Q5A411
Q59SS4
Q5AEB1
Q5AND0
A3LYB1
A3LTY5

Species
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Schizosaccharomyces pombe
Schizosaccharomyces pombe
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Pichia stipitis
Pichia stipitis

UniProt ID Domain #2
P40961
Prohibitin
P50085
Prohibitin
Q9P7H3
Prohibitin
O94550
Prohibitin
O60121
Stomatin
Q59X52
Stomatin
Q59XK2
Stomatin
Q5A411
Stomatin
Q59SS4
Prohibitin
Q5AEB1
Prohibitin
Q5AND0
Prohibitin
A3LYB1
Stomatin
A3LTY5
Stomatin
Yeast band-7 family proteins.

Name
PHB-1
PHB-2
PHB-1
PHB-2
N/A
Slp-2
Slp-2
Slp-99
PHB-1
PHB-12
PHB-2
Slp-3
Stomatin family protein

Abbreviation
ScPHB-1
ScPHB-2
SpPHB-1
SpPHB-2
O60121
Q59X52
Q59XK2
Q5A411
Q59SS4
Q5AEB1
Q5AND0
A3LYB1
A3LTY5

Gene ID Length (aa) Domain #1
953033
287
Band7
853146
310
Band7
2542354
282
Band7
2538888
279
Band7
2539877
354
Band7
3644246
263
Band7
3644091
263
Band7
3641891
350
Band7
3645641
283
Band7
3638297
321
Band7
3635238
303
Band7
4840269
340
Band7
4838935
367
Band7

Position
Subcellular Localisation
72-88, 90-109, 113-131, 136-152, 159-178, 184-207, 208-223
Mitochondrion
101-117, 119-138, 142-160, 165-181, 188-207, 213-236, 237-252 Mitochondrion
69-85, 87-106, 110-128, 133-149, 156-175, 181-204, 205-220
Mitochondrion
79-95, 97-116, 120-138, 143-159, 166-185, 191-214, 215-230
Mitochondrion
58-80, 106-127, 141-158, 161-184, 185-203, 204-225
Mitochondrion
106-128, 154-175, 234-252
N/A
106-128, 154-175, 234-252
N/A
128-149, 163-180, 183-206, 207-225, 226-247
N/A
70-86, 88-107, 111-129, 134-150, 157-176, 182-205, 206-221
N/A
108-124, 126-145, 149-167, 172-188, 195-214, 220-243, 244-259 N/A
99-115, 117-136, 140-158, 163-179, 186-205, 211-234, 235-250 N/A
121-142, 156-173, 176-199, 200-218, 219-240
N/A
130-151, 165-182, 210-228, 229-250
N/A

Position
28-220
57-249
25-217
35-227
52-226
100-263
100-263
75-248
26-218
64-256
55-247
68-241
76-251
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UniProt ID
Q93VP9
Q9LVW0
Q9SRH6
Q9FHM7
Q9FM19
Q9CAR7
Q9ZQ87
Q501E6
Q4V3D6
Q9LV90
O49460
Q9ZNT7
Q3EDJ1
O04331
Q9LK25
Q9LY99
Q9SIL6
Q9FFH5
A7P6L9
A9T1F8
Q7EZD2
A2YRF1
A3BPU1
Q9M585
A8JI52

Species
Name
Abbreviation Gene ID Gene (AGI)
Length (aa) Domain #1 Position
Stomatin-like protein-1 AtSlp1
828868 At4g27585
411
Band7
62-236
Arabidopsis thaliana
Stomatin-like protein-2 AtSlp2
835497 At5g54100
401
Band7
105-279
Arabidopsis thaliana
HIR
At3g01290
821309 At3g01290
285
Band7
6-182
Arabidopsis thaliana
Band7/HIR?
At5g51570
835231 At5g51570
292
Band7
12-195
Arabidopsis thaliana
HIR
At5g62740
836395 At5g62740
286
Band7
6-182
Arabidopsis thaliana
HIR-like
At1g69840
843320 At1g69840
286
Band7
6-182
Arabidopsis thaliana
ER protein (Erlin-like) At2g03510
814880 At2g03510
356
Band7
46-235
Arabidopsis thaliana
Flotillin/nodulin-like
At5g25250
832596 At5g25250
470
Band7-related N/A
Arabidopsis thaliana
Flotillin/nodulin-like
At5g25260
832597
At5g25260
463
Band7-related N/A
Arabidopsis thaliana
Flotillin/nodulin-like
At5g64870
836610 At5g64870
479
Band7-related N/A
Arabidopsis thaliana
PHB1
At4g28510
828969 At4g28510
288
Band7
35-227
Arabidopsis thaliana
PHB2
At1g03860.1 839228 At1g03860.1
286
Band7
35-227
Arabidopsis thaliana
PHB2
At1g03860.2 839228 At1g03860.2
221
Band7
2-162
Arabidopsis thaliana
PHB3
At5g40770
834077 At5g40770
277
Band7
31-223
Arabidopsis thaliana
PHB4
At3g27280
822347 At3g27280
279
Band7
31-223
Arabidopsis thaliana
PHB5
At5g14300
831210 At5g14300
249
Band7
23-189
Arabidopsis thaliana
PHB6
At2g20530
816575 At2g20530
286
Band7
33-225
Arabidopsis thaliana
PHB7
At5g44140
834437 At5g44140
278
Band7
35-227
Arabidopsis thaliana
Band7 protein
A7P6L9
N/A
N/A
420
Band7
68-242
Vitis vinifera
pred. protein (fragment) A9T1F8
5935671
N/A
292
Band7
10-184
Physcomitrella patens
Q7EZD2
4344707 Os08g0158500
377
Band7
56-230
Oryza sativa subsp. japonica Band7 protein
A2YRF1
N/A
N/A
377
Band7
56-230
Oryza sativa subsp. indica Band7 protein
A3BPU1
N/A
N/A
405
Band7
84-258
Oryza sativa subsp. japonica Band7 protein
Stomatin-like protein
Q9M585
541819
N/A
394
Band7
57-231
Zea mays
5729177
N/A
372
Band7
98-272
Chlamydomonas reinhardtii pred.protein (fragment) A8JI52

Plant band-7 family proteins (part I).
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UniProt ID Domain #2 Position
Subcellular Localisation
Q93VP9
Stomatin
116-137, 151-168, 171-194, 195-213, 214-235
mitochondrion, plastid
Q9LVW0
Stomatin
159-180, 194-211, 214-237, 238-256, 257-278
mitochondrion, plastid
Q9SRH6
Stomatin
60-81, 117-140, 160-181
membrane, PM
Q9FHM7
chloroplast?
Q9FM19
PM
Q9CAR7
PM
Q9ZQ87
ER
Q501E6
Flotillin-related
N/A
unknown
Q4V3D6
Flotillin-related
N/A
unknown
Q9LV90
Flotillin-related
N/A
unknown
O49460
Prohibitin 79-95, 97-116, 120-138, 143-159, 166-185, 191-214, 215-230 mitochondrion, complex1
Q9ZNT7
Prohibitin 79-95, 97-116, 120-138, 143-159, 166-185, 191-214, 215-230 mitochondrion, plastid, complex1
Q3EDJ1
Prohibitin 14-30, 32-51, 55-73, 78-94, 101-120, 126-149, 150-165
membrane
O04331
Prohibitin 75-91, 93-112, 116-134, 139-155, 162-181, 187-210, 211-226 mitochondrion, complex1
Q9LK25
Prohibitin 75-91, 93-112, 116-134, 139-155, 162-181, 187-210, 211-226 mitochondrion, cell wall?
Q9LY99
Prohibitin 67-83, 85-104
mitochondion
Q9SIL6
Prohibitin 77-93, 95-114, 118-136, 141-157, 164-183, 189-212, 213-228 mitochondrion
Q9FFH5
Prohibitin 79-95, 97-116, 120-138, 143-159, 166-185, 191-214, 215-230 membrane/mitochondrion
A7P6L9
Stomatin
74-96, 122-143, 157-174, 177-200, 201-219, 220-241
membrane
A9T1F8
Stomatin
16-38, 64-85, 99-116, 119-142, 143-161, 162-183
membrane
Q7EZD2
Stomatin
62-84, 110-131, 145-162, 165-188, 189-207, 208-229
membrane
A2YRF1
Stomatin
62-84, 110-131, 145-162, 165-188, 189-207, 208-229
membrane
A3BPU1
Stomatin
90-112, 138-159, 173-190, 193-216, 217-235, 236-257
membrane
Q9M585
Stomatin
63-85, 111-132, 146-163, 166-189, 190-208, 209-230
membrane
A8JI52
Stomatin
104-126, 152-173, 187-204, 207-230, 231-249, 250-271
membrane

Plant band-7 family proteins (part II).
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Results of the BLAST searches in the PGDD
Most relevant hits when AtSlp1 (At4g27585) was used as the query:

Locus
At4g27585.1
Cp0003g0176
At5g54100.1
Vv9g0145
Pt12g0366
Os08g0158500
Sb07g003970.1
Pt3918g0001
Ak110776
Pt21041g0002
Pt15g0018
Pt12g0363
Pt12g0362
Pt7830g0001
Pt12g0360
Os08g0255632
Vv4g1066
At3g01290.1
At5g51570.1
Os10g0464000
Vv1g0950
Pt12g1208
Sb02g022890.1
Os06g0136000
Cp0017g0204
Vv16rg0104
Os05g0591900
Os08g0398400
Sb10g002420.1
At5g62740.1
Vv17g0620
Sb07g019760.1
Pt15g1032
Pt17g0283
Os09g0361200
Pt17g0282

Score
e-value
(bits)
734
0
503 e-142
487 e-137
469 e-132
443 e-124
374 e-103
365 e-100
360 6.00E-99
191 4.00E-48
182 2.00E-45
160 5.00E-39
130 7.00E-30
127 4.00E-29
125 2.00E-28
122 2.00E-27
103 1.00E-21
68 4.00E-11
64 6.00E-10
60 1.00E-08
59 2.00E-08
57 8.00E-08
57 1.00E-07
56 2.00E-07
55 5.00E-07
53 1.00E-06
53 1.00E-06
53 2.00E-06
53 2.00E-06
53 2.00E-06
53 2.00E-06
52 2.00E-06
52 3.00E-06
52 3.00E-06
51 5.00E-06
51 7.00E-06
51 7.00E-06

Species
A.thaliana
C.papaya

A.thaliana
V.vinifera
P.trichocarpa
O.sativa
S.bicolor
P.trichocarpa
O.sativa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
O.sativa
V.vinifera
A.thaliana
A.thaliana
O.sativa
V.vinifera
P.trichocarpa
S.bicolor
O.sativa
C.papaya

V.vinifera
O.sativa
O.sativa
S.bicolor
A.thaliana
V.vinifera
S.bicolor
P.trichocarpa
P.trichocarpa
O.sativa
P.trichocarpa
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Most relevant hits when AtSlp2 (At5g54100) was used as the query:

Locus
At5g54100.1
At4g27585.1
Cp0003g0176
Vv9g0145
Pt12g0366
Os08g0158500
Sb07g003970.1
Pt3918g0001
Ak110776
Pt21041g0002
Pt15g0018
Pt12g0363
Pt12g0362
Pt7830g0001
Pt12g0360
Os08g0255632
At3g01290.1
At5g51570.1
Pt12g1208
Vv4g1066
At5g62740.1
Vv1g0950
Os06g0136000
Sb02g022890.1
Cp0017g0204
Vv17g0620
Os08g0398400
Pt17g0283
Vv16rg0104
Pt15g1032
Cp0003g0279
Sb10g002420.1
Pt17g0282
Os05g0591900
Sb07g019760.1
Pt12g0629
Os10g0464000
Sb09g030530.1
Os09g0361200
Cp0005g0273
Pt3297g0001
At1g69840.1

Score
(bits)
729
498
474
460
433
381
378
362
218
183
147
142
117
115
112
93
74
66
66
65
65
64
64
63
62
62
62
61
61
61
61
61
59
58
58
58
57
56
55
54
51
51

e-value
0
e-141
e-133
e-129
e-121
e-105
e-104
1.00E-99
2.00E-56
6.00E-46
7.00E-35
2.00E-33
8.00E-26
3.00E-25
2.00E-24
1.00E-18
6.00E-13
2.00E-10
2.00E-10
4.00E-10
5.00E-10
6.00E-10
1.00E-09
1.00E-09
2.00E-09
3.00E-09
4.00E-09
5.00E-09
5.00E-09
6.00E-09
6.00E-09
6.00E-09
3.00E-08
5.00E-08
6.00E-08
6.00E-08
8.00E-08
2.00E-07
4.00E-07
7.00E-07
6.00E-06
6.00E-06

Species
A.thaliana
A.thaliana
C.papaya

V.vinifera
P.trichocarpa
O.sativa
S.bicolor
P.trichocarpa
O.sativa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
P.trichocarpa
O.sativa
A.thaliana
A.thaliana
P.trichocarpa
V.vinifera
A.thaliana
V.vinifera
O.sativa
S.bicolor
C.papaya

V.vinifera
O.sativa
P.trichocarpa
V.vinifera
P.trichocarpa
C.papaya

S.bicolor
P.trichocarpa
O.sativa
S.bicolor
P.trichocarpa
O.sativa
S.bicolor
O.sativa
C.papaya

P.trichocarpa
A.thaliana
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Appendix 2
Table with primer sequences. Numbers correspond to the individual primers used as

Results Chapter 4

Results Chapter 3

indicated in Materials and Methods. The table continues on the next page.

Primer No. Construct/Use

Primer name

Sequence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Slp2
Slp2
pUC18-Slp2
pUC18-Slp2
pUC18-Slp2
pUC18-Slp2
pUC18-Slp2
pQE80L-Slp1 epitope
pQE80L-Slp1 epitope
pQE80L-Slp2 epitope
pQE80L-Slp2 epitope
pGEX4T-1::Slp2 epitope
pGEX4T-1::Slp2 epitope
AtSlp1 probe
AtSlp1 probe
AtSlp2 probe
AtSlp2 probe
pDRIVE-AtSlp1 promoter
pDRIVE-AtSlp1 promoter
pDRIVE-AtSlp2 promoter
pDRIVE-AtSlp2 promoter

Forward
Reverse
Forward_PstI
Reverse_EcoRI
M_for
R1-EcoRI_rev
F2-PstI_for
Sol-stom-27585_for
Sol-stom-27585_rev
Sol-stom-54100_for
Sol-stom-54100_rev
Sol54100-pGEX_for
Sol54100-pGEX_rev
N-RT_for
N-RT_rev2
A-RT_for2
A_LP
P.27585_for
P.27585_rev
P.54100_for
P.54100_rev

22

pCAMBIA1301-P(AtSlp1)

P27585l-PstI_for

23

pCAMBIA1301-P(AtSlp1)

P27585-NcoI_rev

ATGAATCAGCTCGCGCTTTCAAG
CTACTCCAGAAGTTTCCCTGAAAC
TTTCTGCAGATGAATCAGCTCG
TTTGAATTCCTACTCCAGAAGTTTC
CTCAAGCTTTAGGAATG
GATTACGAATTCCTAC
GCTTGCATGCCTGCAGATGAATCAGCTCGCGC
GCTCAAGCTTTAGCATGCTACAAAAGCCTTGTC
CTAGAAAGCTGGCTGCAGCCTGCG
GGGGGATCCAATCAGCTCGCGCTTTC
GGGAAGCTTATCACTGCTGGGAGATGAG
CGCGGATCCAATCAGCTCGCGCTTTCAAGATC
CCGCTCGAGATCACTGCTGGGAGATGAGAAG
AGCTAGAGCACAAGCAACTGC
GGGAATAAAGGTGAATAAGAACACAAG
CAACGATGAATCAGCTCGCG
CGCTCAATCACACAAGCTTTC
TAGAGGTAGATGTGATGTTTTACTAC
CTTCGTGGGAGAATCAGAAAAATG
CGGCTACGGTAGTTTTGGTTTG
CGTTGAAAGCTGTGTAACTAACTC
AAAACTGCAGTAGAGGTAGATGTGATGTTTT
ACTAC
CATGCCATGGCTTCGTGGGAGAATCAGAAA
AATG
AAAACTGCAGCGGCTACGGTAGTTTTGGTTTG
CATGCCATGGCGTTGAAAGCTGTGTAACT
AACTC
CTACTGCGGATCCTTGTTGC
GAGAACGTCAAGCCCATATC
ctCCAGAAGTTTCCCTGAAAC
GATCTTTGCCGGAAAACAATTGGAG
CGACTTGTCATTAGAAAGAAAGAGATAAC
CATGCCATGGGAATGAACCACCTCGTTCGT
AAAAGC
CATGCCATGGCCTGCGGATCCTTGTTGCGG
CATGCCATGGGAATGAATCAGCTCGCGCTTTC
CATGCCATGGCCTCCAGAAGTTTCCCTGAAAC
TTGGAATTCATGAACCACCTCGTTCGTAAAA
GCTCCG
GGAATTCCTACTGCGGATCCTTGTTGCG
TTGGAATTCATGAATCAGCTCGCGCTTTC
TTGGAATTCCTACTCCAGAAGTTTCCCTG
AACTCAAACTATGCACACTTACCTTTATATATAG
GGGAATAAAGGTGAATAAGAACACAAGG
GCGTTTTACTTCTGCGTCTGCG
AAAGATAACAAGAGCCAACACTTAGAAG
CAATCCTGCTAGCATGATCGCTCAAG
GTCGACCTGCAGGCGGCC
AAACTTCTGGAGGGTACCTAGAATCCTC
AGGATTCTAGGTACCCTCCAGAAGTTTC
CGGGGTACCATGGTAGATCTGACTAG
CGGGGTACCTTTGTATAGTTCATCCATG

24

pCAMBIA1301-P(AtSlp2)

P54100s-PstI_for

25

pCAMBIA1301-P(AtSlp2)

P54100-NcoI_rev

26
27
28
29
30

RT-PCR Slp1
RT-PCR Slp2
RT-PCR Slp2
RT-PCR ubiquitin control
RT-PCR ubiquitin control

N-RT_rev
ACK-RT_for
ACK-RT_rev
UBQ10_for
UBQ10_rev

31

pTEY-Slp1-YFP

4g27585-NcoI_for

32
33
34

pTEY-Slp1-YFP
pTEY-Slp2-YFP
pTEY-Slp2-YFP

4g27585-NcoI_rev
5g54100-NcoI_for
5g54100-NcoI_rev

35

pTEY-YFP-Slp1

4g27585-EcoRI_for

36
37
38
39
40
41
42
43
44
45
46
47
48

pTEY-YFP-Slp1
pTEY-YFP-Slp2
pTEY-YFP-Slp2
pGEM-gen. Slp1
pGEM-gen. Slp1
pGEM-gen. Slp2
pGEM-gen. Slp2
pGEM-gen. Slp2-KpnI
pGEM-gen. Slp2-KpnI
pGEM-gen. Slp2-KpnI
pGEM-gen. Slp2-KpnI
pGEM-gen. Slp2-GFP6
pGEM-gen. Slp2-GFP6

Stomatin1_rev_EcoRI
5g54100-EcoRI_for
5g54100-EcoRI_rev
Genomic-sto1_for
Genomic-sto1_rev
Genomic-sto2_for
Genomic-sto2_rev
Gen-sto2-NheI_for
Gen-sto2-PstI_rev
Gen-sto2-KpnI_for2
Gen-sto2-KpnI_rev2
GFP6-KpnI_for
GFP6-KpnI_rev
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Primer No.
49
50
51
52
53
54
55
56

Construct/Use

Primer name

Sequence

Genotyping of slp1-1
Genotyping of slp1-1
Genotyping of slp1-2
Genotyping of slp1-2
Genotyping of slp1-3
Genotyping of slp1-3
Genotyping of slp1-4
Genotyping of slp1-4

210_D11-_LP
210_D11_RP
65_C05-LP
65_C05-RP
J-LP
J-RP
114_D09-LP
114_D09-RP

57

SAIL T-DNA insertion

LB3

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

SALK T-DNA insertion
SM insertion primer
SALK_090074
SALK_090074
SM_3_810
SM_3_810
SALK_017306
SALK_017306
RT-PCR slp1-1
RT-PCR slp1-1
RT-PCR slp1-3
RT-PCR slp1-3
DN(Slp1)
DN(Slp1)
DN(Slp2)
DN(Slp2)

Lba1
Spm32
A_LP
A_RP
C_LP
C_RP
K_LP
K_RP
N-RT_for
N-RT_rev
J-RT_for
J-RT_rev
27585-dn_for
27585-dn_rev
54100-dn_for
54100-dn_rev

74

pTA-myc-DN(Slp1)

27-dom-neg_for

75

pTA-myc-DN(Slp1)

27-dom-neg_rev

76

pTA-myc-DN(Slp2)

54-dom-neg_for

77

pTA-myc-DN(Slp2)

54-dom-neg_rev

AGCTAGAGCACAAGCAACTGC
AACCGAACCGAATAATAACGG
GGCAATCCCATATCAACATTG
TTCTCACCCATGTCTTCCAAC
TTATATTGGCTCCGATTGGTG
TCTCAACGCCATAAGAAGCTAAC
TCAAAAATTCCTTGCAAATGG
CAAGAGGAAAATGGATTGGTG
TAGCATCTGAATTTCATAACCAATCTCG
ATACAC
TGGTTCACGTAGTGGGCCATCG
TACGAATAAGAGCGTCCATTTTAGAGTGA
CGCTCAATCACACAAGCTTTC
CCATTTTCCCAAGGAGGAAAC
TGATTCATCGTTGAAAGCTGTGTAACTAA
ATGTCGCGAATTTTATGCATGTATGTTA
GAGGAAATCCAGAGAAAAACCTC
GTGGGCTGCGTTTGTATATTG
AGCTAGAGCACAAGCAACTGC
CTACTGCGGATCCTTGTTGC
GAAGATGAACCACCTCGTTC
CCATCGATGTGGATACTAACG
CTCAAGGAAGAAGCTATCCCG
CTACTGCGGATCCTTGTTGC
CTAAAGGAAGAAGCGATTCCTATTGG
CTACTCCAGAAGTTTCCCTGAAAC
CCGCTCGAGATGGAGCAGAAATTGATCAGCGA
GGAAGACTTGCTCAAGGAAGAAGC
GGGGGGGCCCAATTTTGGGGGACTAGTCTA
CTGCGGATCC
CCGCTCGAGATGGAGCAGAAATTGATCAG
CGAGGAAGACTTGCTAAAGGAAGAAGC
CCCCGGGGGCCCAATTTTGGGGGACT
AGTCTACTCCAGAAGTTTC
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