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Abstract

Glucose homeostasis depends on the ability of insulin to stimulate glucose uptake into bott
muscle and adipose tissue by promoting the translocation of gli@sporters (GLUT4)

from intracellular sites to the plasma membrane (PM). In individuals with Type 2 diabetes
the ability of insulin to stimulate glucose transport is impaired. The incidence of Type 2
diabetes is increasing worldwide, highlighting tleed to understand the molecular basis

of insulin-stimulated glucose uptake. GLUT4 translocation is a specialised example of

vesicular trafficking.

Within the context of vesicle trafficking, all eukaryotic cells contain a common set of
conserved componentssponsible for the execution of membrane fusion. Central to this
machinery are members of the SNARE (soluble NSF attachment protein receptor) family
of proteins.The process of SNARIediated membrane fusion needs to be tightly
regulated and the SNAREGgieins are partially responsible for the specificity in
communication between eukaryotic subcellular organelles. Other proteins such as the
Seclp/ Muncl8 (SM) proteins were shown to be essential for SNA&HEated membrane
fusion. Several methods were usedest the ability of SNARE proteins to drive

membrane fusion, and one of the most important methods described to date igtthe

fusion assay used in this study.

The first topic addressed in this thesis was related to the molecular interactivesritbe
regulatory SM proteitMuncl18c and the SNARE proteins VAMP2 and syntaxiiZe use

of pull-down assays revealed the novel fact that Munc18c interacts not only with the t
SNARE syntaxin 4 but also with theSNARE VAMP2via its SNARE motif. The SMv-
SNARE interaction was disrupted by the presence of syntaxin 4 revealing that these two
SNARE proteins compete for binding to Munc18c. Next, the role of Munc18c in
membrane fusion driven by four different versions of syntaxin 4 plus SNAP23 and
VAMP?2 liposomes, was investigated using the vedlaracterisedh vitro fusion assay
Resultssuggested that Munc18c negatively regulates SNAREiated membrane fos

by inhibiting the formation of SNARE complexdsterestingly, deletion of the first 36
amino ad@s of syntaxin 4 was not sufficient to suppress Munc18c negative regulation of
fusion indicating that this inhibition might involve other interactions apart from the short
N-terminal peptide of syntaxin &inally, the role of phosphorylation in SNAREmplex
formation was assessed using several techniques such-disesited mutagenesis, pull

down assays and radiolabelling studi@ata obtainedevealed that both syntaxin 4 and



Munc18c become phosphorylatiedvitro by a recombinant cytoplasmic insuteceptor
kinase (CIRK)Munc18c phosphorylated by CIRK was unable to bind syntaxinviro.
Furthermore, posphomimetic mutations were also introducedboth proteins and pull
down assays indicated that phosphorylated Munc18c is unable to intetabbit

syntaxin 4 and VAMP2, whereas phosphomimetic mutations in syntaxin 4 did not affect
the interaction with its cognate SNARE proteins and Munc18c. These results were very
useful to further understand and confirm the importance of phosphorylatiorAREN

complex formation.

Collectively, these data suggest that Munc18c acts through different modes of interaction
with its cognate SNARE proteins, and support a model in which Munc18c negatively
reguates SNARE complex formatioklowever, this regulation ight also be dependent

on other factors such as phosphorylation upon insulin signalling.
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1.1 The importance of membrane trafficking

The plasmanembrangPM) is a structured bilayer of phospholipja$holesteroand
protein molecules which serves as a barrier between the cell and the extracellular
environment. The selective permealilitf the membrane allowanly lipophilic molecules
in or out of the cell. Other molecules can only cross the cell membrsmecific
transportersire involved. This process allows tA® to maintain a stable internal

environment.

Eukaryotic cells are copartmentalised into different membraoeund organelles
containing specific proteins and lipids. In order to maintain homeostasissef the
organellesmembrane trafficking is essential. Cells require two main trafficking pathways
to maintain cellular intgrity: the secretory and endocytic pathways

1.1.1 The secretory and endocytic pathways

More than 30 years agib,wasdemonstrated that newly synthesised secretory proteins pass
through several membra@aclosed organelles such as the endoplasmic reticului (ER
the Golgi omplex, and secretory granules their way to th&M where vesicles finally
fuse releasing their contents extracellulgfalade 1975) This process corresponds to the
secretory pathway, which is also known &sa@ytosis. There are two types of secretory
pathway: constitutive and regulated@he first pathwaylelivers proteinso thePM from the
Golgi apparatus. In the second pathwaothsolubleand integral membrargoteinsare
initially stored in secretory vesicles for later release. These vesicles accumulate at the
target membrane in preparation for fusion, until triggered to fuse in response to
extracellular signals. Thigguated exocytic pathwaig found mainly in cells speciaksl

for secreting products such as hormones, neurotransmitters, or digestive efvaymes
Vliiet et al, 2003)

In the endocytic pathwaygefinedregions of thé®M invaginate to form endocytic vesisle
which pinch off to form intracellular vesicles, so allowmglecules to be internalisedhd
thentransported to the early endosome where sorting oddarsy ofthe endocytosed
moleculesend up in lysosomes, where they are degradedocytosed molecules can also
be recycled to thBM (e.g.recycling receptors) or transported to TransGolgi network
(TGN) viathe late endosomésan Vlietet al, 2003) Figure 1.1 summarises the

secretory and endocytic pathways.
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Figure 1.1 The secretory and endocytic pathways

The ed arrows correspond toetbiosynthetiesecretory pathwayhereprotein molecules

are transported from the ER to tA#¥. They can also be transportéd late endosomes to
lysosomegwhere molecules are digeste@®reen arrows correspond to the endocytic
pathway where a portion tiie PM is invaginated and pinched off generatengnembrane
boundedvesicletermedendosomeMolecules are packed these vesicleand delivered to
the early endosomes and then to lysosowiekte endosomes. Blue arrows correspond to
the retrieval patlvays. For example, some endocytosed molecules are retrieved from early
endosomes and returned to the cell surface for recycling; Other molecules are retrieved
from the late endosome and recycledhe Golgi apparatus, and finally, some are retrieved
from the Golgi apparatus and returned to the ER.

Figure taken from the book Molecular Biology of the Cell, fourth edition, 2002.

1.1.2 Membrane fusion

In all trafficking pathwaysy e si ¢ | e s b u dcomparimenbyaa pricess that r o
allowsincorporation ottargointo the forming vesiclesrhesevesicles are thetargeted to

a speci f iocomparanent, mtp which tbey releabeir cargo upon fusion of their
limiting membranes. The proper function of vesicle targeting and fisicracial for
maintenace of cellular integrity, normal growth, and for intercellular signalling events,

such as neurotransmission and insulin signalling.

Membrane fusion occurs when two separate lipid bilayers come close together and fuse to
become one lipid bilayer. Fusioart be homotypic (occurs when similar compartments

fuse) or heterotypic (when different compartments fuse).mdéehanism of membrane
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fusion isthought to occuvia anintermediate stage before complete fusion. This stage is
called hemifusion, which occuvghen the apposing monolayers merge, however the distal
monolayers do niChernomordik and Kozig 2005) After hemifusion, a fusion stalk is
formed which therlevelops inta fusion poreresulting in thecomplete membrane fusion

of the two bilayergChernomordik and Kozlov, 2005)

Membrane fusioms not a simple process to achiesrece the energgarrier resulting from
the close apposition of two membranesdso be overcome. The maiaedidates that
help to overcome this energy barrier are the SNARKIEe N-ethylmaleimidesensitive
factor attachment protein recept@roteins, which are assisted by tethering factors and
other regulatory molecules. InterestingBNARE-mediatedmembrae fusion was shown
to transit through a hemifusion intermedigt@ et al, 2005.

1.2 SNARE proteins

SNARE proteins are the main protein mediatdrmembrandusion events. Their finding
was a result of studiassing both genetic and biochemical approaches which sought to
define proteinsnvolved in membrane trafficking. The identiftt@n of NSF {(\-
ethylmaleimideSensitiveFactor), a protein that is present in cytosolic or membrane bound
forms(Glick and Rothman, 198@nd its requirement for membrane fusi@eckerset al.,
1989; Diazet al, 1989; Malhotraet al, 1988)together with the identification of its partner

c a | -SNAP @dluble NSFAssociatiorProtein) (Claryet al, 1990) led scientists to the
discovery of SNARE proteingdn af finity col umn -SMARPWwasi ni n
used to isolateroteins from brain lysates capable of binding to these proteins. This
resulted in the identification dfiree membrane associaf@®IN AP r e c@gein® r s 0
subsequentlknown as SNARE protein&olineret al, 1993b) Further studies revealed
theinteresting observationthitS NAP r e c e p t onetgpé of protemppreserst e d
the synaptic vesiclér-SNARE)and anothetypein thePM (t-SNARE).

The SNARE proteins identified by this study were tF@NARE VAMP, a member of the
synaptobrevin family present on the synaptic vesicle, and SNAREs SNAP25
(synaptosomal protein of 25 kDa) and Syntaxin 1A (Sx 1A) present présgnaptid®M.
These are the most thoroughly characterized SNARE proteirsraddscribed in sections
1.2.1,1.2.2and 1.2.
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In the years since these proteins were identified, much research has established that these
SNARE proteins interact to form a-salled SNARE complex, which acts to drive fusion
of membranes. The structuretbfs complex is discussed further below. It is now equally
clear that that the proteins purified from brain by virtue of their binding to NSErand
SNAP are examples of families of similar proteins. Genome sequencing projects have
established that SNAP receptors exist in all species and acrosslpladalition, gher
eukaryotes have evolved more SNAREs. Of these SNARE proteins there were more
syrtaxins in all the genomes than the other types of SNARIES (Bocket al, 2001)

Before elaboratig further on the mechanism and function of SNARE proteins, the
individual families of SNAPreceptors (syntaxin, VAMP and SNABmilies) will first be
described.

1.2.1 Syntaxins

Syntaxins were first identified as 35 kDa proteins present in the nervous system
corcentrated to th®M of presynaptic neuronBennettet al, 1992) butsince then many
homologues have been identified in many phylsere are currentlg5 syntxins in
mammals and 8 in yeastich localise to different intracellular compartmeandare

cytoplasmically orientedHong, 2005; Tengt al, 20QL).

Mammalian syntaxins contaz88-301 amino acidandare attached to membranga

highly hydrophobidransmembrane domairet the exteme carboxyl terminud@ennettet

al., 1993) Apart from this Gterminal domain, syntaxirmontaina SNARE motif

(discussed in more depth in section 1.2#8) an Nterminal domai. This N-terminal

region isconserved in all isoformshich are localiseat thePM such as syntaxins 1A, 2, 3
and 4(Bennettet al, 1993; Boclet al, 1996; Wonget al,, 1998) Nuclear magnetic
resonance (NMR3pectroscopgnalysis of neuronal Sx 1A revealed thégxminal

peptide as aautcnomously folded region comprisirigree antiparallelhelices(termed

Habc domainonnectediia a flexible linker to theSNARE motif (alsocalled H3 domain)
(Fernandeet al, 1998) Interestingly, thisHabc domain can fold over thet€rminusof

the protein containg the SNARE motif, making several contacts with the H3 domain
(Dulubovaet al, 1999; Misureet al,, 2000) This confers syntaxithe ability to flip

bet ween 2 different conformations: HAopent
important regulatory step in the formation of the SNARE core cex{plulubovaet al,
1999) since syntaxins need to adopt an open conformation to form SNARE complexes

(Suttonet al.,, 1998) This ability was observed in other syntaxins such as yeast syntaxins
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Ssolp, which is functionally meologous to Sx 1A and also contain a similatekminal
domain(Fiebiget al, 1999) Recently, the closed conformation of SX Was shown to
stimulatethe initiation of the synaptic vesicle fusion reacti@erberet al, 2008)

N
Habc
Hinge
H3
N
C C
Open Closed

Figure 1.2 Model of the OPEN and CLOSED conformation of syntaxins

This model was based on the model described by Dulubova and colleagues, which sugges
that Sx 1A adopts two different conformatididxulubovaet al, 1999) The Nterminal

domain, also known as Habc domain, is shown. This terminal autonomously folds and
cont ai reliteharrangd ingarallel (highlighted in reqFernandeet d., 1998)

The SNARE motif, also called H3 domain, is highlighted in blue and the hinge region that
connects the SNARE motif to thetdrminal domain, is also shown. In the closed
conformation, the Habc domain folds back into the SNARE m@iflubovaet al, 1999;
Misuraet al, 2000) Figure made by Prof. Gwyn W. Gould.

1.2.2 SNAP25 family

The first SNARE protein from the SNAfamily to be characterised was SNAP25 which is
present imeuronsand neuroendocrine cel(l®yler et al, 1989) Later, another three
members of the SNAP25 family wereeitified and described &NAP23, SNAP29 and
SNAP47(Holt et al, 2006; Ravichandraet al, 1996; Steegmaiest al, 1998) which
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unlike SNAP25, are ubiquitously expressed. These SNARE proteins are thought to be
directed to the targeted membranes figstslationally and most of them gveripheral
membrane proteins. SNARESs like SNAP25, 23 and 29 do not contaimteambrane
domains and, unlike VAMP and synaxins, contain two SNARE motifs, which participate
in the formation of the SNARE core complex. SNAP25 and SNAP23 were shown to be
palmitoylatedin vivoat cysteine residues located in the linker region which costleeir

two coiledcoil domains helping these proteins to attach to memb(&aee and Liu,

1997; Vogel and Roche, 1998GNAP29, unlikeSNAP25 and SNAP23 is not
palmitoylated and associates with membranadts direct interaction with syntaxins
(Steegmaieet al, 1998)

1.2.3 VAMP family

VAMP (vesicle associated membrane proteingdyoraptobrevinsvere first described as
integral membrane componeimtissynaptic vesicleéTrimble et al, 1988) They are small
conserved proteins of ~120 amino acids which contaiobnerich amino terminus, a
highly charged internal region, and a hydrophobic carbtetyhinaldomain (trans
membrane domain) which anchors the proteithemembrae and, like the syntaxin
family, a SNARE motif of ~7@mino acidgTrimble et al., 1988)

The mammalian VAMP subfamily contains seven members: VAMP1 (synaptobrevin 1),
VAMP2 (synaptobrevin 2), VAMP3 (cellubrevin), VAMP4, VAMP5 (myobrevin),
VAMP7 (tetanus toxin insensitive), and VAMR8&ndobrevinYHong, 2005) VAMP1 is
present primarily in neurons, whereas other VAMP isoforms are more ubiquitously
expressedLin and Scheller, 2000VAMP proteins are localised to several sites and one
isoform can be present in multiple intracellular compartments, such as VAMP2 which is
present both in neurons and in GLUTdntaining vesicle§Volchuk et al, 1995) Other
examples that show overlapping in tieifing steps include VAMP5 and 7 which are both
present at th®M. However, VAMP?7 is also localised in late endosomes and lysosomes
(Advaniet al, 1999; Zenget al, 1998)

1.2.4 The SNARE hypothesis

The identification of the SNARE proteins gave ris¢h® SNARE hypothesis which stated
thatthe formation of a coplex consisting of \GNARES on the vesicle aneSNARES on

the target membrarmeediates docking of the membranes leadinghembrane fusion
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(Sollneret al, 1993a) Although this hypothesis has been widely accepted in the field
some studies have suggested thambrane docking can ocaarthe absence of SNARES
and thatSNARESs are promiscuous vitro (Gagescu, 2000However reconstitution of
yeast SNAREsS into liposomes in several possible combinations have confirmed the
specificity in SNARE pairing and fusioiMcNew et al, 2000)

Figure 1.3 shows a simple schematic representation of the SNARE hypothesis.

Target membrane SNARE complex Fusion
formation

Vesicle

Red = v-SNARE
= t-SNARE
Blue = t-SNARE

Figure 1.3 Schematic representation of the SNARE hypothesis

v- and tSNARES present in opposite membranesfvthe vesicle and bn the target
membrane) come into close proximity which favours the formation of SNARE complexes,
that will eventually drive membrane fusion by overcoming the energy barrier for fusion.

1.2.5 Common structural features of SNARE proteins

The majority of SNARE proteins have at€'minal membrangpanning region (apart

from SNAP25 family), an Nerminal domain and a region characterised by a heptad
repeats of approximately amino acidsaferred to as the SNARE mo(Hong, 2005)

This region is common to all SNAREs and it is critical for SNARE complex formation and
important for fusion specificityPaumetet al, 2004) Monomeric SNARE proteins present
unstructured SNARE motifs, nevertheless upon SNARE complex fornmtheseSNARE
motifs associate forming helical SNARE core complefdstoninet al, 2002; Fasshauer

et al, 1997) The SNARE core complex is described in detail in section 1.2.8.1.
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Figure 1.4shows a general comparison of overall structur@ARE proteins.

N-terminal region I'M domain
A) No= —
VAMPI, 2, 3,5, 8, GS15, Betl
Luoker remicn
B) =T | T )
SNAP-23, SNAP-25, SNAP-29
C)< — ..",' - ) Synll (multiple Cys for palmitoylation)
! ) Ykt6 (C-terminal prenylation)
D)= oz | S
2 L Other SNAREs
\I
\‘
\  N-terminal region classification
E) \
Y
T ———m——  Syn 1,2, 3,4,5,7,11,13, 16,17, 18
N-terminal domain ~ Ha H He
Y Erm——p— Vtila, Vtilb, GS27, GS28, Syn 6,8, 10
Ha Hb He
oo VAMP7, Ykt6, Sec22b, Sec22a, Sec22c
Longin demain
T VAMP4
TCN targeting motif
bovoucooooeouace Sltl, Sec20
Undefined

Figure 1.4 General comparison between domains of different SNARE proteins

(A) Proteins from the VAMP family have short Ntermind region (pink), one SNARE
domain (light blu¢ and a Gterminaltransmembranelomain which anchors VAMP to the
vesiclemembrane (red)B) Members from the SNAP25 famigrecomposed of two
SNARE domainsonnected by a linkgpink) that is postranslationally modified by
addition of palmitate groups to conserved central cysteine resi@)eSome SNARES
that do not possessansmembranelomains (Syntaxin 11 and Yky&)) Most of
syntaxinscontain a @erminaltransmembraneaegion (red), &NARE motif (light blue)
and a Nterminal domairwhich isautonomously folded (pink{E) Comparisons between
the Nterminal domains of different SNARE proteins (This figure wasmtaknd adapted
from Hong, 2005)

1.2.6 Classification of SNAREs

SNARE proteins used to be classified according to their preferred localisation inside the
cell. This could be either on the vesicleIMARE) or at the target membraneS(NARE).
However, this clasfication can notasilybe applied when-and tSNAREs are present

in the same compartmentg, homotypic fusion). This led scientists to further classify
SNARESs according to their structure. Since theHoeiix bundle structure of the SNARE
complex s well conserved among the SNARE family, SNAREs wergassified as Qor
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R-SNAREsS (see below) taking in consideration the most highly conserved residues at the
centre of the fusion complek€. SNARE motifs)(Fasshaueetal., 1998)

1.2.6.1 Q-SNARESs

Q-SNAREs correspond to SNARE proteins that provide a glutamine to the formation of
the central layer of the SNARE complex (also called ionic O layer). Examples come from
the Sx 1A and SNAP25 homologugasshaueet al, 1998) In addition, this group of
SNARESs have been further clagsil into Qa, Qb and Qc SNARESs according to their
position in the SNARE complex. Syntaxins form part of the Qa subgroup, the SNAP25
homologues are part of the Qb (cormsgs to the Nerminal SNARE motif of SNAP25
family) and Qc (corresponds to thet€minal SNARE motif of the SNAP25 fam)lgub
groups(Hong, 2005)

1.2.6.2 R-SNAREs

Since all proteingrom thesynaptobrevin family share a common structure, the observation
of an arginine common to the centrasidue within the SNARE domain of these proteins
suggested their new classification aSRAREs (Fasshauet al, 1998). Since all rules

have exceptions, the exceptions in these cases are yeast Betlp (which provides a serine tt
central layer) and leech synaptobrevin (which provides a lysine to the (Bgsshaueet

al., 198).

1.2.7 The different locations of SNARE proteins

To date, 21 SNARE proteins have been found in yeast and over 35 in mammals. They are
usually found in specific cellular compartments within the cell. This indicates that their
localisation might influence tlrefunction and specificity in membrane traffickifGhen

and Scheller2001) The SNARE proteins can be found at the PM (facing the cytasol),

on intracellular vesicleand organelles (figure 1.5
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Figure 1.5 The different locations of mammalian SNAREs within the cell

Thedifferent location®of mammalian SNAREare depicted. Red =yStaxin famly; Blue
= VAMP family; Green = SNAR25 family; black =others(Taken fromChen and
Scheller, 2001)

1.2.8 SNAREs: The minimal machinery for fusion

SNARE proteins were shown to be the minimal machinery that mediates membrane fusion
in vitro (Weberet al, 1998) The cytoplasmic domains &NAREs selflassemble into a

rod-like SNARE compleXSuttonet al, 1998)stimulating thalocking ofvesicles to target
membrans, and the use of artificial lipid bilayersdwonfirmed tkat SNARE pairing

triggersmembrandusion (Weberet al, 1998)
1.2.8.1 The SNARE core complex

Sx 1A, SNAP25 and VAMP2 were the proteins originally identified as Sikesieptors
(see abovéan section 1.2 Subsequent studies have shown that these proteins form a highly

stable complex, resistant to proteases and SD&laadesistant to cleavadey clostridial
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neurotoxin(Hayashiet al, 1994; Poirieet al, 1998a) This structure (and its relatives
comprised of other cognaBNARE proteins) &s been termed tlware complex.

The SNARE complex is a parallel featranded helical bund(@oirieret al, 1998b)

where onenelix is contributedrom syntaxin, two helices from the SNAP25 family and the
other helix from the VAMP family. This four helices bundle contains a celatyat

t er merdlaydio of i nt er ane R and threelQbydrophilE residues

forming the core of the SNARE compléxence the FENARE and QSNARE

nomenclature outlined previouslg§uttonet al, 1998) Although this well characterised
SNARE complex comes from neurones, comparisons of sequences, length and positions o
some interacting layers of SNARE proteins that act in other tissues suggest that the major
hallmarksof the neuronal SNARE complex are conserfgecall SNARES(Antoninet al,

2002)

Circular dichroism (CD) angsis have indicated that, apart from syntaxin, SNARE
proteins are unstructured and that SNARE complex formation is associated with an
increase in-helicity and thermaltability of the compleXFasshaueet al, 1997) The
change from unstructurenonomers to a tightly packed ternary complex is a favourable
process that helps to overcome energy barfoenmembrane fusio(Fasshaueet al.,

1997) Figure 1.6shows a gemal model of the SNARE complex.
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Vesicle

¢ Target Membrane

Figure 1.6 Hypothetical model of the SNARE core complex

Adaptation of the hypothetical modeltbe synatic fusion complex based dhe X-ray
crystalstructure at 2.4 resolutioncontainingSx 1A, VAMP2 and SNAP25 made by

Sutton and colleaguéSuttonet al, 1998) Sx 1Ais shown in redVYAMP2 is shown in

blue; SNAP25 is shown in green. The tramsmbrane domains of VAMP2 (vesicle) and

Sx 1A (target membrane) are shown in yelldlweoveralls t r uct ur beliceh o ws ¢
highly twisted and parallel to each other forming a bundle.

1.2.8.2 In vitro fusion assay

The ability of SNARES to form a highly ordered and energetically favourable comegdlex
to the suggestion that the formation of the SNARE complex may beisuoffto overcome
the energy barrier to fusevo lipid bilayers. In an effort to test this pgthesis, Rothman
and colleagues used a liposome fusion adsaywas first described by Struck and
colleaguegStrucket al, 1981) Reconstitution experiments using purified nedmnant
SNARE proteinhave shown that they aa$ fusogenpromoting the fusion of two

different populations of liposomes: one containing reconstitt@tdthe other
reconstituted-SNAREs(Weberet al.,, 1998) Such experiments offer conclusive evidence
that SNARESs constitute the basic membrane fusion appakusever, this SNARE

mediated liposome fusion occurs at a much slower rate than vesicle ifusioq
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suggesting that in the caltiditional factors are employed to accelerate the rate of fusion
(Weberet al,, 1998)

Although,in vitro fusion can be mediated by one SNARE complex, where each SNARE
protein is sepataly reconstituted into liposomeis, vivo each exocytic event between
vesicles and membranes are thought to involve more than one set of SNARE proteins.
Interestingly, SNARE proteins are able to form clusters suggesting that more than one
complex of SNAHRE proteins might be necessary for SNAREdiated membrane fusion.

A model was proposed where a cluster of thv88IARES is positioned opposite to a

cluster of three \s6NARES, then the complexes form originating a fusion pore which is
composed of three VAM2 transmembrane domains, and three syntaxin traesnbrane
domaing(Hua and Scheller, 2001} his hypothesis was later confirmed whrexive brain
SNARE complexes wereatatedfrom bovine brain detergent extrgeind also

recombinant neuronal SNARE complexes were generated) and these SNARE complexes
were analysed usingegative staitiransmission electron microscopmce this metho a
useful tool to visualise SNARE hdles(Rickmanet al, 2005) This study identified

oligomers of SNARE protein complexes which acquire forms of star shaped bundles
containing 3 or 4, but also up to 6 SNARE complgfkiskmanet al, 2005) The

oligomeric appearance thditet SNARE bundles acquire could be a result of the interaction
of the SNARE transnembrane domain&.aageet al, 2000) Apart from the trans

membrane domain, the SNARE motif was shown to be also important for the formation of
SNARE clustersn vivo (Sieberet al, 2006)

The liposome fusion assay has been a very important tool to unravel two of the major
functions of SNARE proteins, the first being thedle as mediators of membrane fusion

and the second being the fact that SNARES helps to confer specificity to membrane fusion
(McNew et al., 2000; Webeet al, 1998) The latter function was doubted when

experiments using recombinant purified SNARESs indicated that they can pair
promiscuouslyn vitro (Gagescu, 2000)n cantrast, when purified SNAREs were tested

in the liposome fusion assay, the formationtiains SNARE complexes was mostly

restricted to specificvand tSNARE combinationgMcNew et al, 2000) For example, in
yeast, of the800different combinations dBNARE proteingested usingn vitro fusion

assayg, only nine mediatiision(Shenet al, 2007%.

Fidelity in membrane fusiom vivois not such a simple process to achieve. It requires

other regulatory mechanisms to ensure that specific parsanfit¢*SNARES will
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participate in specific fusion reactions at different intracellular locationss,Tarther
specificity is provided by other proteins. These include tethering proteins that link the
apposing membranes prior to SNARE complex formation, Rab family of GTPases which
promote the initial association of two membranes and Sec1/Muncl8 (Stdjngrarhich

still have a controversial functiqilong, 2005)

1.2.9 SNARE-mediated membrane fusion regulation

SNARE proteins alone are not tbele mediators of membrane fusion. The fact that they
are sufficient to catalyse membrane fusion evantgtro does not mean that under
physiological conditions they are similarly sufficient. Fusion is a very rapid process where
several factors need work in concert to maintain membrane fusion control and

specificity.
1.2.9.1 Sec1/Muncl8 (SM) proteins

Secl/Muncl8 (SM) proteins play an important role in the process of membrane fusion
control. The UNG18 gene was originally identified through studies performeg!.
elegangBrenner, 1974)but homologues have now been described in all organisms
examined. For examplatemperaturesensitive mutation in thEEClgene (secil)
inducedanaccumulation of intracellular ves&s demonstrating that this gene is important
for vesicleexocytosis in yeagiNovick and Schekman, 1979 Drosophilg the Rop
proteinwas shown to bbomologous to the produab$é theS. cerevisiae SLYANdSEC1
genegSalzberget al, 1993) Subsequent stuels have revealed thall intracellular

membrane fusion events involve a Munc18 homold@ueéubovaet al, 1999)

SM proteins are hydrophilic proteins of aroundBDkDa which can be present in the
cytosol or attached to membranea their high affinity interaction with syntaxins. Four

SM proteins in yeast.€. Slylp, Vps45p, Vps33p and Seclp) and seven SM proteins in
mammals ite. Munc18a, Munc18b, and Munc18c, VPS33A, VPS33B, VPS45, and SLY1)
have been identifie(Hong, 2005) Munc18a(also termed 18ecl or Munc18), b (also

termed Muncl®) and dalso termed Munc18) are functionally homologous to yeast
Seclp and act at tlM. Muncl18a (M18a) was found to lpeedominantlyexpressedh the
brain(Hataet al, 1993) whereas the Munc18M18b) and c(M18c) isoforms appeared to

be more ubiquitously expressed throughout different tisStelamet al., 1995) VPS33A

and VPS33B correspond to yeast Vps33p and function in the endocytic pathway. VPS45
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and SLY1 correspond to yeast Vps45p and Slylp, respectively, and are involved in
trafficking at thetrans- andcis-faces of the Golgi apparat(idong, 2005)

Different trafficking events are thought to involve specific SM isoforms. For example,
mice lacking M18a, synaptic transmission is abolished evéntive presence of other SM
isoforms such as M18b and M1B¢erhageet al,, 2000) Thus, one SM protein naot
compensate the loss of anothigull mutations in other isoforms were shown to caaise
reduction in vesicle exocytosgjggesting that SM proteins are essential, not only in
mammals, but also in different organis(@wleset al,, 1994; Harrisoret al, 1994)

It is known that SM proteins are binding partners of syntaxins, and one of the best
Syntaxin/SM interactions studied to €as the one formed by Sx 1A/M18a, which were
shown to form a tight complg®evsneet al, 1994a; Pevsnet al, 1994b) A detailed

study performed by Misura and aedigues solved the crystal structure of this interaction
showing that Mcl8a Aholdso Sx 1A when t hi
therebypreventing Sx 1A from forming SNARE complex@disuraet al, 2000) Figue

1.7, shows théhreedimensionaktructure of the complex betwe8x 1A/M18a and also

the structures of M18a and Sx1A separatBtyth theHabc and H3 regions of Sx 1A

interact with M18a which forms @entral cavitywhich isformed bydomains 1 and 3
(Misuraet al,, 2000) These two domains providiee binding surfaces f@x 1A.
Neverthelessjonain 1 contributes more contacts and generates a lager contact area than
domain 3, contacting Sx 1¥ia the Habc, H3and thefollowing C-terminal extended

region of H3(Misuraet al, 2000)
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Figure 1.7 Ribon representation of M18a, Sx 1A and the complex formed by them

(A) Ribbon representatioof the M18a struct@. NeuronalM18ais an arckshaped

molecule with a central cavify- 15 A wide) Its peptidechain can be divided into three
domains domain 1 blue), domain 2 greer) and domain 3yellow). (B) Ribbon diagram

of Sx 1A showing Habc domain (red), the Hab@&/ithker (orange) and H3 region (purple).

(C) and(D) Ribbon represaation of the M18a/Sx 1&omplex.(C)View looking down

the long Sx 1A helice®)Si mi | ar figure as ¢ but rotat
Misura and colleagug#lisuraet al., 2000)

Interestingly, one of the possible regulators of the formation of Sx 1A/M18a complex is
protein kinase C (PKC). This kinapbosphorylatesdih Ser 306 and Ser 313 (located in
domain 3, near the contact are for Sx 1AMdf8a inhibitingformation ofthe Sx 1A/M18a
complex, however if theomplex isalready formedthese sites can no longer be
phosphorylatedFujita et al, 1996) Other kinases were also shown to be involved in

SM/syntaxin interactions (see more details in chapter 5).
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It is controversialvhether SM proteins play a positive or a negative nelmembrane
fusion eventsThis subject is addressed in more detail in chapter 4.

1.2.9.2 NSF and SNAP

NS F aSNAP pioteins are important regulators of SNAREdiated membrane fusion.
Once membrane fusion is achieved, SNARE proteins remain as a complex in the same
membranedis-SNARE complex). In order to recycle these SNAREs for further rounds of
fusion disassembly of thesésecomplexes is required and this is performed by the action
0f-SNAP and N SRAP mblécules bindib the centre of the SNARE core
complex, and these molecules recruit the hexamericfdi®fitng a transient 20 S

complex which therstimulates lhe ATPase activity of NSfHohl et al, 1998; Marzt al,

2003; Wimmeret al, 2001) NSF only binds SNARE comipe x es i n t he pr e:
SNAP anduses ATP hydrolysis to disassemble the SNARE compl@iagashiet al,

1995) The use of temperatugensitive NSF mutants Drosophilahas shown tt the
inactivation of NSF causes the accumulation of SNARE complexes and a block in synaptic
transmissior{Littleton et al, 198).

1.2.9.3 Rab proteins

Rasassociated binding (Rab) proteins are small GTR@&29 kDa)of the Ras

superfamily vhich are ubiquitously expressadd cycle between the cytosol and different
membrane¢Bock et al, 2001) They form the largest family ahembrandrafficking

proteins, with the number of isoforms varying depending on the species analysed. The
are 11 Rabs in budding yeasts, 2€aenorhabditis elegarendDrosophila

melanogasterand more than 60 in humans and nfieekuda, 2008)Because several
organelles contain multiple Rabs, they might help in the regulation of membrane transport
specificity (Zerial and McBride, 2001)

Rabproteins can exish two different states: a GBBound inactivestate and a GT-P

bound active stat@he switch between these two statesoistrolled by twaclasses of
enzymes: guanine nucleotidgchange factors (GEF, which stimulates the binding o
GTP)and GTPaseactivatingproteins (GAP, whiclaccelerate hydrolysis of the bound
GTP to GDB. When Rab is active, it promotes vesicle trafficking through the interaction
with specific effector moleculg$ukuda, 2008)Rab effectors bind specifically to the
GTP-bound conformation of Rab proteiffsovick and Zerial, 1997)These proteins
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undergo a membrane insertion and extraction ¢cyateexample &DP dissociation
inhibitor (GDI) is responsible fomaintaining the Rab protein the cytosol and also to
deliver Rabs to their specific membrane compartments, whe®B$ displacement factor
(GDF) is needed to maintainemlrane attachmer{Dirac-Svejstrupet al, 1997; Pfeffeet
al., 1995; Shishevat al, 1999)

Several membrane trafficking steps have been shown to require the function of Rab
proteins, which are believed to be involved in the initial contact between vesicles and
membranes (tethering addcking)(Pfeffer and Aivazian, 2004)-or example, in
mammalsRabl10 and Rab4 have been implicated in the regulation of GLUT£&kiatji
(Sanoet al, 2007; Vollenweideet al, 1997) AS160 (Akt substrate of 160 kDa) was also
shown to contribute to the regulation of GLUTA4 trafficking siitae asubstrate oftte
insulin-dependent kinase AkLaranceet al., 2005; Sanet al, 2003; Zeigereet al, 2004)
and serve as a R&bAP for Rab10(Miineaet al, 2005) Rab8a and Rabl4shikuraet al,
2007) Interestingly, SIRNA directed against Rab10 in adipocytes was slweaute
inhibition of GLUT4 translocatio(Sanoet al, 2007) Another example of Rab involved in
membrane trafficking is the function of ttiee Rab GTPasBec4p, which is thought to
controlthe final stage fothe exocytic pathway in yeagNovick et al.,, 2006)

1.2.9.4 The Exocyst

In S. cerevisiaea protén complex termedhei exocyst 06 was identif
fusion(TerBushet al, 1996) The components of thexocyst were initially identified as
products ofyeastsecgenes, but mammalidromoloyues were later identifiethdicating its
importance irall eukaryotegKeeet al, 1997; TerBuslet al, 1996; TerBush and Novick,
1995) Theyeastexocyst complex consists of eight components: Sec3, Sec5, Sec6, Sec8,
Secl0, Secl5, Exo70, and Exd84rBush and Novick, 1995MAn example of a

mammalian homologue is Exo70 in 3L2 adipocytes. It was shown that TC10 activation
(a component of the F&-kinase independent pathway) stimulates Exo70 translocation to
thePM in response to insulin and that Exo70 assembles in a complex that includes Sec6
and Sec8 at theM (Inoueet al, 2003) Interestingly, when a mutant version of Exo70

was overexpressed in adipocytes, insusitimulated glucose uptake was inhibited and also
the extracellular exposure of the GLWprotein(Inoueet al, 2003) Later, Sec6 and Sec8
were also shown to translocate to Bid of adipocytes, antheir overexpression in

adipocytescaused an increase in insuitimulated glucose transp@Bwartetal., 2005)
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Thesedatacollectively indicate that the exocyst complex is an important regulator in
targeting vesicles to their proper site of fusion.

1.2.9.5 Tomosyn

Tomosyn is a 130 kDa cytoplasmic protein that was identified in neurons as a binding
partner ofSx 1A (Fujitaet al, 1998) It is a ubiquitously expressed protein which was also
identifiedin 3T3-L1 adipocytegWidberget al, 2003) It has three splice variants referred
to as m (originahb, b (big one), and s (small oneJomosyn(Yokoyamaet al, 1999)

Tomosyn has aoiled-coil VAMP2-like region in its Gterminal domairand a Nterminal
containing WD repeats (also known as-Fgp orWD40 repeat)Fujitaet al, 1998) The
VAMP2-like regionwas shown to be necessary for its interaction with Sx 1A and for
complex formation with Sx 1A and SNAP25 resembling a typical SNARE core complex
(Yokoyamaet al, 1999) The crystal structure of this complex was resoaed?.0-A
resolutionand showedhat it is very similar to thetsicture of the neuronal complex,
however the surface residues are different and the tomosyn complex is less stable since it |
not SDS resistar{Pobbatiet al., 2004) This study also demonstrated that whenRh
SNARE domain of tomosyn was pbeund to the binary complex Sx 1A/SNAP25, this
prevented VAMP2 binding to binary complex aride versgPobbatiet al, 2004) Since
M18a also associates with Sx 1A, tomosyas shown to havéhe ability to dissociate

M18a from Sx 1A(Fujitaet al, 1998) Interestingly, oveiexpression of tomosyn in PC12
cells resulted in a strong abrogatiohexocytoss which could be a result cbmpetition

with VAMP2 in the formaton of SNARE complexe@-ujitaet al., 1998) Tomosyn was
proposed to be a negative regulator of synaptic transmission and this was confirmed in
C.eleganssince tomosyn nulhutants increased levels of neurotransmitter reldagiebs

et al, 2005). Although a negative role was proposed, a positive role waslelsoted in
other studies dsnock-down of tomoswy in neurons and pancreabiecells caused a
decrease in regulated exocytg@sbaet al, 2005; Chevieet al, 2006)

Tomosyn was also identified in adipocytes where the isoéqpnessed is-homosyn
(Yokoyamaet al,, 1999) Tomosyn binds Sx 4 and SNAP23 and the VAMIR2 domain

in tomosyn was shown to be responsible for the interaction with(B#dberget al.,

2003) Although in neurons tomosyn was shown to compete with M18a for binding to Sx
1A (Fujtaet al, 1998) in adipocytes M18c and tomosyn were shown to bind

simultaneously to Sx @WVidberget al, 2003) In addition, overexpression of M18c and
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tomosyninhibited insulinstimulated GLUT4 translocation to a simiéadtent indicating a
negative role in GLUT4 translocatigividberget al, 2003)

1.3 Glucose transport

Mammalian cells need glose as an energy source. Glucose transpofsndTs) are a
family of integral membrane prates responsible for facilitatinglucose transport through
membranesGLUTSs containl2 predictedmembrane spanning helices with both the amino
and carboxyl terminus exposed to the cyt@sotan be seen in figure 1Bryantet al,

2002) There arehirteen known mammalian isoforms of glucose transportergacial
glucose transporter has different regulatory properties, transport kinetics spedific

role in glucose ptake in various tissues in order to maintain whole body glucose
homeostasis efficiently.
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Figure 1.8 Diagram of the GLUT protein family

GLUT proteins are thought to span the membrane 12 tinteath amine and carboxyl

ends oriented into theytosol. This figure showshe homologous regiorsetween GLUT1

and GLUTA4.In red, are residues that are only present in GLUT4. Figure taken from Bryant
and colleague@ryantet al, 2002)

1.3.1 Types of glucose transporters

As mentioned above, there dhirteenmammaliarglucose transporters which can be
groupednto three different classes based on sequence similarities: lasesthain
glucose transporteSLUT1-4), class Il (fructose transporseGLUTS,GLUT7, GLUT9
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and GLUT11), and class Ill (GLUTS®, 8, 10, 12, andrihgxinositol transporter HMIT1)
(Joost and Thorens, 200Q)lass Il are atypical embers of the GLUT family.

GLUT1 is themost ubiquitously distributed isoforrhowever it is expressed at high levels

in endothelial and epithelidike barriers of the brain, eye, peripheral nerve, placenta and
lactating mammary glan@lueckler, 1994)GLUT2 expression occurs mainly in kidney,
intestinal absorptive epithelial ¢zl liver, pancreas and braiMuedler, 1994; Thorens,

1992) GLUT3 is expressed mainly in neurons (restricted to nervous tissue in mouse),
however it has also been detected in other human tissues such as placenta, liver and kidne
(Gouldet al, 1992; Kayanet al, 1988; Nagamatset al, 1992) GLUT4 expression is

highest in the isulin sensitive tissues including adipose tissue, skeletal and cardiac muscle
(Jameset al, 1989) GLUT1 and GLUT4are both preseni the insulinsensitive tissues,
however GLUT1 is distributed betweenrgtellular compartments and tR& under basal
conditions, whereas GLUT 4 is distributedinitracellular compartmesin the basal state

and in response to insulin it moves dramatically toRNg(Slotet al, 1991a; Slott al,

1991b)

1.3.2 GLUT4

More than 25 yearago, it was dmonstrated thatdipocyte contain an intracellular pool
of glucose transporters which mofyed t r a n ® theptasana m@mprane in response to
insulin stimulation(Cushman and Wardzala, 1980; Suzuki and Kono, 19808
movement of glucose transporters was also observed in nftsidamanet al, 1990)and
heart cell{Watanabeet al., 1984) In 1988,a unique insulirsensitive glucose transport
proteinwas identified Jameset al, 1988)and in 1989 several studies using molecular
cloning indicated that this protein was indeed a ifative glucose transporter termed
GLUT4 (Bell etal., 1989; Birnbaum, 1989; Charrehal, 1989; Kaestnest al, 1989;
Leysenset al, 1989)

1.3.3 Insulin action and GLUT4 trafficking

One of the major effects of insulin stimulation is to increase the number of GLUT4
moleculesat the cell surface @fdipase, muscle and cardiac tissue by inducing the
movement of GLUT4containing vesicles to the plasma membrane, where they dock and
fuse(Rodnicket al, 1992; Slotkt al, 1991a; Sloet al, 1991b) GLUT4 vesicles

constantly recycle between intracellular compartment(s) and the plasma membrane,
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mediated byslow exocytosis and rapid endocytois et al, 2001; Satolet al, 1993) In

these tissues, electron microscopy studies identified that different intracellular sites have a
proportion of GLUT4, including endosomes and T@ddnicket al, 1992; Slokt al,

19914a; Sloket al, 1991b) To further determine the sites of GLUT4 intracellular

localisation in the presence or aebse of insulin, several approaches were takealysis

of the colocalisation of GLUT4 with the transferr{(TfR) receptorsuggested that a
proportion of the intracellular GLUT4 is localised to the early endosomal recycling system
in basal adipocytes, keever a larger proportion is present in a sepafidi,negative
compartmentLivingstoneet al, 1996) A similar result was observed in muscle cells

where the presence of at lebsb internal GLUT4 pools was observed (one derived from

an endosomal recycling compartment, and the other coming from a separate GLUT4
storage poolfAledo et al, 1997) Furthermore, a population of small vesicles (50 nm
diameter) which are highly insulin sensitive were identified as GLBIbrage vesicles
(GSVs)(Hashiramoto and James, 2000; Kandror and Pilch, 1996; Rarain2000)

These GSVs translocate to tA® in response to insuli(Bryantet al, 2002)

The insulin signalling pathways play an important role in the stimulation of glucose uptake
by insulin since the insulin receptor is capable of generating multiple intraceiigifeals

to regulate glucose transport and absorption into cellsinEldin receptor contains 2

disulphide linkecheterodimersgorresponihg to 2 Uextracelullar subnits and 2o
intracellularsubunits which span the melbnane and contain an intrinsic tyrosine kinase
activity (Gualet al, 2005) Upon insulin bindi g t osuburitaf thdteceptqrtyrosne

aut ophosphoryl at i owhicloihturbrdcreits angpospharytates o0 ¢ C |
several substrates including the insulin receptor substrate proteins (IRSIn@43, a

These phosphorylated proteins aate different signalling pathways including those

involved in the regulation of GLUTA4 trafficking in response to ins(Bualet al, 2005)

Two signalling pathways were shown to mediateitiselin-stimulatedranslo@tion of
GLUT4 in fat and muscle cell©ne isvia phosphatidylinositol 8kinase(P13K) activation

and the other is independent of PI3K.
1.3.3.1 The PI3K dependent pathway of GLUT4 translocation

Upon tyrosine phosphorylation, IRS proteiparticularly IRS1 and IRSteract with the
p85 regulatory subunit of PI3K, leading to the activation of its catalytic subunit (p110) and
its targeting to th&®M. On the cytosolic leaflet of thBM, PI3K generates the lipid product
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phosphatidylinositol 3,4;f&isphosphate (PHP from phosphatidylinositol 4 Bisphosphate
(PIP,). Subsequently, PkPecruits and activatgdeckstrinhomology (PH) domain
containing proteis, including the Ser/Thr kinagdhosphoinoside-dependent kinase 1
(PDK1), whichin turnphosphorylates and activatie® serine/threonine kinagKB (also
called Akt)(Alessiet al, 1997) Subsequently, PKBhosphorylatethe Rab GTPase
activating protein (RalcAP)AS160(Kaneet al, 2002) which was shown to be important
in GLUT4 trafficking (see below)Laranceet al, 2005; Sanet al, 2003; Zeigereet al,
2004) Furthermorea constitutively activéorm of FKB, caused an enhancement of
glucose transport and an increase in GLUT4 localisatitime PM when expressed in 373
L1 adipocytegKohnet al, 1998; Kohret al., 1996)

The importance of this pathway has also been demonstrated by theplseracological
inhibitorssuch as wortmannin and aleg over-expression of a dominaiiterfering
mutant p85 regulatory subunit of PI3K, which ahibit GLUT4 translocatiofCheatham
et al, 1994; Okadat al, 1994)

1.3.3.2 The PI3K independent pathway of GLUT4 translocation

Although activatio of the PI3K dependent pathway is crucial in insulin signal
transduction, othestudies have indicated that additional signalling pathways might be also

important, and that these pathways operate independently of PI3K.

In the PI3K independent pathwaygtmsulin receptor causdsetyrosinephosphorylation
of the ¢Cbl protconcogendRibon and Saltiel, 1997)n 3T3L1 adipocytes, both the
insulin receptor and-€bl are capable of interacting with Gddsociated protein (CAP)
which containsa Src homology 3 domaifRibonet al, 1998) Upon insulin stimulation,
the CblCAP complexs formed andranslocates to lipid raft domains in tR# (i.e.
microdomains containing lipids and proteinsjediate by the interactionf the N-
terminal of CAP with the protein flotillin(Baumanret al, 2000) When phosphorylated
CAP/cChbl arepresenin these lipid raft domains, Cbécruits the adapter protein Crkll
and the guanine nucleotide exchange factor C3G which in turn stimulates theeGTPas
activity of TC10(a Rho family small Grotein) since this protein is in close proximity
(Chianget al., 2001) This pathway is thought to be importaotpromote GLUT4
translocation since ovaxpression of either TC10 or CAP mutants reduces insulin
stimulated GLUT4 translocation in adipocyt®aumanret al, 2000; Chianget al, 2001;
Watsonet al, 2001) However, other studies have argukdrelevance o€-Cbl/TC1Q
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sincesiRNA mediated depletion afeveal components in this pathway had no effact
insulin-stimulated glucose transport in 3L3 adipocytegMitra et al, 2004) Further
work is required to clearly elucidate the role of this additional pathway in regulating cell

surface GLUT4 levels

Figure 1.9 summarises the PI3K dependent and independent signalling pathways.

Glucose

uljiiold

Figure 1.9 Schematic model of both PI3K dependent and independent pathways

Insulin activates the insulin receptor which stimulates the tyrosine phosphorylation of the
IRS family of docking proteins (IRS1 and IRS2). These proteins subsequently engage
PI3K, activate it and lealise it to thé®M generating the lipid products Rlffom PIP..

PIP3 then stimulates the kinase activity of PDK and also interacts with protein kinase B
(PKB) to make it a more efficient substrate. In addition, PDK can phosphorylate and
activate the atyipal protein kinas€ (PKC) Activation of these proteins are thought to
stimulate GLUT4 translocatiofWatson and Pessin, 200Bnother pathway operates
independently of PI3K. In this case, the insulin receptor can tyrosine phoshorylate Cbl
CAP complex due to its localisation (recruitment) tolipiel raft domainsn response to
insulin (mediated by the interaction of thet&tminal of CAP with the proteiftotillin) .
Activated Cbl recruits the Crkll/C3G complex into the lipid raft environmehere C3G
can stimulate the GTPase activityla€10, subsequently promoting GLUT4 translocation
(Watson and Pessin, 200Ejgure taken from Watson and Pessin, 2001.
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1.3.4 SNARE-mediated GLUT4 fusion with the plasma membrane

After the discovery that SNARE proteins medigynaptic exocytosis, studies in a range of
other sgtems sought to identify which SNAREs were involved in other trafficking events,
such as the insulidependent fusion of GLUT4 vesicles with the surface of adipoeytes
muscle cellsIin the case of GLUT4nediated membrane fusion, the SNARE proteins
identified were Syntaxin 4 (Sx 4) and SNAP23 at i, and VAMP?2 in the vesicle

membraneThese proteins are described below.
1.3.4.1 Syntaxin 4

Sx 4 is an importantENARE expressed in several tissues including heart, spleen, kidney,
muscle and adipocyt€Bennettet al, 1993; Volchuket al, 1996)and is involved in the
regulation of GLUT4 vesicle trafficking (Tellaet al, 1997). Sx 4 function has been
confirmed by several studies such as the introduction cfSai monoclonal antibodies

into 3T3L1 adipocyts causing the inhibition ahsulin-stimulated GLUT4ranslocation

and by the establishment of knockout mice in which the expression of Sx 4 was partially or
completely ablated both globally and in defined tisgiedlamet al, 1997; Volchuket

al., 1996)

The importance of Sx 4 in insulin resistance was demonstrated whekriéckout mice

was generated, resulting in early embryonic lethdlignget al, 2001) On the other

hand, heterozygous knockout mice developed normalfyexhibitedmpaired glucose
tolerance wth a 50 % reduction in wholeody glucose uptake resulting in insulin
resistanc€Yanget al, 2001) This defect is caused by a 50 % reduction in skeletal muscle
glucose transport, showing that GLUT4 translocation in response to insulin was reduced in
skeletal muscle. In contrast, in adipose tisquklever, heterozygous knockout mice

displayed normal insulistimulated glucose uptake and metabol{3fanget al, 2001)

These results indicate that dowwegulation of Sx 4 expression leads to an impairment of

insulin-stimulated GLUT4 translocation ikaletal muscle.
1.3.4.2 SNAP23

SNAP25 is present mostly in the brain, which indicated the existence of SNAP25
homologues involved in membrane fusion in other tissues. Thus, a yedsylinid screen

of a human B lymphocyte cDNA library were used to identify-nearonal components of
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the SNARE complex that were able to interact with $Rdvichandraret al, 1996) A
cDNA was isolated thatncoded a 211 amiracid protein with approximate molecular
weight of 23 kDa being 59 % identical and 79 % simila8MAP25 at the amino acid
level. This protein, SNAP23, is ubiquitously expressed in human tissues and the
membrangyroximal region of Sx 4 was shown to be required for SNAP23 association
(Ravichandraret al, 1996)

The involvement of SNAP2B the GLUT4 trafficking machineryas confirmed when
3T3-L1 adipocytes were microinjected with a®iNAP23 antibodies and when
permeabilied adipocytesvere incubateavith a SNAP23 synthetic peptide (comprising
24 amino aciddrom the Gterminus)(Reaet al, 1998) These two approacheshibited
insulin-stimulated GLUT4 transkation to the cell surface, whergakUT1 trafficking
remained unaéicted so providing compelling evidence that SNAP28 iaolved in
GLUT4 trafficking to the cell surfacgReaet al,, 1998)

1.3.4.3 VAMP2

Immunoblotting studies on low density microsomes (LDM) from rat adipocytes (which are
rich in GLUT4 vesicles), idntified VAMP2 as a component of the GLUT4 vesi¢léain

et al, 1992) Subcellular fractionatiohas shown that, in response to insulin, this v
SNARE also translocates to tR&/ (Cainet al, 1992) Adipocytes, apart from expressing
VAMP2, were shown to express anotheé8MARE called cellubreviVolchuket al,
1995)and these two proteins-docalise with GLUT4(Martin et al, 1996) Nevertheless,
only VAMP2 was shown to be specifically involvedtime insulirndependent translocation
of GLUT4 since the majority of cellubrevin is present in endosomes, whereas \\ABP2
found predominantly cdocalised with GLUT4 in the GSV@dartin et al,, 1996) This
finding was confirmed by other studies wheegmeabili®d 3T3L1 adipocytesvere
treatedwith botulinumneurotoxin D (which cleaves VAMP2) or were transfected with
either recombinant soluble VAMP2 fused to a GST tagyotheticpeptidecomprising
different VAMP2 damains. These approachgsnerated in all casassimilar result: a
reductionin the ability of insulin to stimulate translocation of GLUT4 vesittethe PM
(Cheathanet al, 1996; Martiret al., 1998).
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1.3.5 Regulation of GLUT4 fusion

Surface plasmon resonance analysis demonstrated that VAMP2ai8k3NAP23 form a
ternary complex which is SD&sistan{Reaet al, 1998) This was als@onfirmed by
other studies which showekdat thesgroteins could form a complex boithvitro andin
vivo (Kawanishiet al, 2000; StDeniset al, 1999)

Several factors might be involved in the formation of the Sx 4/SNAP23/VAMP2 complex
involved in GLUT4 fusion with th&M. The main candidate which has been the centre of
attention of several studies is the SM protein Munc18c, which was showrdt&)4

with high affinity (Tellametal., 1997) Other proteins, notably synip and tomosyn, may
also be involved.

1.3.5.1 Munc18c and its interaction with Syntaxin 4

The mammalian SM protein Munc18c (M18c) is a ubiquitously expressed protein involved
in the regulation of GLUT4 fusion with tHeM in muscle and adipocytéSellamet al,
1997; Tellamet al.,, 1995) M18c binds to Sx 4h vitro (Tellamet al, 1997) but its role,

like that of M18ain neurons, is controversial.

Negative and positive regulatory effects have been attributed to M18c. Binding assays
demonstrated that M18c inhibit the binding of Sx 4 to VAMP?2 sstijigg a negative role

of this SM protein in the regulation of GLUT4 traffickifgellamet al, 1997) When

M18c was oveexpressed in 3T81 adipocytes, an inhibition of GLUT4 translocation to
thePM occurredTamoriet al, 1998; Thurmonet al, 1998) whereas translocation of
GLUT1, which is also expressed in adipocytes, was not abolished by M18c over
expressior{Tanori et al., 1998) Interestingly, increased expression of-felhgth Sx

4 rescues the inhibition observed by oespression of the M18@ hurmondet al., 2000)
Another group reported thedtrag/cline-repressible transgenic mice that cespressed

M18c in skeletal muscle, adipose tissue, and pancreas resulted in insulin resistance and
impaired insulin secretio(Bpurlinet al, 2003) This was reversed by tetracycline
administration or by the simultaneougesexpression of Sx # vivo (Spurlinet al,

2003) Together these data suggest that this SM protein has a negative regulatory role in
GLUT4 trafficking, and may act stoichiometrically with Sx 4
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A positive role in GLUTA4 trafficking was also suggested for M18wesithis SM protein
was shown to be necessary for GLUT4 fusion. For example, microinjection of M18c
peptides, which disrupted binding to Sx 4, inhibiteel fusion of endogenous GLUT4
vesicles with thé®M in 3T3-L1 adipocytegThurmondet al, 2000) Later, other studies
showed that timozygotic disruption of the M18c gene by homologoecombination
producingM18c knockou{KO) mice, resulteth early embryonic lethalityKandaet al.,
2005; Ohet al, 2005) however heterozygous KO mice had normal viab{li et al,

2005) Also, when compared to wiltype (WT), heterozygous mice displayed significantly
decreased insulin sensitivity amsbrethan 50% reduction in skeletal muscle insulin
stimulated GLUT4ranslocation{Ohet al, 2005)

Different studes suggested that Munc18 proteins share a similar overall structure in which
the cytosolic portion of syntaxins mediate birglimith Munc18proteins.One of the first
studies on the structural interactions between M18c/Sx 4 utiliyedst twehybrid asay

and praein-protein interaction analysis in order to reviedt the Nterminal 139 anmo

acids of M18c (Domain 1) wasfficient forits interaction with Sx 4Grusovinet al,

2000) In Sx 4,theN-terminal 29 amio acids of S was shown to be necessary for the
interactionwith M18c (Lathamet al,, 2006) The crystal sticture of the M18c/S#& N-

peptide complexnteraction was determindéiu et al, 2007)and agreé with the N-

terminal binding modes observed in yeast syntaxins Sed5p and Tlg2p and their respective
SM proteingBracher and Weissenhorn, 2002; Caeppl, 2006; Lathanet al, 2006;
Yamaguchket al, 2002) This binding modeequires syntaxins to be in a open

conformation where the shorttdrminal peptide is free to interact with a hydrophobic
podket on the surface of domain | in the SM prot@nacher and Weissenhorn, 2002;
Carppet al, 2006; Huet al, 2007) This interactiorvia the N-terminal region of syntaxins
would allow SM proteais to associate to them before complex assembly and also after
complex assembly. Howevehe role of ML8c in GLUT4 tanslocation and fusion is

therefore still controversial.
1.3.5.2 Munc18c and Syntaxin 4 phosphorylation in response to Insulin

The requirement foM18c inactivation in order to allow GLUT4 fusion with tRé has
been suggested by several studfski et al, 1997; Kandat al, 2005; Thurmoneét al.,
2000) Interestingly, insulin was shown to bble toinduce tle dissociation of M18c from
Sx 4 in 3T3L1 adipocyteg Thurmondet al, 1998) The use of pervanadate treatment,

phosphotyrosinspecific antibodies,*f Plorthophosphate incorporation and mass
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spectrometric analysis have confirmed that M18c uraksgyrosine phosphorylatig®h
and Thurmond, 2006; Schmeldeal., 2006) Residues Y219 and Y521 were shown to
become tyrosine phosphorylatédh and Thurmond, 2006; Schmelegfeal, 2006;
Umahareet al, 2008)and the conse@unce otyrosine phosphorylation wake
dissociation of M18c from S4 in atime frame consistent witBLUT4 translocation
(Umahareet al, 2008) This data agrees with other studies which suggested that over
expression of M18c markedly decreases GLUT4 exocy(gdianet al, 2001; Tamoret
al., 1998; Thurmonet al, 1998) This decrease could be ansequence of Sx 4
sequestration by M18c, thus inhibiting the formatiothefSx 4/VAMP2/SNAP23

complex.

1.3.5.3 Synip

In 1999, a new Sx 4 interacting protein was isolated fromI3radipocytes using yeast
two-hybrid cDNA library cytosolic where the domain®% 4 was used as b#ilin et al.,
1999) Theprotein identified was termedyBip and it is specifically expressed in insulin
sensitive issues that are involved in glucose transport and specifically interacts with Sx 4
(Min et al, 1999) Sx 4 binding to SNAP23 was not affed by interaction with hip,
whereas VAMP?2 interaction is affected, whiokicates that the presence gt might
perturb the formation of SNARE complex@gin et al, 1999) Interestingly, this

resembles the tomosy®x 4 interaction described in section 1.2.9.5, which also interferes
with SNARE complex formatiofWidberget al.,, 2003) Synip was shown to be insulin
sensitive and its insulin sensitivity is conferred by theeNninal halfof synip, whereas Sx
4 interacts with the @erminal and this region is responsible for GLUT4 translocation
(Min et al, 1999) Analysisperformed inp a n ¢ r e a-9 Celis, révealddthat insulin
secretion from these cells is negatively raged by the oveexpression of #ip (Saitoet

al., 2003) Another study reported thatsulin stimulation induces a decrease in SXyip
association indicating that insulin might be necessary to release the inhibitory effect of
Synip over SNARE complex formatidiYamadaet al, 2005) In addition, this dissaation
occurredvia theclassical insulirsignalling pathway, since Synip was showwrbe
phosphorylatd in vitro (on residue serine 99) by Akt/PKB in response to ingMamada

et al, 2005) Although this observation was contested by another group which stdabtitu
the Synip serineesidue to alanine (S99A) and its oxxpression in adipocysaesulted in
no inhibition of GLUT4 translocatiorfSanoet al, 2005) a more recergtudy has

confirmed thathe mutant Synip S99A, when ovexpressé in 3T3L1 adipocytes, does
indeed inhibitinsulin-stimulated GLUT4 translocatigi®kadaet al,, 2007)
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In summary, Synipnay functionto repress GLUT4 vesicle fusion and insulin stimulation
Is resposible to release Synip from Sxvik activation of Akt/PKB-mediatedSynip
phosphorylationRecently, a ceexpression system was generated using pGEXépd
pET28a to efficiently caexpress the recombinant complex formed by Sx 4 andthe C
terminal of Synip in order to improve thi vitro strategies to further analyse this

interaction(Tian et al, 2008)

1.3.6 Diabetes

Insuliniss e c r et e-dellshoithe paneeatir islets of Langerhans and, as mentioned
previously, stimulates glucose uptake into tissues, and also helps the body to store extra
glucose in muscle, adipose, and liver c@lisibiger and Berggren, 2008)ype 2 diabetes
mellitus is a lifelong disease that develops when the normal amourgutihi secreted by

the pancreas is unable to maintain normal levels of blood glucose. To overcome this and
maintain glycaemia, the pancreas secretes additional insulin. When the tissues are resistar
to or do not respond to even high levels of insulincgée accumulates in the blood
resulting in high blood glucose or Type 2 diabetes. Thus, to devgfm2Tdiabetes, two
defects musto-exist: insulin resistargcandinability to increasé-cell prodution of

insulin sufficiently(Kahnet al, 2006) Diabetic patients can have highban normal

blood insulin levels due to peripheral insulin resistance. Then, evenfastityg
hyperglycemia develops as inhibition of hepatic gluconeogenesis dethingge 1

diabetes, the immune systemeatts the insulisp r o d u -cellsnimgthe pancreas, which

then produces little or no insul{heibiger and Berggren, 2008)

In recent years, the number of obese and sedentary people has increased and the
combination obath conditions has been proposed to contribute dramatically to the

increase innsulin resistancand Type 2 diali&s (Kahnet al.,, 2006; Zimmett al,

2001) Interestingly, this has been observed in not only mature adults but also young

peope (Banerji, 2002) However, Type 2 diabetes is associated with additional health
problens apart from hyperglycaemiae®ple who are insulin resistant typically have an
imbalance in their blood lipid&Saltiel, 2001) They have an increased level of

triglycerides and a decr eas e dholdsterolérbalances irHmlyceritleso o d
and HDL dolesterol increase the risk of developheart diseas€Saltiel, 2001) These

findings have heightened awareness of insulin resistance and its impact on health.
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Insulin resistance can be a result of emwmental and genetic factq@mmetet al,

2001) It has already been attributed to defects in insulin signal transduction, alterations in
insulin receptor expression, metabolic abnormalities, changes in the expression of genes o
proteins that are fltuenced by insulin, defects in glucose transport and several other causes
still to be confirmedSaltiel,2001) Although Type 2 diabetes has been extensively

studied, the importance of alterations in GLUT4 vesicle trafficking té°¥en generating

insulin resistance is still incompletely understood.

1.3.7 Relationship between GLUTA4 trafficking and Diabetes

Type2 diabetes is a pygenic disease involving polymorphisms in sevegeies

including those encodingroteins involved in insulin signalling, insulin secretion and
intermediary metabolisritGtern, 200Q) The proper clearance of glucose from the
bloodstream is mediated by the glucose transporter GLUT4. Thus, the inability to
translocate GLU4 to the cell surface of muscle and adipose tissue can result in insulin
resistanc€Olson andPessin, 1996)Several studies performed in obese and lean subjects
have shown a direct relation between Type 2 diabetes and a decrease in insulin stimulated

glucose transpofHirshmanet al,, 1990; Klipet al,, 1990)

Skdetal muscle is responsible for approximately 80 % of postpraglliebse uptake, and
GLUT4 heterozygous knockout mice were shown to develop mursslilin resistancand
diabetegStenbitet al,, 1997) However,GLUT4-null mice in muscle, cardiac and adipose
tissue showethat functional GLUT4 protein is not required fmaintainingnormal
glycaemia(Katz et al, 1995; Stenbiet al, 1997)

Proteins that are involved in the GLUT4 trafficking machinery were also shown to be
important in the maintenance of whole body glucose homeostasis. M18c and Sx 4 play an
important role in this mechanismhe importance of M18c in the prosesthat generate

insulin resistance was confirmed when M18c heterozygous knockout mice were produced.
These mice showed impaired insulin sensitivity leading to severe glucose intolgance

et al, 2005)

A better knowledge of the role of SNAREs and other components in the fusion of GLUT4
vesicles with thé®M is fundamental fothe comprehension of teolecular mechanisms
underlying insulin resistanc&urthermore, thetgdy of SM proteins islso important for

the understandingf insulin action andhe identification of new proteins involved in the
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membrandusion reactionsTherefore, this research could bringw insights on the
mechanisms that generatgpk 2 Diabetes.

1.4 Aims of this thesis

The main aim of this study was to investigate the function of the SM protein M18c and to
examine theanolecular interactionsf this prdein with the SNAREs (Sx 4, SNAP23 and
VAMP?2) involved in GLUT4 trafficking.The results obtained in this work are divided into
three chapters described as follows.

In chapter 3, Bll-down assays using recombin&itARE proteins were performed to
assesdheir interactions with recombinant M18c. Understanding how M18c interacts with
SNARE proteins is important to further understand its function.

In chapter 4, the fusion betweenand tSNARESs was assessed in the presence and in the
absence of M18dn vitro fusion assaywere set ugontainingSx 4 constructs which were
co-expressed with SNAP23 and reconstituted into synthetic liposomes in otdst tioeir
ability to fusein vitro with VAMP2 liposomesThe effect of M18c on SNARIediated
membrane fusioand how the short ferminal peptide region of Sx 4 mediates its

interaction with M18c were investigated.

Finally in chapter 5, the effects of M1@btosphorylatioron its interaction with Sx 4,
SNAP23 and VAMP2n vitro were investigatedSince M18c anéx 4 were shown to
become tyrosine phosphorylated in response to insulin, this might be an important
regulatory factor in the fusion of GLUT4 vesicles with B of muscle and adipose

tissue.
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2.1 Materials

Materials used in this study were of high quality and were obtained from the following
suppliers(all other materials were obtained from Sigma)

Ambion, Austin, USA

Nucleasefree water

Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK

Glutathione Sepharose 4B

Horseradish peroxidase (HREQnjugated donkey antabbit IgG antibody

Horseradish p@xidase (HRRronjugated sheep antiouselgG antibody

Phosphorus2 (370 MBg/ml, 10 mCi/ml)

Anachem Ltd., Luton, Bedfordshire, UK

30 % acrylamide/bisaglamide

Avanti polar lipids, Alabaster, USA

1,2-dioleoyl phosphatidylserine (DOPS)

1-palmitoyt2-oleoyl phosphatidylcholine (POPC)

N-(Lissamine rhodamine B sulfonyl), 2-dipalmitoyl phosphatidylethanolamine

(rhodamineDPPE)

(N-(7-nitro-2,1,3benzoxadiazed-yl)-1,2-dipalmitoyl phosphatidylethanolamine

(NBD-DPPE)



Veronica Aran-Ponte, 2009

Bio-Rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK

Biobeads

Bradford protein assay reagent

Eco-Pac disposable chromatography columns

N, N, -tetdadnetiNiéthylenediamine (TEMED)

Calbiochem, Beeston, Nottingham, UK

4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF)

Fisher Scientific Ltd, Loughborough, Leicestershire, UK

Ammonium persulphate

Calcium chloride (CaG)

Diaminoethane tetracetic acid, Disodium salt (EDTA)

Disodium hydrogemrthophosphate (NBIPOy)

Glycerol

Glycine

N-2-hydroxyethylpiperaziné\ -2-ethanesulphonic acid (HEPES)

Hydrochloric acid (HCI)

Isopropanol

Methanol

Magnesium Chloride (MgG)

Chapter 2, 53
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Potassium Chloride (KCI)

Potassium dihydrogen orthophosphate {R&))
Sodium chleoide (NaCl)

Sodium dihydrogen orthophosphate dehydrate (R&kx 2(H,0))
Sodium dodecyl sulphate, SDS (Na&@25SOx)
Formedium Ltd, Norwich, UK

Micro agar

Tryptone

Yeast extract

Invitrogen Ltd, Paisley, UK

BL21 (DE3)E. colicells

PCRIFTOPO™ TA cloning kit

SOC Media

TOP10E.colicells

Kodak Ltd, Hemel Hempstead, Hertfordshire, UK
X-ray film

Melford Labs Ltd, Suffolk, UK

Dithiothreitol (DTT)

Terrific broth
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Yorkshire Bioscience Ltd, Heslington, York, UK

All oligonucleotide primers

New England Biolabs (UK) Ltd, Hitchin, Hertfordshire, UK
Prestained broadange protein marker {675 kDg

T4 DNA ligase

Premier Brands UK, Knighton, Adbaston, Staffordshire, UK
Marvel powdered milk

Princeton Separations, Adelphia, NJ

Chymotrypsin (Bovine) Sequencing Grade Modifie
Promega, Southampton, UK

Deoxynucleotides (dNTPSs)

Pfu DNA polymeras€?2-3 unitsful)

Pfu polymeraselOx Reaction Buffer (200 mM TrHBICI (pH 8.8 at 25C), 100 mM KCl,
100 mM (NHy) 2SO, 20 mM Mg SQ, 1.0 % Triton X100and 1 mg/ml nucleaskeee
BSA).

TagDNA polymerase

Restriction enzymes

Wizard® Plus SV Minipreps DNA Purification Kit
Qiagen, Crawley, West Sussex, UK

Nickel NTA-agarose (NNTA agarose)
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Qiagen gel purification kit

Roche, Bassel, Switzerland

Agarose

Completé™ and completB! EDTA-free Praease Inhibitor Tablets
Schleicher & Schuell, Dassel, Germany

Nitrocellulose membrane (pore size: 0|44)

Spectrum laboratories, Inc., Netherlands

Floatalyzer, 3 ml 10000 kDa MWCO

2.1.1 Escherichia coli (E. coli) strains

All bacterial strains used are maddtions ofE. coli.

TOP10 FmcrA oof-hsdcRMS-mcrBQ  WaBZ0pM1 5
dacX74 recAl aragpl 3 Qaradeu)7697galU galkK
rpsL (StrY) endAl nupG

BL21 (DE3) F ompT hs@s(r:'ms") gal dcm(DE3)

2.1.2 Primary antibodies

Rabbit polyclonal t&Syntaxin 4 andabbit polyclonal tdSNAP23 weréboth purchased

from Synaptic §stems (Gottingen, Germany)

Rabbit polyclonal to Munc18c and rabbit polyclonal to VAMP2 were both purchased from
Abcam (Cambridge, UK).

Mouse monoclonal [P-66] to phosphotyrosine (coupled to agarose) was purchased from
Abcam (Cambridge, UK)
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Mouse monoclonal to phosphotyrosine was purchased from Cell Signalling Technology,
Inc. (MA, USA)

2.1.3 General solutions

A200 25 mM HEPES, 200 mM KCI, 10 % (w/v) glycerol, 2
mM DTT pH 7.4

DNA loading buffer 40 % (w/v) Ficoll, 0.25 % bromophel blue

Coomassie Brilliant Blue solution 0.25g Coomassie Brilliant blue R250 in@:
Methanol: Glacial Acetic Acid (4.5:4.5:1 viviv)

Destain Solution 5 % (v/v) methanol, 10 % (v/v) glacial acetic acid

HIS-purification buffer 100 mM HEPES, 200 mMCL, 5 mM imidazole, 2
mM -rbercaptoethanol pH 8.0

GST-purification buffer 25 mM HEPES, 400 mM KCI, 10 % (v/v) glycerol, 2
mM -rbercaptoethanol, 1 % Triton-X00, complete
protease inhibitors (1/50 ml) pH 7.4

Phosphate buffered saline (PBS) 136 mM NaCl, 10mM NaH,PQOy, 2.5 mM KCL, 1.8
mM KH,PO, pH 7.4

PBST PBS, 0.1 % (v/v) Tweeg0
SDSPAGE electrode buffer 25 mM Tris base, 190 mM glycine, 0.1 % (w/v) SDS
SDSPAGE sample buffer 93 mM TrisHCI (pH 6.8), 1 mM sodium EDTA, 10

% (w/v) glycerol, 2 % () SDS, 0.002 % (w/v)
bromophenol blue and 20 mM dithiothreitol

SOC media 2 % (w/v) Tryptone, 0.5 % (w/v) Yeast extract, 20
mM glucose, 20 mM MgS£10 mM NacCl, 2.5 mM
KCL, 10 mM MgC}
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TAE 40 mM Trisacetate, 1 mM EDTA (pH 7.8)

Terrific broth 1.2% (w/v) Tryptone, 2.4 % (w/v) Yeast extract, 0.4
% (v/v) glycerol, 2.3 % (w/v) KEPOy, 12.5 % (w/v)
KoHPOy

Transfer buffer 192 mM glycine, 25 mM Tris base, 20 %

(v/v) methanol

2 YT medium 1.6 % (wihyptone, 1 % (w/v) yeast extract, 0.5 %

(w/v) NacCl

2.2 Methods

2.2.1 Molecular Biology

2.2.1.1 DNA amplification by PCR (polymerase chain reaction)

PCR reactions were performed in order to amplify the DNA of interest. Primers (forward
and reverse) were desigheontaining the appropriate restriction sites. Smallwatied

PCR tubes were used and the following general protocol was followed:

Nucleasefree water 40 ul
10x DNA polyrrerase buffer (containing0 mM MgSQy) 5ul
Template DNA (56100 ng) 1l
Forward primer (10 pmol/ul) 1l
Reverse primer (10 pmol/ul) 1l
dNTP mix (10 mM each dCTP, dGTP, dATP, dTTP) 1
Pfu DNA polymerasg?2-3u/ul) 1l

Total volume 50 ul

To minimise the possibility of pipetting errors, a master mix containing water, buffer,

dNTPs, primers and template DNA was prepared in a single tube, which was then
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aliquoted into individual tube®fu DNA Polymerase was added last. All reactions were

set up onice.

The general thermal cycle conditions are outlined below:

95 eC 2 min
\
94 eC 30 se
25 cycles
55 eC > y 30 se
72 eC 2 min/kb
/
72 eC 10 mi i
4 eC Hol d

The melting temperatures of the primers were taken in consideration in order to choose the
most suitable annealing temperature. The optimal annealing temperature is generally 5 °C
lower than the lowest melting temperature of the primers. S&, € value was variable.

After the thermal cycling was finished, an aliquot of the PCR mixture was run on an
agarose gel (as outlined in section 2.2.1.3) to check if the correct sized DNA product was

obtained.
2.2.1.2 Site-directed mutagenesis

This method was used in orde introduce definebasepair changes at specific locations
within a target DNA sequenc&he QuickChange®protocol (Stratagene) was followed.
Primers containig the appropriate mutati¢s) were desiged containing the desired
mutation in the centre @he primer. The plasmid DNA template used was generally
purified using a Wizar8l PlusMiniprep Kit. The reactions were set up according to the

recipe below:
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Nucleasefree water 40 ¢l
10x DNA polymerase buffer (with MgS{ 5 ¢l
Template DNA (5 50 ng) lel
Forward primer (10 pmaif) lel
Reverse primer (10 pmel) lel
dNTP mix (10 mM each dCTP, dGTP, dATP, dTTP) lel

Pfu DNA polymerase lel
Total volume 50¢l

The tubes were flick mixed and spun briefly in a microfuge prior to thermal cycling. The
cycling conditions used for sHgirected mutagenesis were as follows:

95°C 1 min
\
94°C 30 sec
55°C 30 sec % 18 cycles
68°C 1 min/kQ
_/
68°C 10 min
4°C Hold

Upon the end of the reaction above, tubes were transferred to ice in order to cool down the
mixture prior to the addition of il of Dpn I (10 unitsful). The reactio was then

incubated for 1 lat 37¢C in orde to cut the methylated, nemutated parental DNA

template. A small aliquot of the mixeyr5ul, was transformed intdOP10E.coli

competent cells. The plasmids were isolated from sirgjeniesand he mutations were

confirmed byDNA sequencing as olirted insection 2.2.1.10.

2.2.1.3 Agarose gel electrophoresis

Agarose gels were usually made containing 1 % agarose in TAE buffer (1.5 g of agarose in
150 ml of TAE) and placed in a 250 ml glass bottle. Solution was melted in a microwave
until all agarose was pperly dissolved. The mix was allowed to cool downte650 e C

before addition of 20 ul ethidium bromide. Following a quick mix, solution was poured
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into a horizontal gel plate which was adequately sealed with tape at both ends and an
appropriate comb wadsa inserted. The agarose gel was left to set for 25 min at room
temperature. Comb and tape were removed and gel was then transferred into a DNA gel
tank.

In order to run the DNA samples into the gel, 6 x DNA load dye was added to each
sample. 1 kb or 1006p DNA ladder (chosen accordingly to the product size) was loaded
into the gel d6s first | ane to distinguish
samples were run alongside the marker. Electrophoresis was performed at 90 volts for
approximately 40 minEach DNA gel was photographed in order to keep a record of it and
analyse the results.

2.2.1.4 DNA gel extraction and purification

In order to extract the DNA band of interest, agarose gels were firstly examined under UV
light and a clean scalpel blade was usedxcise the correct DNA band. The excised gel
band was then transferred into a sterile 1.5 ml microcentrifuge tube and the product was
purified using the QI AGEN gel extraction
carefully followed. In a typical exgriment, the gel slice was dissolved in 600 pl QC buffer
at 50 eC wuntil the agarose gel was totall
to the tube and the solution was then placed into a QIAspin column. The latter was spun at
14,000 x for 1 min, then 750 pl of Buffer PE (containing ethanol) was added to column in
order to wash it. After centrifugation, the flethrough was discarded. To make sure all
ethanol was removed, the column was centrifuged for an extra 1 min. Finally, the column
was paced into a 1.5 ml microcentrifuge tube and 30 pl of nuclé@sewater was added

to the centre of the column and allowed to incubate for 1 min at room temperature. The
column was spun for 1 min at 14,000 xg in order to collect the DNA. DNA was usually
soredat-2 0 e C.

2.2.1.5 Restriction digestion

Usually,a pair of enzymes waselected to cut plasmid or PCR product. Enzymes were
chosen depending on the restriction sites of interest. The buffer used in the reaction was
selected according to its compatibilityth the enzymes. Both enzymes usually retained
75-100 % activity in the buffer chosen.
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The restriction digestion mixture typically contained:

DNA (0.5- 1 pg) 5 ul
10x Buffer 2 pl
Restriction enzyme 1 1l
Restriction enzyme 2 1l
Nuclease free water 11 pl
Samples were mixed and tubes spun brieflyi or t o i ncubation at

digestion was completed, products were analysed using agarose gel electrophoresis as
outlined in section 2.2.1.3.

2.2.1.6 TA cloning

Tagpolymerasgossesses terminal transferase activity which is able to add asingl
deoxyadenosine (A) to the-@&hds of PCR products. This makes cloning of PCR products
directly into a linearized cloning vector possible. The vector selected for this study was the
pPCR®2.ETOPO® (Invitrogen) which contains overhanging 3~ deoxythymidine (

residues allowing the PCR inserts to ligate efficiently. So in order to clone the desired PCR

product into pCR®2.ATOPO® vector (Invitrogen), incubations were set up as outlined

below:
Gel purified DNA 10 ul
10x Mg free Buffer 1l
MgCl;, 0.6 ul
Tagpolymerase 0.4 ul
dNTPs 0.4 ul

Reactions were mixed by gently flicking the tubes and briefly centrifuged before

i ncubation at 7@mogylerf or 20 min in a th

TA cloning into vector pCR2.1 was performed using @O TA Cloning Kit

(Invitrogen). 2ul of the reaction abové.e. Taqtreated PCR product) was mixed with 0.5

ul of pCR2.2TOPO vector in a sterile tube and incubated for 5 min at roometatype.

The reaction was stopped by addition of 5 pl of salt solution. The whole reaction was used

to transform chemically competent TOP10 cells as outlined in section 2.2.1.8.
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2.2.1.7 DNA ligation

After performing successful restriction digestions of destinatgtor and vector

containing insert, gel purified vector and insert were ligated usatgraard ligation
protocol. The vector and insert were mixed usually at a ratio of 1:3 respectiedy.
complanentary overhangs of thvector and PCR produetereligated under the action of
T4 DNA ligase.Reactions included T4 ligase, £0igase buffer and sterile water.

Ligations were inubated at 18C overnight (or 31 at room temperatuyéo allow the T4

|l i gase to join t hhydroxybgropgobtisemdubla standech@NAt h e
molecules. The following morning the whole ligation mixture was used to transform
TOPI0 cells as outlined in section 2.2.1.8

2.2.1.8 Transformation of E.coli cells

Chemically competent cells (usually containing 50 ul / tube) weredtar8 0 e C unt i
use. Transformation was carried out by firstly defrosting cells on ice for 15 min. For each
transformation, the amount of plasmid DNA varied froth®Bpl. After DNA addition, the
mixture was further incubated for 15 min on ice. Cellsengeat shocked for 45 seconds

and then chilled on ice for 1 min. Tubes were removed from ice and 250 pul of SOC media
was added into the tube. The mix was i nci
then plated onto agar plates containing the gmate antibiotic for selection and

i ncubated overnight at 37 eC.
2.2.1.9 Small scale DNA preparation from E.coli (miniprep)

Single bacterial colonies were picked from 2YT agar plates to inoculate sterile universal
tubes containing 5 ml of 2YT and appropriatelantiot i cs and gr own oV
with shaking. DNA purification was carried out using the WiZaPtlis Minipreps DNA
Purification Kit following the manufactures instructions. In order to produce a cleared
lysate, the 5 ml cultures were firstly pelleteglcentrifuging the tubes for 5 min at 3000

Xg. The cell pellet was resuspended in 250 pl cell resuspension solution and transferred to
a sterile 1.5 ml eppendorf tube. Following resuspension, cells were lysed by the addition of
250 pl cell lysis solutiorand tube was inverted 4 times to mix contents. Then, 10 pul of
alkaline protease solution was added and tube was once again mixed by inversion. The
mixture was incubated at room temperature for 5 min. 350 pl of neutralization solution was

added and quicklynixed. The tube was then centrifuged at 14,0§€01a microfuge for
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10 min. The cleared lysate was added to a Wizard Plus spin column and centrifuged at
14000gi n order to bind plasmid DNA. The <co
protocol. Finally plasmid DNA was eluted from the column in 100 pl of nucldase

water which was added into the centre of the column and incubated for 1 min prior to
collection of the DNA into a sterile eppendorf tube by centrifugation at 14 @@fr 2

min. DNA concatration was assessed using a spectrophotometer set at 260 nm and the
DNA was usually storedat2 0 e C.

2.2.1.10 DNA sequencing

All DNA constructs obtained in this study were carefully analysed by DNA sequencing in
order to ensure that all sequences were co®tA samples were sent to Dundee
University for sequencing analysis.

2.2.2 Biochemical Methods

2.2.2.1 SDS-PAGE

The standard protocol for sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDSPAGE) was followed in order to separate proteins according to theirihe Bio

Rad mintiPROTEAN llI gel apparatus were used. In this study, the percentage of
acrylamide of the resolving gel varied from18 % depending on the molecular weight of
the protein analysed. Apart from acrylamide, the resolving gel contaime&iTL (pH

8.8), 10 % (w/v) SDS, 10 % (w/v) ammonium persulphate and TEMED. Usually 5 ml of
the resolving gel was poured into the gel apparatus, then overlaid with 1 ml of 100 %
isopropanol and allowed to set at room temperature. The stacking gel wasg@nesiag

the same components as the resolving gel, however at different concentrations and the
stacking gel TriHCL buffer was used at pH 6.8. After the resolving gel was set, the
isopropanol was removed and the stacking gel was then applied on tliehepesolving
gel. Either a 10 or 15 well comb was inserted at the top and the gel was allowed to

polymerise at room temperature.

Protein samples were then resuspended inBASE sample buffer and placed in a bench
heat bl ock t o b dubdswdreflick mixedrandrorieflytcentdifbgedebEfore
loading the samples into the gel lanes. Samples were loaded adjacent to@mbgea®

175 kDa) prestained molecular weight mark&els were run in SDSAGE electrode
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buffer, at a voltage of 8%olts through the stackingel which was then increased td13
volts through the resolvingel. Gels were electropheetl until the prestained broad range
markers had adequately separated

2.2.2.2 Immunoblot Analysis

Proteins were transferred from SIPAGE onto nitocellulose membraneshare they

were probedisingspecific antibodiesThis was achieved by firstly carefully transferring

the gel into a sandwich like arrangement. Polyacrylamide gel, membrane and other
components were sandwiched in the following ordemfbottom to top: a sponge pad, a
whatman 3 mm filter paper, nitrocellulose paper (0.45 uM pore size), electrophoresed gel,
a whatman 3 mm filter paper and finally a sponge pad. All these components were soaked
in transfer buffer prior to assemble. Tandwich was then put into a cassette and placed
into a Bio-Rad mini transblot tank filled with transfer buffer. A constant current of

250 mA was aplied to transfer proteins fort2and a 50 mA current for overnight

transfers.

After protein transfe nonspecific binding sites on the membrane were blocked by
incubating the latter with 5 % (w/v) ndat dried milk (made up in PB3) for at least 30

min with shaking at room temperature. The membrane was exposed to primary antibody
appropriately dilutd in 1 % (w/v) norfat dried milk (made up in PBS) for at least 1h.

After incubation, membrane was washed three times with PR 30 min. After washes,

the membrane was exposed to the secondary antibody (IgG HRP conjugate) at a 1:2000
dilution perforned in 5 % (w/v) noffat dried milk (made up in PB¥). Incubation with

the secondary antibody usually lasted 50 min and was performed at room temperature with
shaking. The membrane was finally washed over 20 min, first with PB& last with

high salt PES-T to avoid any possible antibody background. Protein bands were then
visualised using lab made enhanced chemiluminescence (ECL). Equal volumes of ECL
reagents 1 and 2 were mixed and membrane immersed into this mix for exact 1 min. The
membrane was the apped with cling film and ECL excess was removed before placing

the membrane in a light proof cassette. In the dark room, membrane was exposed to Kodal
X-ray film at appropriate exposure times and the films were developed ush@\AX

automatic processor
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2.2.2.3 Coomassie Blue staining of SDS-PAGE

In order to visualise protein bands from polyacrylamide gel electrophoresis, a Coomassie
Blue stain solution was produced using the components mentioned in sectioifl2el1.3.
polyacrylamide gels wergoakedn this ©lution for at least 1h at room temperature while
shaking. After incubation, the Coomassie Blue stain was removeith@mckcess stain was
then eluted witldestain solutiondection 2.1.3until the protein bands were clearly

visualised.

2.2.2.4 Recombinant protein expression and purification

A singleE.coli colonywas pickedrom a fresh selective agar plate and used to inoculate a
2YT overnight culture containing the appropriate antibiotics (either 50 |ig/iiné case of
Kan and100 pg/mlin the case of Amyp Bacteria were grown overnight a7 °C with

shaking at 250 rpm. The next day, 50 ml of the overnight cultasespurat 3000xg for

10 min and theresulting pellet wassed to inoalatefreshl1L cultures of terrific both

(TB) medium containing appropriagatibiotics.

TB cultures were grown at 3T with shaking at 250 rpm until the optical deng®D) at

600 nm was ranging between @@. At this stage, protein production was induced by the
addition of Isopropyb-D-Thiogalactopyranoside (IPTG). Therentratioradded varied
between 0.2 1 mM depending on the proteisee figure legends for detailsProtein
production vas typically induced for 4 &t 37°C or overnight at 22C. Cells were then
harvested in 8eckman Coulter Allegra X2R centrifug for 30 min at 3,278g. Cell

pellets were resuspended in the appropriate buffer and either processed fottipuarifica

immediately or stored at80°C.

Frozen cell pellets were thawed on ice. Proteins were purified according to their tags, being
at eithe the N- or Gterminus. The two tags utilisen this studywere GST and HexHIS

(HIS). Cell pellets containing GStagged proteins were resuspended in 8iification

buffer (containing complete proteaseibitor cocktail and 1 mM PMSF and Hitagged

proteins were resuspended in Hi8rification buffer (containing EDTAree complete
proteaserihibitor tablet and 1 mNPMSF) Lysozyme was added to the resuspended cells

to a final concentration of 1 mg/ml and the mixture was incubated fdr@@ninon a

rotator. Cells were then sonicated for 6 x 20 sec periods with 20 sec intervals osince

a Sanyo Soniprep 150 sonicator, set at an &amiaiof 15 microns. DNA wadigested by
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the addition oDNase I( 1 0 ¢ g/ minjat 4%C.0The IBdte washenclarified by
centrifugation in a preooled Beckman J&0 rotor for 1h at 48,400 g at4 °C.
Glutathionesepharose or NNTA agarosevas added to the claied lysate (0.5 ml
glutathione spharose and 0.25 mI{NITA agarose petL original culture). To bind
glutathione epharose, the mix was incubated overnight % 4nd to bind NNTA
agarose, the mix was usually incubated for thcubations were always carried out 4C4

with constant rotation.

Lysates containing beads wetéen transferred into a chromatogrggolumn pre
equilibrated in wash buffer in order $tart the washes. Glutathiorepharose was washed
3times with 50 ml of PBS + 1 %rifon (pH 7.4), followed by 3 times with 50 ml of PBS
+ 0.5 M NaCl (pH 7.4), antinally three times with 50 ml of PBS (pH 7.4). Protein was
eluted from the beads by either incubating the beadsrfan Svith 50 mM Tris, 15 mM
reduced glutathione pH 8(tb keep the GSTag)or incubation with thrombin in PBS pH
7.4 for 4h at room tenperaturgto cleavethe GST tag from the protein).

Ni-NTA agarose was washed five times with 50aakh buffer which containetD0 mM
HEPES, 200 mM KCI10 % glycerol (v/v) and5 mM imidazolepH 8.0.The protein was
eluted by incubatig the beadwith the HIS elution buffecontainng 100 mM HEPES,
200 mM KCl and 500 mM imidazole p8l0for usually5 min. Typically, this step was

repeated 4 times in order eluteas much protein as possible from the beads.

Protein concentrations were analysed as outlinesection 2.2.2.5

2.2.2.5 Analysis of protein concentration

The Bio-Rad Bradford protein assay reagent was uselgtiermineghe concentration of
solubilised protein. Thisis a dyebinding assay in which a color change of a dye occurs in
response tdlifferert protein concentration®8ovine serum albumin (0510 g) was U ¢
as the standard. The amount of sample assamretwithin the linear range of the

standard. Assays were set up in duplicate, in 1 cmig@atjth disposable cuvettes,

according to the manufactures instructions and absorbance memsared

spectrophotometer set to 595 nrRrotein concentrations were calculated using a curve

derived from the standard values.
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2.2.2.6 Pull-down assays

Usually5 € g ddggedcdsHIS agged proteins were incub
sepharose or NNTA agarose irbinding buffer (20 mM HEPES, 150 mM Potassium

acetate, 1mMMgGl] 0. 05 % Tween 20, pH 7.4) in a
hat4e C with constant rotation. Beads were
order to remove unbound proteBeads were harvested by centrifugatioa bench
microfugeat4500xgat4e C fnonr 2 ¢ gtaggefl prédding (for glutathione

beads) or® g o f-tag@e8 proteins (for NNTA agarose) plus binding buffer were

added to eachtubeuptoatotalvume of 500 €l . Tubes were
overnight incubation at 4 eC. The foll owi
tube in order to examine protein input. Unbound protein was then removed by washing the
beads 3 times with 1ml bindirtwuffer plus 0.2 % fish skin gelatjrfollowed by 3 washes

with 1 ml of binding buffer plus 56 (w/v) glycerol and finally 4 washes with 1 ml of

binding buffer alone. After the final wash, all remaining supernatant was carefully
removed and IPAGEshmpt buffer (contaiding 30 mM DTT) was added

to the beads and s ampie dftencentrilegativio dat 2084 at
for 5 min, the supernatant was removed and analysed byFSRISE and/or

immunoblotting.

2.2.3 In vitro fusion studies

2.2.3.1 Purification of full-length SNARE proteins

The fulklength SNARE proteins necessary to form SNARE complexes were purified by
means of a GSTag (Syntaxin 4 / SNAP23) or a Ht8g (VAMP?2) attached to the
proteins. Full length VAMP2 was a generous gift frbmFiona Brandie, thus purification
of this protein was not performed in this thesis. Howev8NARE complexes were

purified as described below.

The different versions of the fuléngth His-Sx 4 ( Wt S x 4, OPEN, S#4 Nea3
OPEN N@a&3 6 expwssad @h SNAP23GST in the same BL2IDE3) E. colicells.

They were usually transformed by mixing 50 ng of SNAB2BA with 100 ng of Sx 4

DNA into the same BL21 (DE3) cells (excdpt Sx4 open, where 200 ngf Sx 4 was
transformedl Cells containing both plasmids were selected on dual antibiotic plates since

SNAP23 is expressed from a Kan resistant vector (pET41) and the different yefston
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4 are expressed from Amp resistant vectp@HE30). A sngle colony was used to

il noculate an overnight 2 YT culture cont
kanamycin. The following day, the overnight culture was centrifuged at 3¢fa® 0

min, the supernatant removed, and the pellets were used tdateoeach litre of TB
cultures(usually 16 L of TB were used to ohtea satisfactory protein yiel@dpntaining

200 &g Amp awhith viei@ growg at R%& with shaking at 250 rpnAn
additional 100 &g Anmlgellswreasheda@igod~ 0e6dleh, h o u |
the tSNARE complex protein expressiaas induced with 1 mM IPTGCells were grown
overnight at 25 eC with shahking at 250 r

The following day, purification proceeded taking advantage of the-t@§on tle N-
terminus of SNAP23Cells were then harvested in a Beckman Coulter Allegi®2KR
centrifuge for 30 mirat 4°C at 3,270 g. Buffer A200 containing protease inhibitors (1
tablet/ 50ml) was used to resuspend the cell pellets followed by the additigrvofume

20 % Triton %100. At this stage the resuspended pellets could either be steged@t
prior touse or could be used straight away to continue protein purification. To achieve cell
lysis, cells were passed twice through a French metss B0 psi. Insoluble matter was
removed by centrifugation in a Beckman-28 rotor at 48,400gfor 1 h at 4°C. After a

cell lysate was obtained, 5 ml of glutathione sepharoseeguidibrated in lysis buffer)

was added and incubation occurred overnight°at. The following morning, lysate
containing beads were divided into 50 ml tubes and centrifuge@Qady for 5min. The
supernatant was removed and each tube containing beads were resuspended in 5 ml of a
buffer containing 25 mM HEPES, 300 mM KCI A20L %(v/v) Triton X-100, 10 %(v/v)

gl ycer ol anerdaptdethanohBolutions were mixed and all were applied to a
Bio-Rad Ecepac diposable chromatography colun2@0 ml of this buffer was used to
wash thebeads inside theolumn(approximately &ashes). Therfton was then
exchangd for noctyl-b-d-glucopyranogsie (OG) by washing the column 10 times with 15
mls of buffer A200 + 1 %w/v) OG. After final wash, bads were resuspended in 4 mi
A200 containing 26 (w/v) OG plus125 units of thrombinBoth ends of the column were
sealed with the provided caps and beads wengbeted on a rotator for 4ah room
temperature in order to elute the protein. At the end of the 4 h, thrombin action was
inhibited by the addition of 2 mM AEBSF. The elutedhpée was let to flow through the
column into a 15 ml corning tube. Then, another 2 ml of elution buffer was &altiesl
column in order to elutany extra protein still left on the bead$ie column was placed on
a rollerfor further 10min and a seconduion was obtained. The eluates were aliquoted

i nto 510 ¢l sampl es, snap {80 mndlose.i n | i qui
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2.2.3.2 Preparation of lipid stocks

The phospholipidsofr both v and tSNARES consisted @ mixture of POPC and DOPS,
however the/-SNARE lipids also contained two head grdapelled fluorescent lipids.
For tSNARE liposomes, a 15 mM lipid stock containing a mixture of 854&OPC and
15 mol% DOPS was prepared in chloroform. FE8MARE liposomes, the final
concentration was 3 Mhand contained a mix of 82 m& POPC, 15 mak DOPS, 1.5
mol % NBD-DPPE and 1.5 mé& rhodamineDPPE. This stock was also made up in

chloroform.

2.2.3.3 SNARE protein reconstitution into liposomes

In order to reconstitute andy'SNAREs int o | i posomes, 100 ¢
stock (fortSNARE | i posomes) and 500 ¢€I-SNARE 3 mM
liposomes) were placed at the bottom of 12 xrifb glass test tube$ubes were carefully
placed undea streanof Nitrogen for 15min inside the fume habto dry the lipids. After

15 min, tubes were placed insidezacuum desiccatdor 30 min in order to further

remove any remaining traces of chloroform. Purifiedrt-SNARES( 500 €1 ) con:
% OG as outined in sectior2.2.3.1 were added to each tube. The lipid film watsily
resuspended with the protdig vortexing for 15min.

After the lipid film was completely med with the proteins, 1 ml oliffer A200 + 1 mM

DTT was added dropiise to each tubwhile vortexing it in order to dilute the detergent
below its critical micellar concentratioihe samples were then transferred into 3 ml
Floata-Lyzers with a MWCO of 10,000 prequilibrated in dialysis dter in orderto
removedetergent monomers froeamplesDialysers containingamples were floated in

4 L of buffer A200 containing 1 mM DTT plus 4 g of BBeads. Dialysers in buffer were
left stirring in the cold room overnight. Samples were collected in the following day, and
placed at the bottomf a SW60 tube on ice for subsequent separation using gradient

centrifugation.

2.2.3.4 Gradient preparation and proteoliposome recovery

A three step density gradient was used to separate proteoliposomes from unincorporated
protein. Proteoliposomes werecoverd by floatation on a histtenz gradient. In order to

achieve this, an appropriate mass of histodenz fivasmixed with A200 buffer to give
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rise to solutions containing hislenz at 80 % (w/v) and 30 % (w/v). 1 mM DTT was then
added to each solution jus¢fore starting the experent. An equal volume of 80 %

histodenz was mixed with the recovered dialysate to produlf®% hisbdenz mixture.

This wasoverlaid with 1.5 ml of 30 % histd e n z . Finally, 250 ¢l |
added carefully to the top of the previous layer. Tubes were then transferred to a
ultracentrifuge. A SW60 rotowvas used to centrifuge samples fdn gt 46,000 rpm

(~372,000 g) at4 °C. Proteoliposomefipat to the 0 % (i.eglycerol free A200) / 30 %
histodenz interfaced(ie to their lipid contefiand free protein remains in the 40 % layer.
After centrifugationfubes werglaced miceand4 00 ¢l of proteolipo
recovered from the top of tlyradient and trasferred into a 1.5 ml tub@roteoliposomes

were stored at80°C.

2.2.3.5 Characterisation of v- and t-SNARE liposomes

Protein content and lipid recovery were characterised by different methods. Lipid recovery
was analysed by scintillation coimg [*H]DPPC in the recovered sample compared to the

input lipid stocks. Protein content was analysed by -$FBGE.
2.2.3.6 In vitro fusion assay

Fusion assays were performed in which 5 pl of fluorescently labelled doiSNARE

liposome) was mixed with 45 pl ainlabelled acceptor-8NARE liposome).-tand v

liposomes were mixed in a well of a 96 well microtitre plate, on ice. As a control, the t
SNARE lippsomes were prmcubatedwithZ 1| of puri fi ed MERMP2 n
transmembrane domain. This versiof VAMP2 is known to act as a dominant negative
inhibitor of fusion(Weberet al, 1998) Incubation was performeah icefor 10 min. Then,
thev-SNARE liposomesvere added andhé microtitre plate was either incubated

overnight at 4C or placed direcylinto the fluorescent plate reader.

The microtitre plate was warmed to Z7by placing it inside the pravarmedFluostar
Optima, BMB labteclplate readeand incubated for 5 min before starting the fusion
measurements$-luorescence was measusgd® min intervals for 2h with the excitation

filter set to485nm and the emission filter set520nm. After 2h, the plate was removed
and 10 el o-flodeylnaltositle was Added to the wells containing liposomes

and mixed, and thBuorescence wasecordedor further40 min at 2min intervals.
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2.2.3.7 KaleidaGraph analysis

A graphing and analysis programme called KaleidaGraph (Synergy Software) was used in
order to analyse the data obtained from the Fluorescence reader. Raw fluorescence data
was transfeed to this software and it was plotted against time. This was then normalised

to percentage of maximal detergent signal and tierlevas plotted against time.

2.2.4 M18c protein purification

Hiss-M18c was expressed from vector pQE30 in NELoli co-expresing the chaperone
GroEL. Cells containing both plasmids were selected o ahtgbiotic plates since GroEL

is Kan resistant and pQE30kHs118c is Amp resistantA single colony was used to

inoculate an overnight 2 YT culturro nt ai ni ng 500 ¢gd /miHe Akgpn a
following day, the overght culture was centrifuged at0®0 >g for 10 min, the

supernatant removed, and the pellets were used to inoculaté eaftTB cultures
containing 200 e.g TAmps e ndu I5t0u re @svitiKkehaking g r o
at 250 rpm. Usually 10 of TB were used to obtain a satisfactdt§8c protein yeld.

Hiss-M18c expression was induced overnight af@ay adding 0.2 mM IPT®&hen cells
reached an Of3o of ~ 0.6.Cells wee grown overnight witlshaking at 28 rpm (for

approximately 16n).

In the following day, purification proceedéaking advantage of the HIS tag on the N
terminus of M18cCells were then harvested ilBackman Coulter Allegra X2R

centrifuge for 30 min at 3,27%. A purification huffer described as A40@vere made
containing 25 mM HEPES, 400 mierckpbkthanol® %
mM imidazole pH 8.0 anBDTA-free protease inhibitors (1 tablet/ 50mijhis bufferwas

usedto resuspend the cell pellets this stage the resuspded pellets could either be

stored at80°C or could be used straight away to continue protein purification.

Lysozyme was added to the resuspended cells to a final concentration of 1 mg/ml and the
mixture was incubated for 3@inonao t at o r Toathiewé ced IBissells were
sonicated for 6 x 20 sec periods with 20 sec intervals on ice. Sonications were performed
using a Sanyo Soniprep 150 sonicator, set at an amplitude of 15 microns. DNA was then
digested by the addition @Nase I( 1 0  kfgr B0min at 4°C. The lysate wakhen

clarified by centrifugation in a preooled Beckman JAR0 rotor for 1hour at 48,400 gat

4°C, and 3ml of Ni-NTA agarosgpre-equilibrated in A400 buffer) was added, mixed and
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incubated for 2 fat 4°C with corstant rotationLysatecontaining beads were divided into
50 ml tubes and centrifuged at 509f&r 5 min. The supernatant was removed and each
tube containing beads were resuspended in 5 mhiér A400 containing 15 mM
imidazole andapplied to a BieRad Ecopac disposable chromatograptolumn. 200 ml

of A400 (+15 mM imidazolejvas used to wash the column (approximately 8 washes).
This was followed by a further wash in 200 ml of A200 containing 15 mM imidazole, 20
mM MgClL and 5 mM ATP Nesalt (MgCh and ATP were added to the buffer in order to
wash off any GroEL that may esxpress with M18c).

Protein was then eluted in A200 plus 500 mM imidazole at pH 7.4. The amount of elution
buffer corresponded to the amount of beads used. So, for 3N Aibeals, 3ml elution

buffer was added. After 15 min incubation with the beads, the eluted sample was allowed
to flow through the column into a 15 ml corning tulblis step was repeated 4 times to
increase the chances of obtaining as much protein as possibl¢hie beadsThe eluates

were aliquoted into 2001 sampl es, snap frozen8En | i gl

until use.

2.2.5 Cytoplasmic Insulin Receptor (tyrosine) Kinase-i Cl1 RK 0

2.2.5.1 CIRK activation

The cytoplasmic insulin receptor kinase (CIRK) consists of amino acidd 4 3 o f t |
subunit of the isulin receptor and it was expressed and purified from Baculewifested

Sf9 cells by Melanie Cobb (Prof Lienhard lab, Dartmouth medical school, USA). In order

to activate this receptor, first one vial containing 1 ml CIRK was thawed on ice and diluted
with an equal volume of buffer A (4 mM ATP (Malt), 5 mM MnCJ, 100 mM HEPES

pH 7.5, sterilised before use). After int
fold into buffer B (1 mM DTT, 10 % glycerol, 50 mM HEPES pH 7.5). At this stage,

CIRK was activated, the concentration was 0.37 mg / ml and the spadifiity was 46

nmol/ min/ mg. The solution was then divided into several tubes (50 pl aliquots), snap

frozen in liquid nitrogen and finally stored-é8 0 e C.
2.2.5.2 Proteins phosphorylation by CIRK

In an eppendorf tube, autophosphorylated CIRK and the recamthprotein of interest

were mixed and made up to a final volume of 50 pl in filter sterilised buffer C (50 mM
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HEPES pH 7.5, 4 mM Mng| 0.2 mM freshly made DTT, 100 uM ATP Malt).
Samples were incubated at 30 t®Cvariedfrom30wat
to 150 min. After the reaction was finished, phosphorylated protein was tested in pull

downs.
2.2.5.3 Stoichiometry of protein phosphorylation in response to CIRK

Stoichiometry of phosphorylation was determined by phosphorylating the protein of

i nt er e sPJATW ioftkirowr] specific activity. Protein plus CIRKade up to a final
volume of 50 Ol in buffeP]@TPware 3i0n @b a
warmed water bath and the time of incubation varied depending on the proted stud

(from 30 to 150 min). The labelled protein was then isolated and analysed by gel
electrophoresis. The control was repeating the solution above without CIRK. After
electrophoresis, SDBAGE gels were stained with Coomassie Blue as described in section
2.2.2.3, destained and dried. Gels were then exposed 4@g fAm in a casset with no

intensifying screen for different times raging from 24 h to 72 h, at room temperature.

The stoichiometryof protein phosphorylation was calculated by measucmgnts gr min

(cpm) from a given sample. The cpm of the analysed proteins were determined by excising
the dried gel band corresponding to each of the proteins, placing them in vials and
measuring cpm using a scintillation counter programmed to measure phospkorus

Knowing the molecular weight of the molecule, the amount of protein loaded and the cpm
obtained, it is possible to calculate an estimate of the percentage of the protein that is

phosphorylated.
2.2.6 Immunoprecipitation using anti-phosphotyrosine agarose

Fully differentiated 3T3L1 adypocytes were kindly given by Dr Rebecca McCann in order
to perform immunoprecipitation experiments using-gphibsphotyrosine agarose (anti
PTyr).

Two different 16cm dishes containing differentiatadipocytes were incubated with 10
ml of prewarmed serurfree media for 2 h. Cells were stimulated with and without 150
nM insulin for 5 min. Plates were washed twice with 5 mido& HPFE buffer (25 mM
HEPES, D mM, sodium pyrophosphate, 50 mM sodium fluoride and 10 mM EDTA pH
7.4). Cells weresolubilised by adding 5ml of HPFE bufferontaining 1 % (v/v) Thesit plus
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proteaseinhibitors, gently scrapd off the plate with a cell scrapehen trituratd. Both
lysaes were placed in 15 ml cornirigbes on ice for 20min. Lysates were spin aD9®
xg in anultracentrifugeat 4°C for 1h at 4°C.

Meanwhile,an aiquot of antiPTyr-Agarose $0 pl) was mixedwith 1ml of HPFE/Thesit.
This mix was entrifuged for 30 seondsat 9,300 g, thensupernantant wagmovel and
discarekd This step was repeated twice before resuspention in 50 pl HPFE/Thesit.

When the ultracentrifuge stopped, tubes were removed carefully and fat regatees
gently aspiratedff the topof thetubes The supernatanwhichcontains the solubilised
proteins, were decanted into clean tubes and divitedL ml aliquotsThese aliquots
werestoredat8 0 e C until wuse.

To one Iml basalaliquot, 25 pl of anttPTyr-agarosevas adde@ndtube waseaédwith
Nescofilm The same was done to thenl of insulintreated lysatelTubes wereatated in

the cold room foB h, therspun at 9,300¢for 30 secondsSupernatants were removed

and frozenat8 0 e C. Beads wer e HRFE/Mhediplus pnotease d  wi t
inhibitors and spun at 9,30@ %or 30 seconds. Thaipernatarg were aspirate off and this

step was repeated twiceore.However, in the final wash, beads were resuspended in
HPFEDbuffer containing).1% Thesitinstead of 1 %This reduced detergemtash was
performedo reduce the neionic detergent in the sample. Thus, after this final gjia,
supernatanivas aspated off and beads were resuspended in 40 pl 03D PAGE

buffer containing 20 mM DTT. Samples were boiled for5 mina¢ 3. Sampl es w
spunfor 30 secondat 9,300 g and sipernatantvas carefully removed and placed into

fresh tubes. This contains the immunoprecipitedeins released from the PTyr agarose

25 ul samples were run on a SIPAGE andprobel with antkPTyr antibody and anti
M18cantibody
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3.1 Introduction

Among several proteinsdhinteract with syntaxinsnembers of the Sec1p/Munc18 family
have been shown to bindtiwihigh affinity and are proposed to lmportant regulators of
syntain function. Different SM proteinshow high sequence homology suggeséing
similar structureHowever, the mechanisms of interaction between SM proteins and
syntaxins appear to diffef.he neuronal syntaxin known as $4 is one of the best
characterised syntaxits date. As mentioned in the introduction (section 1.5%)1Ahas
the ability to switch between t w®ulubavd f er
et al, 1999) It was thoughthat the SM protein M8a was only able to bind DA in the
closed conformatiopreventing this syntaxin fra forming SNARE complexegMisuraet

al., 2000) However recent data indicates thatll8a isalso able to bind open Sx 1A and
Sx 1A assembled iBNARE complexe¢Burkhardtet al, 2008; Khvotcheet al, 2007)

In recent yearsseveral studieBave focussed their attention in identifying which regions in
both SM and syntaxins are important for their interaction. The crystal structure of M18a in
complex with SXLA revealed the SM protein as an astlgped molecule containing three
different domainswhich form a cemtal cavity that cradles SkA in its closed
conformation(Misuraet al., 2000)(see introduction, figure 1.7C and D). On the other
hand,the crystal structre of the yeast SM protein Slylp in complex with a shert N
terminal peptide of SedSevealed that these two proteins interact in a different way
(Bracher and Weissenhorn, 2003)ylp was shown to also behreedomain arckshape
molecule, but in contrast the M18A/Sx1A interaction, the Sed3§-terminalpeptide

inserts into a hydrophabpocket on the ater face of domain | on Slylp. Interestingly,
residues 4139, which are part of domain | in M18c (similar to M18a domains; figure
1.7A), were also shown to interact with Sx 4uril-downand yeast twdybrid binding
assaygGrusovinet al, 2000) Apart from Sed5p/Slylp, this-kérminal mode of

interaction wasubsequentlpbserved betweeBx 1A,Sx 4, Sx 5Sx 16, TIg2p and their
respective ShproteinsM18a,M18c, mVps45p and Vps45Burkhardtet al, 2008; Carpp

et al, 2006; Dulubovat al, 2003; Dulubvaet al, 2002; Huet al, 2007; Khvotcheet

al., 2007)

SM protein nteraction with SNARE complexéms been observed in both yeast and
mammalian systems. In neuronal cells, M18a was shown to interact directly with the
assembled neuronal SNARE compfermed by Sx1A/SNAP25/VAMP2Dulubovaet al,
2007) Anothe study has reported thatl¥c apart from directly binding to monomerix S
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4, also binds to the assembled Sx4/SNAP23/VAMP2 SNARE confpktkamet al.,

2006) In yeast, the relationship between the SM protein Slylp and the syntaxin Sed5p,
which are essential for ER to Golgi vesicular transpoete also studied. Interestingly, the
binding of Slylp tdSed5p not only allows the efficient formation of SNABR&Mplexes,

but also prevents nespecific SNARE complex formatiofPeng and Gallwitz, 2002)

The sole interaction with syntaxins is unlikely to be the only way by wlMtpraeins
regulate meforane fusion, sinceteractions with norsyntaxin SNARESs could also be
important For examplein yeastthe SM protein Vps45p not only binds directlyit®
cognate syntaxin, Tlg2p, but also binds to the assembled SNARE complex and the v
SNARE Snc2Carppet al, 2006) Interestingly Slylpis also able to interaegtith the
nonsyntaxin SNAREproteinsBetlp, Boslp, Sftlp and Gos{ipeng and Gallwitz, 2004)
Together, all these data indieahat SM proteins might not only regulate the SNARE
complexassembly/disassembly throumgiteracton with syntaxins, but alsaa their
interaction with vYSNARES.

3.2 Aims of this chapter

In this study, Ihave examined the molecular interactiofshe SNARE proteins Sx 4 and
VAMP2 with the SM protein M18cwhich are alinvolved in GLUT4 trafficking. Seval
pull-down assays using recombinant proteins were performed to demonstrate the novel
finding that M18c not only binds to theSNARE Sx 4, but also bifs to the YSNARE

VAMP2. Also, to confirm whether M18c utilise a pocket mode of interaction similtreo

one captured by Slylp/Sed5p crystal structure and by Tlg2p/Vps45p, sequence comparisot

analysis and sitdirected mutagenesis studies were carried out.

3.3 Results

3.3.1 M18c interaction with non-syntaxin SNAREs

Recently, it has been demonstrated that SM prstaie able to interact with n@yntaxin
SNARE proteins. Sincthis finding was observeid yeast, we decided to carry out similar
studies using proteins that mediate fusion of GLUT4 vesicles witR¥h& muscle and
fat cells. In order to check dn nteractionoccurs between the SM protein M18c and the
v-SNARE VAMP2, pultdown assays were performed in which recombinant expressed

proteins containing the cysolic domains of the GSflaggedproteins S, VAMP2,
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VAMP4 and VAMP8 were first immobilised aglutathione sepharose and then incubated
with recombinantiss-M18c. As control proteins we useduble GST, and the-

SNAREs VAMP4 (found in the TGN but also in early endosome compartments) and
VAMPS8 (whichwas shown to play a role in tiM retrieval ofGLUT4 (Williams and

Pessin, 2008)After extensive washing, proteins bound to the GST beads were adsgssed

i mmunobl ot-Mi8aantibedg.i ng U

As shown in figure 3.1Hiss-M18c binds to GSFusion proteins harbouring the cytosolic
domains of Sx (amino acid residues273)and VAMP2(amino acid residues92), but
not those harbouring the utetted VAMP4 and VAMPS8

~+-Munc18C

|-VAMP2
# -VAMPS

-Munc18C

o
(7))
o

GST-Sx4-

GST-VAMP2-
GST-VAMP4-
GST-VAMPS8-

Figure 3.1 M18c interacts specifically with the non-syntaxin SNARE VAMP2

Pul-down assay was performedwhé&e ¢ g of either recombinar
the cytosolic domain of Sx 4, VAMP¥AMP4 or VAMP 8 were firstly immobilised on
glutathione SepharosBe ads wer e t hen incubatoéHisss-over ni
tagged M18c i n a 4% afeathmxtore wasiemovdd toassdss ¢ |
protein input. Afterextensive washindjound proteins were eluted, resolved 39S

PAGE and immunoblot analysigas carried ouio determine which of the GST proteins

M18c had bound t¢for a more detailed protocol, see section 2.2.2)Jfper panel

represents a Coomassie stained gel of the-faSion proteins/Munc18c inputs (4 % of the

total input); lowerpanel showsmmunoblotanalysis withd-M18c antibody used to
determineboundM18c (~ 67 % of the final sample was loaded into the.gel)
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3.3.2 M18c interacts with the SNARE motif of VAMP2

Since Hig-M18c was able to bind cytosolic GSAAMP2, we thensought to examine
which region ofVAMP2 was imporant for its interaction with M18c. The SNARE motif
of the yeast \SNAREs Snc2p anBetlp/Boslp/Goslp were shown to be important for
their interaction with Vps45p and Slylp respectigarppet al, 2006; Peng and
Gallwitz, 2004) VAMP?2 is asmdl protein comprising 116 aminacids. It contains a short
N-terminal region of 30 amino acids prior to the SNARE m@tifure 3.2A). To
determinewhether this region was requireat M18c binding, a truncated version of
VAMP2 was generated. gonstruct containing cytosolMAMP2, in which all ofthe N
terminus was deleted (VAMRR)leaving only the SNARE domaiwas cloned into the
vector pGEX4T1.Cyt osol i ¢ VAMP2a& was ge-NAMPaased by
template. Primers used to amplify desired sequence were:

VAMP2A Forward:5
VAMP2A Reverse:5

GA TCC AGA CTG CAG CAG ACC cC

0 G
6 GAA TTC TTA CAT CTT GAG GTT T

Cytosol ic -922WhPB doaed beBreen tBamHlandEcoRlIsitesin pGEX4T-
1. Truncated VAMP2 was then expressedioolias a GST fusion protein and it was
tested for its ability to bind His M18c. Pultdown assays were performed in which set
amounts ofecombinant GST, GSTSx 4, GSFVAMP2 and GSTV A MP 2veze
immobilised on glutathione sephardssads beforevernight incubation withdiss- M18c.
After extensive washing, bound protein was analysed byeéffeHot using arantibody

against M18c.

Panel C in Figure 3.2 demonstratikeat the VAMP2 SNARE motif accounts for the M18c
VAMP?2 interactian since VAMP2 lacking the aminkerminus retained the ability to
efficiently bind M18cin vitro.
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Figure 3.2 Hise-M18c binds the SNARE motif of GST-VAMP2

(A) Schematic diagram comparing fldingth VAMP2 withcytoslic VAMP2 harbouring

only the SNARE motifVAMP2a )which was used to map M18c bindif{§) A mutant of
VAMP2 lackingthe first 30 amino acids was generated by R@Rexpresseds an N

terminal GST-fusion proteinfrom vector pGEX4TL in BL21 (DE3)E.coli cells. Protein
production was induced overnigita 24 e C by adding 0.5 mM I
was carried out as outlined in section 2.
SDSPAGE and visualised by staining with Coomassie Blue. The figure shows the purity
of the prespin Lysate (L1), posspin lysate (L2), wash 1 (W1), wash 2 (W2), wash 3 (W3)
and protein samples (10 pl) eluted using 15 mM Reduced Glutathione (EIL(@IBull-

down assay was performed to test the ability o§#¥4&8c to bind toGST-VAMP2s&e usi ng
the same protocol as detbad in figure 3.1Upper panel represents a Coomassie stained
gelof the GSTHusion proteinsHiss-M18c inputs (4 % of the total input); lowpanel
showsimmunoblota n a | y s iMVd8caritiiodly uddd to determibeundHiss-M18¢

(~ 67 % of the final sapie was loaded into the gélhis result was confirmed by
repeating this experiment several times.

3.3.3 GST-Sx 4 displaces GST-VAMP2 from Hisg-M18c in a dose

dependent manner

Since we observed that bdB5T-VAMP2 andGST-Sx 4 interact wittHiss-M18c, we
sough to determine whether th®nding sites of either protein could overlaphus, a set
amount of His-M18c was immobilised on Niznitrilotriacetic acidagaroséNi-NTA

agarosepefore overnight incubation witBST-VAMP2. After extensive washing,
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increasig amountf GST-Sx4 were added to bda containing both HisM18c and
GST-VAMP2. Then, after several wash&gh binding bufferthebound material as
analysed by 12 % SDBAGE followed by immunoblot analysising antibody against
VAMP2. The unrelategeast syntaxin Tlg2p was usedaasegative contl.

Figure 3.3 shows the result of a typical competition assdjisNGST-Sx 4 was able to
displace GSTVAMP2 fromHiss-M18c in a doselependent manner, the unrelated PrA
Tlg2p was not. This data indicatéhat GSTVAMP2 is specifically displaced from His
M18c by GSTSx 4.

-Munc18C
-VAMP2
0 25 250 450 100
ug GST-Sx4 ug PrA-Tig2p

Figure 3.3 GST- Sx 4 displaces GST-VAMP2 from Hisg-M18c.

Pul-down assay was performed inwhish ¢ g of M18c omdNENTA mmo bi |
agarose and incubated overnighth 10¢ g o -VARRTThis preformedcomplex

was therincubated withncreasing concentrations of Gk 4 orthe unrelated yeast

syntaxin PrATlg2p asa negative controPrA-Tlg2p was generously given by Dr Lindsay
Campp. Upperpanel showsmmunoblot analysis s i fVid8c Bhntibodyto determine

levels of ML8cimmobilised on the kas (~ 33 % of final sample). Lower panel shows
immunoblot analysia s i AV4MPQ@ antibodyto determinghe amount of VAMP2 that
remained bountb the beads (~ 67 % of the final sample was loaded). A typical

experiment is shown.
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3.3.4 GST-VAMP2 is not able to displace GST-Sx 4 from Hisg-M18c

The ability of VAMP2 to displace bour@ST-Sx 4from Hiss-M18c was also investigated
A similar approachwvas taken as in secti@3.3 Firstly, GSTSx 4 and Hig- M18c were
immobilised on NINTA agarose, anthen increasing amounts of G¥YAMP2 were
added in order to displac&ST-Sx 4 fromHiss-M18c.

Figure 3.4shows thatncreasing amounts of GSTAMP2 arenot able to displace GS$x
4 from Hig-M18c.

input

-Munc18C
e e . —— _GST_SX4

0 25 250 450 pg GST-VAMP2

beads

- - : -~ -Munc18C
S G Swame s _GST-Sx4

IS

Figure 3.4 GST-VAMP2 is not able to displace GST-Sx 4 from Hisg-M18c.

Pull-down assay was performed in whish € g¢iss0M8c was immobilisedn NENTA
agapose and incubated overnighith 10e g 0 f-Sx & &3FSx 4Hisc-M18c

complexes were recovered onNITA agarose and increasing amounts of @8IMP2
were added to attempt to displace GS¥4 from Hig-M18c. The upper panel shows 4 %
of total protein inpuwhich was analysed by SEFFAGE followed by Coomassie Blue
staining. The lower panel showse amount 06ST-Sx 4 that remained bourtd the

beads. This was also analysed by Coomassie staining (~ 67 % of final sample was
analysed). This figure represeniata from a typical result, repeated three times.
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3.3.5 The importance of the GST tags present in both VAMP2 and

Sx 4 in the competing assay results

Since both Sx 4 and VAMP2 were recombinantly expressed E.@oli as GSTFusion

proteins, this raised song®ubts: could the GSTags in each protein affect their

interaction with each other, thus affecting the competition assay results? In order to answer
this question, a similar approach as before was taken, however this time both VAMP2 and
Sx 4 GSTHags werehrombin cleaved prior to their addition into the pddiwn assays. In

order to cleave the fusion proteins from their GST tags, after performing protein

purification as outlined in section 2.2.2.4, VAMP2 and Sx 4 were eluted from the beads by
incubating bhe beads with thrombin in PBS for 4 h at room temperature. Then, a similar
approach to sections 3.3.3 and 3.3.4 was taken, however this time using VAMP2 and Sx 4
lacking the GST tags.

Figure 3.5 shows a typical set of results. As it can be seen, cleAMdB2/is not able to
displace Sx 4 from HisM18c (A). In contrast, cleaved Sx 4 is able to displace VAMP2
from Hiss-M18c (B). This result confirms that the VAMP2 and Sx 4 GST tags present in

the previous competing experiments did not contribute to théseduained.
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input

S — - —— -SX4
beads

. o 8 _\uncisc
| L I & vAvmP2

0 25 250 400 g VAMP2 Sx4 - + =
beads Sx16 - - +

& & & & -vunctsc

— — - - -5t

Figure 3.5 Untagged versions of both VAMP2 and Sx 4, when used in the competition
experiments, give the same results as their tagged versions

(A) 5eg of M18cwas immobilised on NNTA agarose and incubated overnight 4 e C
with an excess (18g) of Sx4 cytosolic domainAfter extensive washing, thd18c/Sx 4
complex wasncubated withncreasing amount cytosolic VAMP2 The upper panel
shows a Coomasskidue stained gel of the input proteins, the lower panel shows an
immunoblot ofthe beads probed with arii18c (control), or stained with Coomasdiiue

to showthelevels of Sx4 which remained bound to the beafB) Again,5 g of M18c

was immobilisecdbn Ni-NTA agarose followed bgvernightincubationwith an excess (10
€g) of cytosolic VAMP2 After extensive washinghe M18c/VAMP2 complexvas
subsequently incubated alone or with 2&800f cytosolic Sx 4or (as a control) 250g Sx

16 cytosolic domain faino add residues 4269), as indicatedUpper panel represents the
result of aninmunoblot analysissing antiM18c to show levels of M18c which remained
bound to the beads and lower panel shows also an immunoblot at@alysiermine the
amount of VAMP2hat remained bounis the beads.
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3.3.6 M18c and Sx 4 different modes of interaction

As mentioned previously in section 3.1, the function of SM proteins is controversial, since
their mode of binding to their cognate syntaxins varies depending on the orgawism
pathway studied. Interestingly, several studies performed using both yeast and mammalian
proteins, have identified a hydrophobic pocsetthe outer face of domairof the SM

protein. A hydrophobic pocket was identified in the crystal structure dpStycomplex

with the Niterminal 45 residues of Sed®pracher and Weissenhorn, 20@2y mutations
performed in the hydrophobic pocket of yeast Vps45p also identified that this region is
important for binding the short-drminal peptide in Tig2fCarppet al, 2006)

3.3.6.1 Alignment of M18c against Vps45p

Yeast Vps45p interacts with Tlg2qa two different modes: with monomeric Tlg2p and
with cissSNARE complexe vivo (Bryant and James, 2003)his interaction is mediated
by the Nterminal region in Tlg2p in a similar manner to the Slylp/Sed5Sgtakgtructure
(Dulubovaet al, 2002) TIg2p/Vps45p binding occursa a hydrophobic pockeh Vps45p
which consists of residues L137, L140, A141, V153 and V156. The mutation of Slylp
L137 to an arginine disrupts Slylp/Sedp5p bindirgng and Gallwitz, 20048nd Dr

Br yant 0 s obeaddthat the nouratioof Vps45pL117to an arginine also disrupts
the binding of Vps45p to Tlg2(Carppet al, 2006) Therefore, sequence comparison
between yeast Vps45p and mouse M18c vesifopmed to indentify which residue in

M18c corresponds to the residue L117ThaVps45p sequence.

Figure 3.6 shows GLUSTALW multiple sequencelignment between Vps45p andligic
indicating residue F119 (M18c) in alignment with L117 (Vps43ih)s reside was also
identified by another research group in 2006, which by perforsgiggence alignments of
M18c in comparison t8lylp, have also identified a-términal hydrophobic pocket on
M18c corresponding to residues F119, 1122, C126, 1130 and G18%r study, residue
L137 in yeasSlylp corresponded to residue F119 in M{Bracher and Weisséorn,
2002; Lathanet al, 2006)
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Vpsd5p  YLVERIENEQREVSRHLRCLVYVKPTEETLQHLLRELRNP -~ RYGEYQIFFSNIVSKSQ 116
Munci8c  TVIENIYKN - REPVRQMKALYFISPTPKSVDCFLRDFGSKSEKKYKAAYIYFTDFCPDSL 118

Vps45p RLAESDDLEAVTKVEEIFQDFFILNQDLFSFDLOPREFESN KLVWSEGGLTKC 171
Munc18c K*IKAS- gSIﬁSIRRC’EKEINISFIP(QESQVYTLDVPDAFYYCYSPDPSNASRKEVVMEAM 177

Figure 3.6 CLUSTALW multiple sequence alignment between Vps45p and M18c

Vps45p sequence froBL cerevisiaand M18c sequence from mouse waligned using
Clustalw software. The hydrophobic residue L117 in Vps45p corresponds to the
hydrophobic residue F119 in M18c and both are highlighted in red. Sequence aligments
between different SM proteins were also performed by other research groupsiognf

the importance of residue F1M18c (Hu et al, 2007;Lathamet al, 2006)

3.3.6.2 Generation of Hisg-M18cF119A

In order to assess the importance of residue F119 in the formation of the Sx 4/M18c
complex, the highly hydrophobic amino acid phenylalanine was changed to the less
hydrophobic residue alanine by sd&ected mutagenesis. The F118Atation was
introduced into the M18c sequence using pQER®Bc as template and mutation was
performed as outlined section 2.2.1.2Primers were designed taking in consideration
melting temperature, length and GC content of the primer. Primers use{lettens in

bold refer to original codon and underlined refer to mutated codon):

M18c sequence: 50 TGN AQACT AQAC AAGT AANTAC GCA

F119AForward5 6 TGT CCT GACTALCO ACAGC ATT AAA GCA
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F119A Reverse: 560 AG&OGAGTACAAGTCT AGGTRACA

Successful mutation was confirmed by DNA sequenoingpth strands

Hiss-M18cF119Awas expressedimilarly to wild-type M18c,in M15 E. colicells that

also ceexpressed the chaperomtein GroHE in order to increase M18cF11%Alubility.
During Hiss-M18cF119A protein purification,olv levels of IPTG were used (0.2 mM)

and protein expression was induced a22 emight as outlined in section 2.2.4 as these
conditions were empirically determined to give better levels of esjomediss-
M18cF119Awas purified using NNTA agarose.

A typical purification is shown in figure 3.7.

kDa

175 1 commmunn 4

83

62 .+ <«—His;-M18cF119A

47.5

32.5

Bl EL

Figure 3.7 SDS-PAGE analysis of Hise-M18cF119A protein purification

Hisg-M18cF119Awas expressed fromector pQE30 in M1E. coli expressing the

chaperone GroEL. Expression was induced by adding 0.2 mM IPTG and incubation was
carried out overnightat22C. The figure shows several ¢
of protein purification which were run on a 12 % SBPAGE gel and stained with

Coomassie Blue as outlined in secti¢h2.2.1 and 2.2.2.3 respectivele positions of

the molecular weight maeks are shown on the left. The first lane corresponds to a sample
before induction (BI) followed by a sample after induction (1), sample from the lysate (L),
wash 1 (W1), wash 2 (W2ash 3 (W3) and fraction eluted (@Ppusing 500 rivi

imidazole (EL).
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3363 The effects of the M18c Ahydrophobic
binding to both GST-Sx 4 and GST-VAMP2

In order to test whether the F119A mutation in M18c could affect its binding to either
GST-Sx 4 or GSTVAMP2, pull-down experiments were carried out in whegt amounts
of the GSTSx 4 recombinanproteins and GSVAMP2 were immobilised on glutathione
sepharose &ads before incubation withisse-M18cF119A. GST alone was used as a
negative control in the putlowns. Both Nand Gterminally tagged versions of Sxwere
used in order to assess iIif the tagHss posi
M18cF119A (GST tag at the &rminus could block bindingia the Nterminal domain of
Sx 4 in contrast to the-@rminally tag version as shown in chaptesdction 4.1.1). The
N-terminaltag could favour an interactioma the closed conformation of Sx 4, whereas
the Gterminal tag could favour anteractionvia the open conformation of Sx(Aran et
al., 2009)

The result of a typical experiment is shown in figure 3.8. @fion proteins harbouring
the cytoslic domains of Nand Gterminally tagged Sx 4 and VAMP2 efficiently bound
wild-type His-M18c. In contrast, these proteins were unable to bingtMiScF119A.
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Figure 3.8 A hydrophobic pocket mutation in Hisg-M18c disrupts its binding to SNARE
proteins in vitro

Pull-down assays were performedwhére € g of ei t her recombina
the cytosolic domain of Sx @C-tagged) Sx 4(N-tagged) and VAMP2vere firstly

immobilised on glutathione Sepltge.Be ads wer e t hen incubated
either5 off@liss-tagged M18wr5  ofdiss-tagged M18E119Ain a final volume of

5 0 0 4 % bf.each mixture was removed to assess protein input.éftensive washing,
bound proteins were eluédy boiling beadswith 181 of 1 x sampl e bu
DTT), resolved bysDSPAGE and immunoblot analysigere carried outo determine

which of the GST proteindiss-M18c orHiss-M18cF119Ahad bound to(A) Upper panel
represents a Coomassie staigetiof the GS-fusion proteing4 % of the total input);

lower panel showsmmunoblota n a | y s iMVEL8c aritiiodly udgd to determibe of

total Hiss-M18c and HisM18cF119A used in the pedlowns.(B) Upper paneshows
immunoblota n a | y s iVd.8c ariibbdly usét to determinsoundHiss-M18cF119A

(80 % of the total final sample was tested); lower panel also shoinsvamoblotanalysis

u s i +#Md8c bntibody in order to determiteundwild-type His-M18c (80 % of the

total final sample was tested). Thkigperiment was repeated with similar results.
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3.4 Discussion

The interaction between syntaxiasd SM proteins has been propoasd potential
regulatory step in the processSMARE-mediatednembrane fusiorDespite all the
research performed in this areéle interaction of SM protein with negyntaxin members
was an unknoweventuntil Pengand Gallwitz demonstrated that SNARE proteins
could also interact with SM proteins in yeéBeng and Gallitz, 2004) The results
presented in this chapter have reinfordad tinding by demonstratindpat the SM protein
M18c, apart from binding Sx 4lso interacts specifically with VAMPiR vitro (figure
3.1).During the course of this work, an interactibetween VAMP2/M18a was also
reported(Shenet al, 2007) Nevertheless, the118c/VAMP?2 interaction has not been
previously identified providing new insighinto the mechanism by which SM functioins

muscle and adipose tissue.

M18c bindingto VAMP2 does not require the shoritBrminal peptide of VAMP2, since
cytosolicGST-VAMP2 only harbouringthe SNARE motif was stilhble to interact with
Hiss-M18c (figure 3.2. This result indicates that unlikéx 4, M18c does not require the

short Nterminal peptide of VAMP2 to interact. Furthermore, data presentdus chapter

also demonstrateithat Sx 4 can displace VAMP?2 froRiss-M18c (figure 3.3 and 3.5B)

In contrast, VAMP2 was unable to displace Sx 4 fiéis-M18c (figure 3.4 and 3.5A)

An explanation for this could be that upon Sx 4/M18c binding, a conformational change in
M18c occurswhich in consequence disrupts M18c binding to VAMP2. In fdet two

binding modes by which Sx #iteracswi t h M18c¢c (fAopend and Acl
affinity between these two qeins is strong and it coulzte highe than M18cWVAMP2

affinity. Moreover the immunoblots performed to demonstitiia M18c binds VAMP2
(figure 3.1, alsoindicate that the amounf Hiss-M18c which were recovered on GST
VAMP?2 beals were maller than that recoverech dhe GSTSx 4 beads.

The Abridging hypothesiso by Peng aamdl Gal
t-SNARESs on opposite membranes could involve SM proteins regardless of whether it is
bound to syntaxin orat (Peng and Gallwitz, 2004T hus,data presented here coslerve

as an indicator that the bridging theory could occur since both 8MARE VAMP2 and

the tSNARE Sx 4, which are present in oppesnembranes, interact with M18c.
Unfortunately, there was not enough time to perform careful and detailed investigation on

whether M18c could bridge VAMP2 and Sx 4 interactiNievertheless, this interaction
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might be very transient since Sx 4 displacé#dWP2 fromHiss-M18cin vitro (figure 3.3
and 3.B).

The other subject addressed in this chapter was the hydrophobic pocket mode of
interaction betweeM18c and Sx 4 This N-terminal mode of interaction between

syntaxins and SM proteins has been showretodmserved from st to mammals with

the determination ahe structure of both thgeast Slylp/Sed5and the mammalian

M18c/Sx 4 N-peptide complexBracher and Weissenhorn, 2002; étwal, 2007) The
hydrophobic residet L117 in yeast Vps45p was shown to be an important residue
mediating TIg2p/Vps45p interactiq@arppet al, 2006) Our alignment studies between
M18c and Vps45p revealed that residue F11l%esmonded to residue L117 in Vps45p
(figure 3.6). Therefore, a mutant was generated by changhgraylalanine to an alanine

in residue F119. This mutation prevented both Sx 4 and VAMP2 binding to M18c (figure
3.8). Unfortunately, it was not possible terfporm circular dichroism (CD) to analyse if the
conformation of His M18cF119A was affected by the mutation since the high levels of
GroEL copurified with recombinant HisM18cF119A could affect the CD measurements.
Thus, a change in the overall struetof the mutant version of M18c could be the reason
for the results obtained, although another group has also confirmed that mutation of F119
to glutamic acid disrupts binding of M18c to Sxléthamet al.,, 2006) Structurhanalysis
have also confirmed that the Sx 4t&minal residue L& important in mediating Sx 4
interaction with the hydrophobic pocket on the outer face of domain | in lsiid@c

mutation of this residue (L8) to Lysine disrupts Sx 4 binding to Mtcet al, 2007,
Lathamet al, 2006) In yeast, hydrophobic pocket mutations in Sed5p and Vps45p also
prewented interaction with their respective syntaXidsacher andVeissenhorn, 2002;
Carppet al, 2006) In contrast to data obtained in this chapter, Vps45p L117A mutant was
shown to interact with thee SNARE Snc2dCarppet al, 2006) Figure 3.8B showsat
Hiss-M18c F119A was not able to interact with G&¥RAMP2. This result indicates that, if
Hisg-M18c F119A protein is properly folded, there might be some sort of connection
between the SNARE motif of VAMP2 and the hydrophobic region in thiehhinal of

M18c.

In summary, the data presented in this chapticate that the SM protein M18c has two
SNARE partners. These SNARE proteins correspond tBMENARE Sx 4 and the
GLUT4 vesicle SNARE VAMPZBrandieet al, 2008) However, Sx 4 showed a strong
affinity to M18c, since it can displaces VAMP2 from M18c but VAMP2 cannot do the
same(Brandieet al, 2008) The Sx 4/M18c affinity might involve two modes of
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interaction, one being the interactioia the short Nterminal peptide in Sx 4, which inserts
into a hydrophobic pocket in M18and onevia the closed conformation of Sx 4 which is
predicted to be similar to Sx 1A/M18a crystal structid&ndreaMerrinset al, 2007;
Misuraet al, 2000) TheHiss-M18c F119A mutant reinforced the existence of anh N
terminal mode of interaction since this mutation abolished interaction to Sx 4. Therefore
this pocket mode of interactiaould allowSM proteins not onlyo bind to mommeric
syntaxins but also to SNARE complex@d.the different modes of interaction between

SM and SNARE proteinsiight play an active role in the regulationSXIARE complex

formation.
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4 Negative regulation of Sx 4/SNAP23/VAMP2-

mediated fusion by Munc18c in vitro
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4.1 Introduction

The role of SM proteins in membrane fusion has recently become the centre of attention in
several studies in cell biology. While the SNARE proteins were shown to have a more
defined role, the precise functioh SM proteins has not yet been unravellddwever it is
known that SM proteins might regulate positively or negatively SNARE function

depending on the trafficking pathway and organism studied. In chapter 3, the novel finding
that M18c not only binds Sk but also binds VAMP2 was described. In this chapter,

another approach was taken to determine how SM proteins interact with SNARES.
SNARESs were reconstituted into synthetic liposomes in order to penfovitro fusion

assays. This technique is an invdllgatool to study SNAREnediated membrane fusiam

vitro.

The fusion assay performed in this study was first described by Struck and colleagues
(Strucket al, 1981) It is a veryuseful tool to study the fusogenic properties of SNARE
proteins, which were shown to promote spontaneous fusipogsbmegSchuetteet al,
2004; Webekt al, 1998; Zhanget al, 2004) The fluorescence resonance energy transfer
(FRET) capability betweendaonor fluorescent lipid and a nonfluorescaatetor lipid

can be measured, givirag indication of the levels of liposome fusion. When fusion
occus, FRET decreasekie to an increase in the distance between fluorescent probes
Details on this technique are described in sections 2.2.3.2, 2.2.3.3, 2.2.3.4 and 4.3.4.

The vSNARE VAMP?2 present in GLUT4 vesicles forms an Si2Sistant complex with
thet-SNAREs Sx 4 and SNAP23 which are present irPikeof muscle cells and
adipocytegReaet al., 1998) In vitro fusion studies performed in our lab have confirmed

this finding since these pteins were shown to catalyse fusion when reconstituted in
synthetic liposome@randieet al, 2008) Fusion facilitated by these SNARES is

subjected to multiple levels of regulatiom vivo and the SM proteiM18c is thought to
participate in this regulatory process. Studies performed with SM proteins present in other

organisms such as yeast, indicated some clues into the possible role of M18c.

The importance of the yeast SM protein Seclp in the regulation eGudgt secretion

have given further insights into the SM function. Seclp binds with low affinity to the yeast
syntaxin Ssolp and with higher affinity to both tremplex formed by Selp and Sec9c,

and to the SNARE ternary complex Ssolp/Sec9c/S(6egpttet al, 2004). In vitro fusion

studies using these proteins revealed that Seclp directly stimulates Ssolp/Sec9c/Snc2p
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mediated membrane fusiamvitro (Scottet al, 2004) In neuronal cells, a similar result
was observedV18a was shown to be able to strongly stimulate fusion mediated by the t
SNAREs Sx 1A/SNAP25 with the SNARE VAMP2(Shenet al, 2007) Stimulation
occurred not onlyia interaction with the-SNARES, but als@ia interaction with v
SNAREs(Shenet al, 2007)

It is unclear how SM proteins might stimulate some fusion reactions, but some research
groupshave identified a small peptide at theterminal regiorof syntaxins as the binding
site for SM proteingBracher and Weissenhorn, 2002; Caeppl., 2006; Duluboveet al,
2003; Duluboveet al, 2002; Huet al, 2007; Rickmaret al, 2007) The N-terminal region

of Sx 4 will be described in the following section.

4.1.1 The N-terminal domain of Sx 4

As previously described in section 1.2.1, most synsagbntain an independently folded
N-terminal domain which is an important regulatory region in these proteins. This domain
contains a short ferminal peptide followed by a thrdwlix bundle called the Habc
domain similar to Sx 1AFernandeet al, 1998) The Nterminal region of Sx 4 was
shown to be ecessary for its interaction with M18cathamet al, 2006) This SM protein
can interact with Sx 4 alor(élu et al, 2003) VAMP2 (Brandieet al.,, 2008)and also with
the binary (Sx 4/SNAP23) and ternary SNARE complexes (Sx 4/SNAP23/VAMP2)
(Lathamet al., 2006) It is already estdish that the neuronal SM protein M18a binds Sx
1A when the latter is in the closed conformatibtisuraet al, 2000; Yanget al, 2000)

and also when Sx 1A is in the open conformatioa the N-terminal peptide region in Sx
1A) (Burkhardtet al, 2008; Khvotcheet al, 2007; Rickmaret al, 2007) Sx 4 also uses
its short Nterminal peptide to bind a hydrophobic region in M{8a et al, 2007;

Lathamet al, 2006) however it is not certain if Sx 4 also adopts a closed conformation
such aghat reported fo6x 1A. Furthermore, modeling studies based on the crystal
structure of Sx 1A in complex with M1&Misuraet al, 2000) have shown that the
M18a/Sx 1A complex has a high sequence homology to M18c(B¥hdreaMerrins et

al., 2007) The regions of intramolecular interactions between the Habc domain and the
SNARE motif (H3 domain) of Sx 4 were found to be highly conserved between the two
different syntaxingD'AndreaMerrinset al, 2007) This could suggest that Sx 4, like Sx
1A, could adopt a closed conformation. Figure 4.1 shows two different modes of
interaction for Sx 4/M18c. Figure 4.1A shows the hypotheticalehofiM18c binding Sx

4 in the closed conformatidiD'AndreaMerrinset al, 2007) whereas figure 4.1B shows
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the interaction betweendh\-terminal peptide of Sx 4 and the hydrophobic region (already

described in chapter 3) in the outer face of domain | in M18c.

\syntaxin4

Figure 4.1 The predicted two modes of interaction between M18c and Sx 4.

(A)Fi gur e A was t aMegims aridcaleagués ivé(id' AndreaMerrins

et al, 2007) Using a ClustalW alignment, the conwli18c (grey)/Sx4 was modeled
directly into the crystal structure of M18a/Sx I&’AndreaMerrinset al, 2007) The

helical Habc domam (Ha pale blue, Hbgold, He cyan), the SNARE motif (green), and
the linker region which connects the SNARE motif with the Habc domain (orange), are
shown. When Sx 4 is ttepen conformation, the Habc domain is moved away from the
SNARE motif leaving itfree to participate in thENARE core complexIn vitro, this is
achieved by mutating residues L173A/E174A in the hinge region of(8radh et al.,

2009; D'AndreaMerrinset al, 2007) 1241A and 1217A mutations were shownte also
important, since they reduce affinity for M1@2'AndreaMerrinset al, 2007) (B) Using

the Rasmol software, models &18c (green) interacting with thiirst 36 amino acids
(grey) from the Nterminus of Sx 4 were obtained based on previous described niddels
et al, 2007)and designed by Prof James Milk\Wiite (University of Glasgow). The

model on the top panel shows M18c as an arch shaped molecule binding the 36 amino
acids of the helical Sx 4 shorttdrminal regionThe lower panel represents the same
figure from a different perspective, showing the M18c hydrophobic r€gioro mp o s e d
sheets) present on the outer face of domain I, where the short peptide inserts.
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In our lab, Dr Fiona Brandie has generated mutant versions of cytosolic Sx 4. These
versions were: Sx 4 lacking the short&tminal peptide$ x  436);Nsaedlocked in the
open conformation, which was obtained by introducing two point mutations at the hinge
region (L173A, E174A); and Sx 4 in the open conformation but lacking the 36 amino
acids from the Nerminus( S x 4  86p Bhaseritants were compared the wild

type form of Sx 4 in their ability to bind M18g vitro. These constructs contained a GST
tag at either the r the N terminal region in order to compare if the position of the
bulky GST moietycould affectM18cd/Sx 4 interactionindeed, thé&sST tagaffected the
results(Aranet al, 2009) Whensyntaxin was tagged with GST at thet@tminus, this
affected the pockehode of binding and favoured a different interaction not previously
described. This interaction was independent of the bindathe short Nterminal

peptide. As can be seen indig 4.2A,M18c is able to bind the mutant lacking the short
N-terminal peptide, whereas both open mutéiots-length and\ &86) exhibit a dramatic
reduction inthe levels of bount18c compared to the fulength cytosolic Sx 4
Nevertheless, figure 4.28hows that by changing the tag to thée@ninus, the short N
terminal peptide bec o meiathefhydrogheb pocket mbde bfe r
interaction. In this case, deletion of the@&minal peptide in the open and wilgpbe Sx 4
versions regits in a dramatically reduction in binditgranet al, 2009) These data
supports the idea that when Sx 4 is tagged at tter@inus, the cytosolic domain of Sx 4
predominantly adopts an open conformation or transits easily from a closed to an open
form. In contrast, when Sx 4 is tagged at theeNninus i might adopt a different
conformation which could be related to the closed conformation observed for 8x 1A.
vitro fusion assays using these mutants are a very useful tool to understand the function of
the Nterminal peptide in the process of SNARE agsly and to define the importance of
M18c inthe regulation of Sx 4/SNAP23/VAMPRediated membrane fusion.
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Figure 4.2 Quantifications of the amount of M18c bound to either N- (A) or C-tagged
versions (B) of cytosolic Sx 4 (Figure taken from Dr Fiona Brandie, University of Glasgow)

(A) The Nterminally taggedrersions of Sx 4GST- Sx 4, GSTSx 4 L173A/E174A
(OPEN) GST-S x 4 (b anelGST-Sx 40PEN ND) were incubated with Hi$118c
and the results arddewn as a percentage of bound M18c relative to-tyjiee Sx 4(B)
The Gterminally tagged Sx 4 versions were incubated witl-Ni$8c and again, the
results are shown as a percentage of bound M18c relative toypddSx 4. Figure taken
from Dr Fiona Bradie (University of Glasgow).
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4.2 Aims of this chapter

The aims of this chapter were to genefatelengthSx 4 constructs containing the
following changesanN-terminal peptide truncatiofN(e86) and open form
(L173A/EL174A) also lacking the frminal peptideThe original construct containing the
full-length open form of Sx 4 was made by Dr Fiona Brandie (University of Glasgow).
These constructs were generatedritler to ceexpress them wit SNAP23 andd test their
ability to fusein vitro with VAMP2. Previously in our lab, Dr Fiona Brandie has shown
that M18c is able to bind to the extremadéiminus of Sx 4n vitro (Aranet al, 2009)
Hence, these mutants when used inithatro fusion asay may reveal further details

aboutthe mechanisrof action of M18c.

4.3 Results

4.3.1 Expression and purification of t-SNARE complexes

Full-length SNARE complexes were expressed andiga as described in section 2.2.3.1
Full-lengthSx 4 constructs containing the following changegehninal peptide

truncation( Nee36) , Sx 4 | oc ked iercontaihirg m@fwasN c o nf
L173A/E174A and Sx 4 OPENN ae-B6 were generated in this studRecombinant vid-

type Sx 4 in complex with SNAP23 was obtained from Dr Fiona BraAdigpical protein
purification d wild-type Sx 4/SNAP23 is shown in figure 4.3.
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Figure 4.3 Purified Sx 4/SNAP23 t-SNARE complex from E.coli lysates

Dr Fiona Brandie has expressed Sx 4 and SNAB33 in BL21 (DE3)E. colicells,

purified the complex and samples from the eluted fractions were used in this chapter.
Complete details on how wiltype Sx 4/SNAP23 heterodimer was expressed and purified
are described in section 2.2.3.1. The purity of the proteins was assessed on a 15 % SDS
PAGE fdlowed by Coomasie Blue staining as outlined in sections 2.2.2.1 and 2.2.2.3. The
figure shows the recovered cleaved complex after 4 h of thrombin cleavage (5 pl).
Positions of the molecular weight markers are shown on the left of the gel.

4.3.1.1 Generationof Sx4Na86and Sx 4 AOPENO ( Bauad 3 A/ E1
co-express with SNAP23

The wildtype and opn forms of Sx 4 lacking amino acids3f were cloned intohe

vect or p QE30.Sx8PENNS se’decgernerated by PCR using pQE30 Sx
4 (full-length) aseémplatefor the wild-type Sx 4Na86 and pQE30 Sx 4ull-length
L173A/EL174A) as template for Sx 4 OPENe 3 ®rimers used to amplify desired

sequencgwere:

Sx4Nae8 6 For ward: 56 GGT ACC CCG GAC GAC GA
Sx4Ne8 6 Rever se: 56 AGAGGETTTATAGAGTCGARN GC
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Both versions of Sx 4 were cloned betweenKpal andHindlll sites in pQE30After
successful cloninghQE30 Sx Na86 and pQE30 Sx 4 OPENa86 were cetransformed
with pET41a SNAP23 int&. coliBL21 (DESJ) cells Both plasmids wre transformety
mixing 50 ng of SNAP23 DNA with@0 ng ofeitherpQE30 Sx 4Nas86or pQE30 Sx 4
OPEN N&36 DN AE. cohcells. Gells cantaimmy both plasmids were selected
on dual antibiotic platesrste SNAP23 is expressed fromankresistanvector (pET41)

and the different veisns of Sx 4 are expressed from@resstant vectors (pQE30).
Selectedtolonies were used to start protein purification which is desdrin detail in
section 2.2.3.1Both t SNARE complexes were successfully pudfignd samples from
each step were analysed by SBPAGE, followed by Coomassie blue staining, as shown in
figures 4.4 and 4.5.

kDa
v
175 (e
83 | s :
62 | M == — —
475 g_.
&~
325 s
 Sx4 NA36
25 - “ « SNAP23
— —
e ——

Bl | L W1 W2 W3 EL1 EL2

Figure 4.4 Purification of Sx 4 Na86/SNAP23 complex from E.coli

Full-length Hig-Sx 4 Nee 3 &1d SNAP23GST wereco-expressed in BL21 (DEJ.coli
cells.Expression was inducexernight (~16 h) by addinghM IPTG and incubation
was carried out at 26 CThe complex was purified taking aaivtage of the GST tag
attached to the Merminus of SNAP23 and this tag was cleaved at the end of the
purification by incubation with thrombin for 4 h at room temperattihe figure shows
several samples taken during the process of protein purificatimmwilre run on a 12
SDSPAGE gel ad stained with Coomassie Blas outlined in sectie?2.2.2.1 and
2.2.2.3 The positions of the molecular weight markers are shown on the left. The first lane
corresponds to a swle before induction (BI) followed bysample after induction (1),
sample from the lysate (L), wash 1 (W1), wash 2 (WM&)sh 3 (W3) and 3 pl of eluted
fractions (EL1 and EL2).
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Figure 4.5 Purification of Sx 4 OPEN NaS86/SNAP23 complex from E.coli

Full-length Hig-Sx 4 OPEN Ne 3 &hd SNAP23GST wereco-expressed in BL21 (DE3)
E.coli cells.Expression was inducexernight (~16 h) by addingriM IPTG and
incubationwas carried out at 26 CThe complex was purified taking advantage of the
GST tagattached to the fterminus of SNAP23 and this tag was cleaved at the end of the
purification by incubation with thrombin for 4 h at room temperattihe figure shows
several samples taken during the process of protein purification wkighrun on a 12
SDSPAGE gel ad stained with Coomassie BluEhe positions of the molecular weight
markers are shown on the left. The first lane corresponds toeshefore induction (BI)
followed by asample after induction (1), sample from the lysate (L), wash 1)(Wash 2
(W2) and 5 pl of eluted fraction (EL1). Molecular weight markers are shown on the left.
Lower figure shows more elutions and 2 ul of EL1, EL2 and EL3 were runon a 15 %
SDSPAGE in order to better resolve the upper band corresponding to SxX KdeB 6 |,
which due to the lack of 36 amino acids, it runs very close to SNAP23.

4.3.1.2 Generation of full-lengthSx4 A OPENO (L173A/E174A)
with SNAP23

The construct containing full length Sx 4 OPHIQE30 Sx 4 L173A/E174A) was made

by Dr Fiona Bradie (University of Glasgow). However, in harork the ceexpression of

this proteinwith SNAP23 wasiot achieveddue to the poor solubility of Sx 4 OPEN.
Therefore, in this study Sx 4 OPEN/SNAP23 expression and purification conditions were
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optimised in orderd obtain enough quantities of thisdmplex to reconstitute into
liposomes and therefore performvitro fusion assays. In order to achieve this, SNAP23
and Sx 4 OPENMlasmids wereo-transformednto the same BL21 (DE3. colicellsby
mixing 50 ng ofSNAP23DNA with 200 ng of Sx 4 OPEN DNA (for wiltlype versions

only 100 ng was necessar@ells containing both plasmids were selected on dual
antibiotic plategamp/kan) andhese colonies were used to start protein purification which
is described in dail in sectio 2.2.3.1

The tSNARE complex Sx 4 OPEN/SNAP23 was purified and samples from each step
were analysed by SBBAGE, followed by Coomassie blue staining, as shown in figure
4.6.

175 —
83 —
62 —

475 —

325 —
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Bl | L W1 w2

Figure 4.6 Purification of Sx 4 OPEN/SNAP23 complex from E.coli

Full-length Hig-Sx 4 OPEN and SNAP2GST wereco-expressed in BL21 (DEJ.coli
cells.Expression was inducexernight (~16 h) by addinghM IPTG and incubation

was carried out at 2d CThe complex wagpurified taking advantage of the GST tag
attached to the Merminus of SNAP23 and this tag was cleaved by incubation with
thrombin for 4 h at room temperatuiiehe figure shows several samples taken during the
process of protein purification whistere runon a 15% SDSPAGE gel ad stained with
Coomassie Blue as outlined in sections 2.2.2.1 and 2.2.2.3 respediivelgositions of

the molecular weightnarkers are shown on the Iefte first lane corresponds to argae
before induction (BI) followed bg sample after induction (1), sample from the lysate (L),
wash 1 (W1), wash 2 (W2ash 3 (W3) and 3 ul of eluted fractions (EL1 and EL2).
Molecular weight markers are shown on the left. This result is from a typical Sx 4
OPEN/SNAP23 protein purification.
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In summary, figure 4.7 shows a schematic representation of all Sx 4 constructs used in this
study which were purified alongside SNAP23 according to the protocol described in
section 2.2.3.1.

1 36 154 298
Fulllength Sx 4 _l—c
Ha Hc SNARE motif TMD
36 154 298
\ |
Sx 4 NAZS N— I |- C
Ha Hb Hc SNARE motif TMD
1 36 154 298

|
Full-length Sx 4 OPEN N——j— ¢

Ha Hb Hc I SNARE motif TMD
L173A/E174A

36 154 298

\
Sx 4 OPEN NA36 N~ I |- C

L173A/E174A

Figure 4.7 Schematic representation of the different Sx 4 constructs used in this study.

The figure shows 4 schematic representations oftype Sx 4 and the Sx 4 mutants
generated in this study. Fdédngth Sx 4 corresponds to amino acie29B of the Sx 4

sequepne. Sx4Me3 6 corresponds to Sx 4 | acking tl
terminal region. Fullength Sx 4 OPEN contains the mutations L173A/E174A which were
shown to prevent Sx 4 for adopting the closed conform@foan et al., 20®; D'Andrea
Merrinset al, 2007)Sx 4 OPEN N&36 al so contains the
however it also lacks the first 36 amino acids from thishinal region.

4.3.2 Reconstitution of recombinant t-SNAREs into liposomes

All t-complexes purified in this study show that the levels of SNARRZBSx 4 were not
equimolar in the eluted fractions (figures 4.3, 4.4, 4.5 and 4.6). The usual protein
concentration of the eluted samples ranged from 1 mg/ml to 5 mg/ml. Concentrations were
estimated using the BiRad protein assay as described in sac?@.2.5. Although

SNAP23 levels contribute much more in terms of protein concentration, this is not a major
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problem for reconstitution into liposomes since SNAP23 does not contain a trans
membrane domain. In addition, recombinant SNAP23 purified awli cellsdoes not
possess palmitate groups. This means that SNAP23 needs to be in complex with Sx 4,
which contains a transiembrane domain, in order to be reconstituted into liposomes.
Therefore, it is very important to have enough recombinant Sx 4&xfdfSINAP23

reconstitution to occur.

In order to reconstitute SNARE proteins into liposomes, first the lipid mixtures were
prepared as outlined in section 2.2.3.2. Briefly, the labelled donor vesicles contained a
guenched mixture of fluorescent phosphalgand the unlabelled acceptor vesicles were

not fluorescent labelled. Lipids were dried under nitrogen and resuspended in a solution
containing either the-8NAREs (fluorescent donor vesicles) @NMAREs (non

fluorescent acceptor vesicles) in the preseof OG, which helps to incorporate the trans
membrane domains of SNARES into the liposome membranes. A complete description on
the SNARE reconstitution technique is outlined in section 2.2.3.3 and a schematic

representation is shown in figure 4.8.
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Figure 4.8 Schematic representation of the incorporation of SNARE proteins into liposomes
(kindly given by Prof James A. McNew, Rice University)

This schematic model shows howand t SNARES are reconstitutaato vesiclegA)

Dried phospholipids were mixed with protein in the presence of the detergenbetttyl
glucopiranosidéOG). The OG monomer and the phospholipid monomer are represented
in blue and orange respectiveffter rapid dilution below the critical micellar level of the
detergenby addition of 1.5 ml of buffer A200, solution is placed intdoatfa-lyser to

dialyse overnighin order to remove any free OG monomers still present in the solution.
After dialysis, the octylglucoside/phospholipid mixed micelle is fornfBylThe resiting
proteoliposomes can thée isolated by flotation in a Histtenz desity gradient After
ultracentrifugation for 4 h at ~ 372,000, roteoliposomes float to the top layer of the
sample due to their high lipid content. Recovered proteoliposomes can be assessed by
analysing 10 ul on a SDBAGE followed by CoomassRlue staining. Unincorporated
protein remains at the bottom of the tube. Complete details on SNARE reconstitution and
proteoliposome recovery are outlined in sections 2.2.3.3 and 2.2.3.4 respectively.
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Purified SNARE proteins shown in figures 4.3, 444 and 4.6 were successfully
reconstituted into liposomes (figure 4.9). Immunoblot analysis usingsantishows the

Sx 4 levels present in each complex before reconstitution (figure 4.9; left panel). This was
performed in order to reconstitute the &efiént complexes at similar quantities into their
respective liposomes. The resulting different versions of reconstituted Sx 4 in complex
with SNAP23 were resolved by SEFSAGE and can be seen in figure 4.9 (right panel).
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Figure 4.9 Reconstitution of recombinant SNAREs into liposomes

Purified tSNARE complexes were successfully reconstituted into synthetic liposomes.
Left panel shows an immunoblot analysis using-8mté4 antibody performed to check
levels d recombinant Sx 4 (complexed with SNAP23) before reconstitution. Using the
program Image J, it was possible to calculate the differences in quantities between each
t-SNARE complex. After reconstitution, 10 ul of reconstituteeNARE liposomes were
separated on a 15 % SBEAGE gel and stained with Coomassie Blue as outlined in
sections 2.2.2.1 and 2.2.2.3 respectively. Positions of the molecular weight markers are
shown. Data from a typical set of reconstitutions is shown.
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4.3.3 VAMP2 expression, purification and reconstitution into

liposomes

Full-length Gterminally tagged VAMP2 was expressed as a Heb&tagged protein in
BL21 (DE3) cells and purified by Dr Fiona Brandigniversity of Glasgow)pET-
VAMP2FL-myc-HIS was a kind gift from Giampietro SchiayLondon, UK).

VAMP2 was successfully reconstituted into liposomes as shown in figure 4.10. Samples
taken before (lane 1) and after (lane 2) reconstitution are shown. Lane 3 represents a
sample of soluble recombinant VAMP2 lacking the tram@mbrane doma (VAMP2

&TMD) which was used as an invirafdsiontassays. o f
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Figure 4.10 Purification and reconstitution of VAMP2 into liposomes

Full-length VAMP2 (lanel, 10 ul) pidred by Dr Fiona Brandie was reconstituted into
liposomes (lane 2, 10 pl). Cytoplasmic VAMAZ(lacking thetransmembranalomain
VAMP2 @a&TMD) whi ch i sinwuteotson asshownnin lanen3(10kul). t o |
Samples were separated on 2ASDSPAGE gel and stained with Coomassie blue.
Positions of the molecular weight markers are shown on the left. This is a result of a

typical VAMP2 reconstitution experiment.
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4.3.4 In vitro fusion assays using reconstituted liposomes

After the SNARE proteinshown in figures 4.9 and 4.1ere successfuyllreconstituted
into their appropriate liposomesseries of differenin vitro fusion assay were carried out
using these proteoliposomes. These assays were performed in order to investigate if
mutations in & 4 could affect the fusion rates, either positively or negatively.

Figure 4.11 shows a schematic representation of the principle of ¢iteo fusion assay.

Briefly, the fusion reactions were set up on a microtitre plate on ice. One well was used to
add the fusion reaction and a second well was used for the fusion control reaction. The
fusion reaction mixtures are set up at approximately 3ISNARE:+SNARE molar ratio

which represents the addition of approximately 10 times more volurR8NARE

vesicks than ¥SNARE in each reaction. Fusion assays containing thetyplel Sx

4/SNAP23, Sx N se IINAP23, Sx 4 OPEN/SNAP23 and Sx 4 OPHRIse 3SNAP23 t

SNARE complexesvere performed in which 5 pl of fluorescently labelled donor VAMP2
liposomes were mixed wit45 pl of unlakelled acceptor-tomplexesAs a control, the-

SNARE liposomes were prancubated for 10 min with 3 pl o¥AMP2 lacking the trans
membrane domaif V AMP 2  ahidhx)known to act as a domirtanegative

inhibitor of fusion. The plate wascubated for 10 min on ice followed by the addition of 5

Ol of VAMP2 I|liposomes (VAMP2 |l iposomes al
well, 3 ul of buffer A200 (glycerol free) was added instead. NBD fluorescence was then
measured at 2 min intervalgrf2 h before addition of 10 pl of 2.5 % dodecylmaltoside,

and measurements proceeded for further 40 min. Raw data was collected and normalised t
maximum detergent signal (see Appendix, figure I). Rate of fusion was then measured as a

percentage of the manum NBD fluorescence (100 %).
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Figure 4.11 Fusion assay model (Prof James A. McNew, Rice University, USA)

The fusion assay model takes advantage of two different labelled lipids, one labelled with
rhodamine (pink spheres) and one labelled with NBD (yellow spheres). A quenched
mixture of these fluorescent labelled lipids is present in the same membrane (donor) which
will contain the reconstituted SNARE proteinsThe aceptor vesicle (acceptor) are not
labelled and will contain the reconstitute8 NARE proteins. When both acceptor and
donor vesicles are mixed at 37 eC, these
close proximity, excitation of NBD leads to an energy transfer to the rhodamine
fluorophore in a process known as fluorescent resonance energy transfer (FRET), which is
dependent on the distance between the 2 fluorophores. Upon fusion, a decrease in
guenching (due to the decrease in proximity of the two fluorophores) occurs, which leads
to an increase in the overall NBD fluorescence which can be measured using a
fluorescence plate reader. Complete details on this technique are outlined in section
2.2.3.6.

Figure 4.12 shows the successful fusion of the four differSMARE complexes with

their respective ABNARE VAMP?2 vesicles. Results obtained confirm that, as expeeted, t
complex containing wildype Sx 4 liposomes fuse with VAMP2 liposomes (figure 4.12A).
The removal of the short-Mrminal peptide in both open (figure 4.12D) and vtide

(figure 4.12B) Sx 4 mutants did not inhibit fusion. Theptnplex containing the full

length open version of Sx 4 was also shown to be able to fuse with VAMP2 liposomes

(figure 4.12C). Differences in the rates of fusion observed between all 4 diffiesents
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might be due to the subtly different levels {8NARE complexes reconstituted into

liposomes (figure 4.9).
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Figure 4.12 In vitro fusion assays of liposomes containing either full-length Sx 4/SNAP23

(A)or Sx 4 Na&3B)brsSKACPER/SNAP23 (C)or Sx 4 OPEN NB3vBhN SNAP
liposomes containing VAMP2

In all fusion assays A, B, C and D shovn, af fluorescently labelled dond&fAMP2

| i posomes wer eofunlabelledacceptordcbmpexés being either wild

type (A) or Sx 4 N&e36/ SNAP23 (B) or Sx 4
Ne36/ SNAP23 (D). Te | aildfdr A200 (fusios reaction; apers a y s ,
squares) or 83 | cyoplasmic VAMP2 (negative control; filled squares) wadeled. Note

that the soluble VAMP2 was piircubated with the-tomplex in order to block VAMP2
liposome fusion. Fusions between th® vesicle population@- and vSNARES)in A, B,

C and Dweremonitoredby first placing the 96 well plate (where the {@a@iposomes

were mixed)inside the fluorescence reader. Before starting the fusion measurements, the
plate was incubated inside the reader for 5 mB7aC to try to avoid the drop in the
fluorescence intensity observed in all 4 fusion reactions als@eefirst 10 min). This drop

is the result of the shift from % to 37°C at the beginning of each fusion. Fluorescence
wasthenmeasuredt 2 min intervals for 2 lwith the excitatiorfilter set to485nm and the
emission filter seat 520nm. After 2 hthe plate wasremode and 10 ¢l -of 2
dodecylmaltoside was added to the wells containing liposamgsnixed (this produces a
maximum detergent signal represented by 100 % in the raw graphs of A, B, C and D, see
appendix, figure I) and thituorescence was recordéar further 40 min at 2 mimtervals.

A graphing and analysis programme called KaleidaGraph (Synergy Software) was used in
order to analyse the data obtained from the Fluorescence.rBaaefluorescence was
normalised to maximum detergent signal (100a#d plotted against time in minutes (see
appendix, figure 1). The levels of fusion were determined as a percentage of the maximum
signal of NBD emission. The detailed protocol is described in section 2.2.3.6 and 2.2.3.7.
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These figures show a typical rdtsiiom thein vitro fusions mediated by the different
versions of Sx 4/SNAP23 withVAMP2, repeated 3 times for all complexes.

4.3.5 Effects of the addition of M18c directly into the in vitro

fusion assay

The role of SM proteins in SNAREediated membrane fasi has also been investigated
through the use ah vitro fusion assays, which confirms the valuable tool of these types of
experiments. Previous studies have shown that SM proteins possess a stimulatory effect
over SNAREmediated liposome fusion. Exampk® M18a on $1A/SNAP25/VAMP2

fusion and Seclp on Ssolp/Sec9p/Srfagmn(Scottet al, 2004; Shewetal., 2007)

Since the effect of M18c over Sx 4/SNAP23/VAMP?2 fusion has not been previously
analysed, experiments were carried out to investigate the effect of M18c addition to fusion
assays containing theSNARE complex Sx 4/SNAP23 and th&SNARE VAMP2.

4.3.5.1 M18c protein expression and purification

Hisg-M18c was expressed in M1b. colicells thatalso ceexpressed the chaperopetein
GroEL in order to increase M18&wlubility. Low levels of IPTG were used (0.2 mM) and
protein expression was induced at2Z ermight as outlined in section 2.2.4 as these
conditions were empirically determined to give better levels of expredsispM18c was

purified using NiNTA agaroseas described in sectidh2.4.

A typical purification is shown in figure 4.13. M18aw successfully purified and protein
concentration was determined as described in section 2.2.2.5. Reconkhb$gavii 8c was

used in then vitro fusion assays described in sections 4.3.5.4 and 4.3.5.5.
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Figure 4.13 Hisg-M18c protein purification

Hisg-M18c wasexpressed from vector pQE30 in MEXcoli cells coexpressing the
chaperone GroEL. Expression was induced by addingh™2PTG and incubation was
performedovernightat22 C. The figure shows sever al
of protein purification whiclwere run on a 18 SDSPAGE gel ad stained with
Coomassie Blue as outlined in sections 2.2.2.1 and 2.2.2.3 respedivelgositions of

the molecular weight maeks are shown on the left. The first lane corresponds tmplsa
before induction (BI) followed by sample after induction (I), sample from the lysate (L),
wash 1 (W1), was?2 (W2) and fraction eluted (8) using 500 mM imidazol¢éEL).
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4.3.5.2 Effects of adding M18c into the fusion assay mediated by wild-type
Sx 4/SNAP23/VAMP2

In order to test how HisM18c affect wildtype Sx 4/SNAP23/VAMPznediated
membrane fusiom vitro, two different experimental protocols were performed in

collaborationwith Dr Fiona Brandie (University of Glasgow).

In the first, Hig-M18c was added directly to the fusion assatysolar ratios of either:2

or 10:1 ML8c:t-SNARE This resulted in a dos#ependent inhibition of liposonfasion
catalysedy wild-type Sx4/SNAP23 and VAMP2 (Figure 4.14BBrandieet al, 2008)
Importantly, when an equivalent amount of M18a, a neurSkaprotein that does not

bind to Sx4, is added to the same assay, no effect on fusion is observed (unpublished; data
from Prof James A McNew, Rice Universityn the second protocalecombinant His

M18c waspre-bourd to the tSNARE complexes prior toeconstitution into lipososs

(equimolar amounts of botiroteins were used). The result was that the reconstitution of
pre-bound M18c/Sx4/SNAP23 into liposomes completely abolished fusion when mixed
with VAMP2 | iposomes at 37 eC (Figure 4.
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Figure 4.14 Hisg-M18c inhibits SNARE-mediated membrane fusion in vitro in a dose
dependent manner

(A) Purifiedt-SNARE compéx, consisting of SX& NAP 2 3 ( I),alpng with 2 ¢
reconstituted-SNARE complexe¢ vesi cl es, 10 o&)2%6OPFPAGES ep a
gel and stained with Coomassie Blue. PuriiecAE NARE pr ot eljamd (i nput ,
reconstituted VAMPZ v e s i c | andthe cytoplasmit Jomain of VAMR2AMP2-
cyto, 2 ¢€l) wer B8DSPAGE gal andilsostainedwitraCodmiesie %

Blue. These proteins were used for thevitro fusion assayB) Before addition of M18c

to the assays, recombinant ¢HiM18c wasdialysedovernightagainst glycerol free A200

buffer. M18cwas added directly to the fusion assaytainingthe mixtureof t- and v

SNARESs and incubation occurrati4eC overnight. Fusion between thwo vesicle

populations in the absence (filledcles) and presence ofc at twadifferert ratios to
Sx4/SNAP23 (2:1, filledriangles, 10:1, filled squares) was monitobgdmeasuring NBD
fluorescence at 535 nm evezymin. As a control, fluorescence was monitored in each
populationinthggr esence of -cfto(epken ciclesppéritiaRgles and open
squares respectivelyyhe raw Fluorescence was normalised to maximal detergent signal
after addition of rdodeglmaltoside (DM). Using a program called kaleidagraph, the
percentage of maxi mal DM fluorescence wa:
dilution bya calibration curvevhich is derived from the absorbance of dilutions of the two
head group labetl lipids (C) In this experiment, a different approach was taken.

Equimolar amounts of M18dialysedagainst A200 buffgrand tSNARE complexvere

premi x ed o0 v e €.M$ agcontrqlttee samelameunt ofSNARE was mixed

overnightat 4eC with A200 buffer instead of M18c. O@as added to maintain the
concentration at %. Reconstitutiornto liposomesvas thercarried out as outlined in

section 2.23.3 Fusionwas monitored between vesicles containk8NARESs alone (filled
circles) and4SNAREspre-mixed with ML8c (filled triangles) with \SNARE vesicles. As

a control, fusion was alsoonitored between vesicles containiR§NARES alone and-v
SNARE vesicles in thgresence o AMP2-cyto (opersquares)This figure shows a

typical result obtaine@Brandieet al.,, 2008)

4.3.5.3 Reconstitution of SNARE proteins containing Sx 4 in the wild-type

and mutant forms to use in the assays with M18c

Data from Dr Fiona Brandie (University of Glasgowgs shown that deletion of the N
terminal36 residues of64 significantly reduced M18einding (Aranet al, 2009)(figure

4.2). Thus, Sx 4 lacking this short-términal peptide in the open and wilgpe forms were
generated as described in section 4.3.1.1. Since it was observed that M18c negatively
regulates membrane fusiamvitro (figure 4.14, the different Sx 4 constructs were again
reconstituted togetherith SNAP23 (figure 4.15) and fusion assays were performed again
in the presence and in the absence of-Ni&8c. Figure 4.12 shows that these new
constructs, when reconstituted into liposomes, are capable of mediating membrane fusion
together with VAMP?2 vsicles.

Figure 4.15 shows the levels of the reconstituted SNARE proteins usedrirvitie

fusion experiments with M18c.
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Figure 4.15 Proteoliposomes used for fusion assays with M18c

(A) Approximately gmilar amounts of purified-ENARE complexes were successfully
reconstituted into synthetic liposomes. VAMP2 was also reconstituted. After

reconstitution, 10 pl of reconstitute¢SINARE liposomes and VAMP2 liposomes were
separated on a 15 % SIPAGE gel ad stained with Coomassie Blue as outlined in

sections 2.2.2.1 and 2.2.2(B) Due to the poor levels of the reconstitutembtnplexes
containing Sx 4 N&36/ SNAP23 and Sx 4 OPEN
was performed as shown. 1 pg of M18c (used in the assays) is also shown. Positions of the
molecular weight markers are shown.

4.3.5.4 Consequences of adding M18c into the fusion assays mediated by
either wild-type Sx 4/SNAP23 or Sx4Nee3 6 / SNAP23 with VA

Figure 4.14B shows that M18c inhibits SNAREediated membrane fusion in a dose
dependant manner, however it is not known whether this inhibition ociattge first 36

amino acids mrsent at the Nerminus of Sx 4 or not. Thus, in this section M18c was

directly added to the fusion assays of both wylpe Sx 4/SNAP23/VAMP2 and Sx 4

Ne36/ SNAP23/ VAMP2. Il n each setinthdabdencs i o n
(filled triangles) andn the presence of M18c (empty triangles) at a 4:1 molar ratio to Sx

4/SNAP23. The controls in the presence (open squares) and in the absence of M18c (filled



Veronica Aran-Ponte, 2009 Chapter 4, 121

circles) contained 3 OI -incubatelwitMBexomge@xMD wh |
prior to additionof both VAMP2 liposomes and M18c. The difference between sets A and

B is that in set A M18avas added directly to the fusion assaytainingthe mixtureof t-

and +vSNAREs and the mixtures were incubated overnight before starting the fluorescence
measurenents. In set B,~and tSNARE vesicles were mixed at the same time as set A,
however they were allowed to pdeck overnightat4 C bef or e addition
was performed since it was already observed tfeingubation of liposomes atet C

allows SNARE assemblieto accumulatéShenet al, 2007) After M18c was added,

incubation with the \and tSNARES proceedefr 2 h before starting measurements. In
summary, in set A vesicles were not allowed tegwek while in set B, vesicles were

allowed to dock before addition of M18c. This approach is useful to check if M18c
influences SNARE complex formation and to tésieleting the 36 amino acids from Sx 4
abolishes M18c inhibition.

Figure 4.16shows that M18mhibits, almost totally (approximately 78 % inhibition), the
fusion betweervesicles that were not allowed to form tre8INARE complexebefore

M18c addition (figure 4.16A). The fusion ofesicles that were allowed to pdeck
overnight were much less affected (approximately 20 % inhibition) by M18c addition
(figure 4.16B). Theseesuls indicatethat the formation of the ternary complex formed by
Sx 4/SNAP3/VAMP2 prior to addition of M18c abolishes M18c inhibition.
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Figure 4.16 In vitro fusion of wild-type Sx 4/SNAP23 with VAMP2 vesicles (pre-docked or
not) in the presence and in the absence of Hiss-M18¢

(A) 5 pl of v- and45 pl of t- SNARE liposomes were mixadside a welland incubated at

4 °C with M18c overnight at a molar ratio of 4:1 M18c to Sx 4/SNAP23 (open triangles).

In another welljnstead of M18can equal volume A200 buffer was added (filled
triangles).To block the formation of trarSNARE complexegnegative controls)the
cytoplasmicdmmai n of VAMP2 ( VAMP®thedGoMidexandras add:
incubated for 10 min before the addition of VAMP2 vesicle in the presence and in the
absence of M18mfen squares and filled circles respectivglB).In this experiment the
liposomes were NOT p#cubated overnight with M18c. So, 5 plwfand45 pl of t-

SNARE liposomes werpre-mixed and incubated at°€ overnight thus allowing the
transSNARE compex to form. In the following day, M18c was added to the pre
assembled liposomes at a molar ratio of 4:1 M18c to Sx 4/SNAP23 and incubated for 2 h
at 4°C (open triangles). For the controls, A200 buffer was added instead of M18c (filled
triangles). Asnegai ve controls, VAMP2 &TMD was add
containing either A200 buffer (filled circles) or M18c (open squafdaprescence was
measurect 2 min intervals for 2 ith the excitatiorfilter set to485nm and the emission
filter setat520nmand it was t e mper.aAftar2 kel 0d espl e nodfe n2t.
(w/v) n-dodecylmaltoside was added to the wells containing liposamesnixed, and the
fluorescence was recorddar further 40 min at 2 mimtervalsTheraw data normalised to
100% detergent signal for A and B is shown in the appendix (figure Il). Graphs A and B
show levels of fusion as a percagé of the maximum NBD emission plotted against time

in min. This figure shows a typical result obtained after several fusion assays.

In figure 4.17 instead of wiltype Sx 4, a shorter version lacking the 36 amino acids from
the Nterminus was used. Results show that M18c negatively affects the fusion of vesicles
that were not allowed to form tra@NARE complexes (approximately 63 % iinition),

in contrast to the vesicles that were allowedteoec k over ni ght at 4
significantly affected (figures 4.17A and 4.17B respectively). These data indicate that the
formation of the ternary c¢ o mpP2enortdanditione d |
of M18c abolishes M18c inhibition. Deletion of the shortédminal peptide in Sx 4 does

not seem to influence the result when compared to itstyld version (figures 4.17 and

4.16 respectively).
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Figure 4.17 In vitro fusion of Sx4N&e3 6 / SNAP 2 3 w ivdsicles\(pheMlBcXked overnight
or not) in the presence and in the absence of Hisg-M18c

In this fusion assay, the sammtocol described in figure 4.16 was followed, Imstead of
using reconstitigd tcomplexes containingild-type Sx 4, a shorter version lacking the 36
amino acids from the f¥erminus was used. Figure 4.15Aows reconstituted Sx 4
Ne36/ SNAP23 and VAMHReraw datachormahsedttonlB6s as s ay .
detergent signal for A and B is shown in the appendix (figilyeGraphs A and Bshow

levels of fusion as a percagfe of the maximum NBD emission plotted against time in
minutes.In A and B, filled circles correspond to control with cytoplasmic VAMP2 plus
A200 buffer, open squares represent control with cytop@sAMP2 plus M18c (1:4
molarrato M. 8 ¢ t o FNAP23, filled 3riéngles corresponia fusion in the
presence of 200 buffer and finally open triangles correspond to fusion in the presence of
M18c( 1: 4 mol ar r at i/SNARRB.FPercentage 0c5NBD £midsien3 6
(fusion) was plottd against time using software described in section 2.2[8ig figure

shows a typical result obtained.

Another approach was taken to check if M18c inhibition is also time dependent.
Reconstituted Sx 4 N@&36/ SNdoBkd@rnigheanot | es
before addition of HisM18c for only 2 h (instead of overnight). Interestingly, results from
figure 4.18A shows that M18c inhibited fusion of vesicles that were not allowed to form
transSNARE complexes by approximately 70 %. In contrassjcles that were allowed to
pre-dock overnight before 2 h incubation with KHi&18c did not have their fusion rates

altered by M18c addition (figure 4.18B). This result is similar to the result obtained in

figure 4.17, which indicates that the formatwithe ternary complex formed by Sx 4
Ne36/ SNAP23/ VAMP2 prior to addition of M:
essentially no change in the results obtained when comparing M18c incubation overnight

with incubation for only 2 h (figures 4.17A andlL8A respectively).
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Figure 4.18 In vitro fusion of Sx4Nee3 6/ SNAP23 | i po s o mpeosomes (pr& VAMP 2
docked or not) in the presence or in the absence of Hise-M18c for 2 h

(A) 5 pl of v- and45 pl of t- SNARE liposomegontaining Sx 4 &3 6/ SNAP23 s hc
figure 4.15B,were mixednside a welland incubated at 4C with M18c for 2 h at a molar
ratio of 4:1 M18c to Sx 4 Ne&36/iSdddhd®23 ( 0|
M18c, an equal volume A200 bter was added (filled triangleshcubation was continued

at 4 °Cbefore the temperature was elevated t6@7or fusion. In orderd block the

formation of transSSNARE complexes, the cytoplasmicrdain of VAMP2 (VAMP2

&eT MD) wa t® thatdothglex ad incubated for 10 min before the addition of

VAMP2 vesicles in the presence and in the absence of KiEg@tive ontrols; open

squares and filled circles respectivel{B) In this experiment, 5 ul of- and45 pl of t-

SNARE liposomes werpre-mixed aml incubated at 4C overnight thus allowing the

vesicles to dock. In the following day, M18c was added to thegsembled liposomes at

a molar ratio of 4:1 M18c te$NARE complex and incubation occurred for atk°C

(open triangles). For the contrps200 buffer was added instead of M18c (filled
triangles). As negative controls, VAMP2
VAMP?2 vesicles to the reactions containing either A200 buffer (filled circles) or M18c
(open squares). Fluorescence was meaasekbscribed in section 2.2.3.6. Ther data
normalised to 1006 detergent signal for A and B is shown in the appendix (figure 1V).
Graphs A and Bhow levels of fusion as a percagé of the maximum NBD emission

plotted against time in minutes. Thisdig shows a typical result obtained after

performing the experiment twice.

4.3.5.5 Effects of adding M18c into the fusion assays of Sx 4 OPEN/SNAP23
and Sx4OPENN&e3 6/ SNAP23 with VAMP2

In this section, the same approach as in section 4.3.5.4 was taken. The only difference was
the versions of Sx 4 used. Sx 4 locked in the open conformation and Sx 4 open lacking the
36 amino acids from the-kerminus were reconstitidevith SNAP23 to form-SNARE
complexes as shown in figure 4.15. In sets A (figures 4.19, 4.20 and 4.21) vesicles were
not allowed to pradock while in sets B (figures 4.19, 4.20 and 4.21), vesicles were allowed
topredock overnight mdf4:14molarCaticoMlBcetonplexad di t i o

Figure 4.19, shows that Hi#118c affects negatively vesicles that were not allowed to
form transSNARE complexes (approximately 55 %) rather than vesicles that were
allowed to predock overnight (approximately 24 #thibition). This result indicates that
the formation of the ternary complex formed by Sx 4 OPEN/SNAP23/VAMP2 prevents
M18c inhibition.



Veronica Aran-Ponte, 2009 Chapter 4, 128

60 80 100 120

Time (min)

40

20

—e— Control A200
—8— Control M18c
—a— Fusion A200
—a— Fusion M18c

-20

(22uaosaionj wWnwIXew Jo %)
uoisn4

80 100 120

60
Time (min)

40

20

—e— Control A200
—8— Control M18c
—a— Fusion A200
—a— Fusion M18c

(22uaosaJon|} wWnNwWIXew jo %)
uoisn4



Veronica Aran-Ponte, 2009 Chapter 4, 129

Figure 4.19 In vitro fusion of Sx 4 OPEN/SNAP23 with VAMP2 vesicles (pre-docked
overnight or not) in the presence and in the absence of M18c

(A) 5 pl of v- and45 pl of t- SNARE liposomegontaining Sx 4 OPEN instead of wild
typewere mixednside a welland incubated at 4C with M18c overnight at a molar ratio

of 4:1 M18c to Sx 4 OPEN/SNAP23 (open triangles). To another well an equal volume of
buffer A200 was addeihstead of M18c (filled trianglesY.o block the formation of trans
SNARE complexes, the cytoplasmicda i n of VAMP2 ( VAMP® &a&T MI
the tcomplex and incubated for 10 min before the addition of VAMP2 vesicle in the
presence and in the absence of M{d@wen squares and filled circles respectively). Fusion
was then monitored by placingthe 96 well at e i n t he fl uorescen
described in section 2.2.3.6. Top graph correspond to raw fluorescence normalised to
percentage of maximum detergent signal (100 %) against time. Lower graph shows levels
of fusion determined as a percentag¢he 100 % signal also against tiniB) In this

experiment, 5 pl o¥- and45 pl of t- SNARE liposomes werpre-mixed and incubated at

4 °C overnight thus allowing the tral®NARE complex to form before addition of M18c.

In the following day, M18c waadded to the prassembled liposomes at a molar ratio of

4:1 M18c to Sx 4 OPEN/SNAP23 and incubation occurred foa47C (open triangles).

For the controls, A200 buffer waslded instead of M18c (filled triangles). As negative
controls, VAMP2 &TMD was added to separ af
(filled circles) or M18c (open squares).
described in section 2.2.3.6. Thevrdata corresponds to raw fluorescence normalised to
percentage of maximum detergent signal (100 %) against time (see appendix, figure V).
Graphs A and B show levels of fusion determined as a percentage of the 100 % signal also
against time.

The removabf the 36 amino acids from the-tdrminal region of the OPEN Sx 4 protein

did not affect dramatically the results compared telarigth Sx 4 OPEN, the main

difference was in the percentage of inhibition when vesicles were allowed dogke
beforeM18a ddi tion (24 % for OP and 0 % for O
inhibits fusion of vesicles that were not allowed-doek by approximately 75 % (figure

4.20A). Rates of fusion of vesicles that were allowed tedaiek overnight (figure 4.20B),

were not affected by M18c. This result indicates that the formation of the ternary complex
consisting of Sx 4 OPEN N&36/ SNAP23/ VAMP.
M18c inhibition. Deletion of the short-Merminal peptide of Sx 4 OPEN did not affec
significantly the results when compared to full length Sx 4 OPEN (figures 4.20 and 4.19

respectively).
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Figure 4.20 In vitro fusion of SX4OPENN&e3 6/ SNAP 2 3 w ivdsibles\(phevile cked
overnight and not docked) in the presence and in the absence of M18c

In this fusion assay, the sammtocol described in figure 4.18as followed, however
instead of using reconstitute@dmplexes containg OPENSX 4, a shorter version
lacking the 36 amino acids frothe Nterminus was used instead. Figure 4.15Aows
reconstituted SX OPENN &3 6 / SNAP 2 3 &edd thié AsSERA) and(B) show
levels of fusion as a percentage of the maximum NIB@rescencemission. Irboth A)
and(B), filled circles correspond to control with cytoplasmic VAMP2 plus A200 buffer,
open squares represaantrol with cytoplasmic VAMP2 plus M18c (1:4 molar ratio M18c
to OPENS x 4 /3WN&RRH, filled triangles corresponim fusion in the presence of
A200 buffer and finally open triangles correspond to fusion in the presence of(M48c
molar ratio M18c ta(OPENS x 4 /9WN&RX8§. For fusion reactions, thew data
normalised to 1006 detergent signal for A and B is shown in the appendix (figure VI).
Graphs A and Bhow levels of fusion as a percagé of the maximum NBD emission
plotted against time in mines. This figure shows a typical result obtained after several
fusion assays.

Another approach was taken to confirm the findings obtained in figure 4.20. Reconstituted
Sx 4 OPEN N&36/ SNAP23 from figure 4.15B
with VAM P2 vesicles overnight (figure 4.21, set B) or not (figure 4.21, set A) before the
addition of M18c for only 2 h in both cases. Again, M18c was added at 4:1 molar ratio
M18c: Sx 4 OPEN N&36/ SNAP23. Thus, -diff el
incubatel overnight with the-tand vSNARE vesicles. Figure 4.21A, shows that M18c

inhibits fusion of vesicles that were not allowed to-goek before M18c addition, since

80 % of inhibition in fusion was observed compared to fusion without M18c. However,
M18c adition to vesicles that were allowed to qgteck overnight (figure 4.21B), were

just affected slightly by 18 %. Thus, even 2 h incubation with M18c was enough to inhibit
fusion of Sx 4 OPEN N&36/ SNAP23/ \déckéB.2 wh
This result indicates that the formation of the ternary complex formed by Sx 4 OPEN
Ne36/ SNAP23/ VAMP2 prior to addition of M:
M18c inhibition is not affected by the removal of the 36 amino acids from Sx 4 OPEN.
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Figure 4.21 In vitro fusion of Sx4 OPENN&e3 6 / SNAP 2 3 wivdsibles\(phevle cked
overnight or not) in the presence and in the absence of M18c for 2 h

(A) 5 pl of v- and45 pl of t- SNARE liposomegontaning Sx 4 OPEN &3 6 / SNAP2 3
shown in figure 4.15Bvere mixednside a welland incubated at 4C with M18c for 2 h at

a molar ratio of 4:1 M18c to Sx 4 OPEN N;:
instead of M18can equal volume A200 buffer was astti(filled triangles) Incubation was
continued at 4 °@efore the temperature was elevated t6@GTor fusion at the end of the

2 h.To block the formation of trarSNARE complexes, the cytoplasmicrdain of

VAMP2 ( VAMP2 &T Mdthe tcomapgexarddndubated for 10 min before the
addition of VAMP?2 vesicle in the presence and in the absence of i&8ative ontrols,

filled circles and open squareg®) In this experiment, 5 pl of- and45 pl of t- SNARE
liposomes wer@re-mixed and incubated & °C overnight thus allowing the trai@®NARE
complex to form. In the following day, M18c was added to thegsseembled liposomes at

a molar ratio of 4:1 M18cto Sx4 OPENN8 6 / SNAP23 and i ncaudbat e
°C (open triangles). For the controls, A200 buffer was added instead of M18c (filled
triangles). As negative controls, VAMP2
VAMP2 vesicles to the reactions containinther A200 buffer (filled circles) or M18c

(open squares). Thaw data normalised to 100 detergent signal for A and B is shown in

the appendix (figure VII). Graphs A andsBow levels of fusion as a percagé of the

maximum NBD emission plotted agairtghe in minutes. Details on how the

measurements are made are described in section 2.2.3.7. This figure shows a typical result
obtained after two fusion assays.

Figure 4.22 summarises the results obtained in sections 4.3.5.4 and 4.3.5.5. As can be see
from the charts, the highest percentages of M18c inhibition came from the experiments
where M18c was added directly together with the SNARE liposomes before fusion
reaction. Lower percentages of inhibition were observed in the fusion assays where the
vesicks were allowed to preock before M18c addition. Furthermore, deletion of the 36
amino acids from both wildype and open forms of Sx 4 did not alter significantly the

results.
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Figure 4.22 Quantifications of the percentages of fusion inhibited by M18c when added at
the same time as the SNARE liposomes or added after pre-incubation of SNAREs

The top graph shows the percentages of inhibition by M18c when the different SNARE
complexes were allowedr na, to predock overnight. The lower graph shows the N

delete versions of both witype Sx 4 and open Sx 4 greubated overnight before M18c
addition or incubated directly with M18c for 2 h before fusion reactions. All percentages
were obtained comparirtge maximum fusion rate at 120 min in the absence and in the
presence of M18c. Error bars represent the standard error of the mean of two independent
experiments.
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4.4 Discussion

In this chapter a series of experiments were performed to assess theoéf&tBc on the

rates offusion between synthetigppbsomes containing Sx 4 (wilype andmutant

versions) withVAMP2 liposomesThe highly conserved {{erminal domain of exocytic
syntaxins form an autonomously folded 3 helical bundle termed #atain,and in the
neuronal Sx 1A this domain was shown to be able to fold back onto the SNARE domain
generating a fAiclosedo conf or mMiuraetral, unabl
2000) Mutation of residues L165 and E166 kit the hinge regiomduces this syntaxin

to adopta mo r e comformation(Dulubovaet al, 1999) The introductio of a
L173A/E174A mutatiorinto the same region in Sx 4 sequence also led to afinore e n 0
form (Aranet al, 2009; D'AndreaMerrinset al, 2007) Thus, in this chapteSx 4

constructs wre generated containing the tranemlyane domainn order to reconstitute

them into liposomes. These constructs wereentho pen, open Na&36, an
They were reconstituted into liposomes (together with SNAP23) and compared to the wild
type form of Sx 4 in the capability to fuse with VAMP2 vesicl€ke fusion reactions

were successful as shown in figure 4.12.

Previots studies have shown that SM proteins have the potential to stirSINAIRE-
mediatedmembrane fusiom vitro in yeast and neuronal ce(lScottet al, 2004; Shewt

al., 2007) but little is known about the effects of M18c on the SNARE proteins involved

in GLUTA4 fusion. Since we observed that the sheteiininal peptide comprising 36

amino acids of Sx 4 ignportant for M18c bindingAran et al, 2009) the Sx4 constructs
generated in this study were reconstituted into liposomes and all versions were tested for

fusion with and without M18c.

In these experimentpurified recanbinant M18c was adddd theliposome fu®n assays.
Addition of M18c at molar ratis of eitherl:1 or 10:1M18cwild-typet-SNARE
complexesinhibited liposome fusion catalysed by tBIBIARE complex in a dose

dependent mannéchapter 4, figure 4.)4Importantly, addition of arquivalentamount

of M18ahad no effect offusion (data noshown Prof James McNew, Rice University,

Texag. Then, ML8cwas added at a molar ratio 4:1 M18camplexes (containing the

different versions of Sx 4. will y pe, Sx 4 N&36, Sx 4 OPEN &
results showed thakeletion of the short Nerminal peptide did not significantly alleviate

M18c negative regulation of fusion. This was unexpected, singenutant lacks thehort

N-terminal region o6x 4 whichhas been shown, through crystallographic studies, to
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interact withM18cvia the poclet mode of bindingHu et al, 2007) Apart from this, in all

fusion reactions where vesiclegre allowedtopr&al o c k at 4 eC, fusi ol
dramatically affected by M18c addition (B in figures 4.16, 4.17, 4.18, 4.19, 4.20, 4.21),
whereas vesicles that were not allowed tegwek and were incubated directly with M18c
either overnight or for 2h, were affected (Afigures 4.16, 4.17, 4.18, 4.19, 4.20, 4.21). It

was not possible to reconstitute equimolar amounts of M18c together with the different
versions of Sx 4/SNAP23 (as seen for the uyide version in figure 4.14C) for technical

reasons.

The negative regulatiobserved might be happening not only due to the M18c/Sx 4
interaction, but also due to the interaction between M18c and the SNARE motif of
VAMP2 shown in chapter 3. Actually, in neuronal cells, M18a was shown to stimulate
fusion not onlyvia its interacion with Sx 1A, but alswia its interaction with VAMP2
(Shenet al, 2007) These data also correlates to the finding that imbisencef M18a, a
total loss ofeurotransmitter releasecurs whereas in the absence oflBt anincrease in
GLUT4 translocation was observ@§andaet al.,, 2005) suggesting that M18c negatively
regulates GLUT4 fusianThese data will be further discussed in chapter 6.

In summary, theseesuls indicatethat the formation of the ternary complex formed by Sx
4/SNAP23/VAMP2might be regulated by M18c at leastvitro, since other factors might
also regulate this processvivo. M18c negatively regulatesx 4/SNAP23/VAMP2
mediated membrane fusiamvitro and this apparently involvesher interactions apart

from the short Nerminal peptide region in Sx 4.
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Chapter 5

5 The consequences of Syntaxin 4 and Munc18c
phosphorylation on the regulation of SNARE

complex formation
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5.1 Introduction

As shown in chapter 4when recombinanpurified, bacerially expressed SNAP23, Sx 4
and VAMP2arereconstituted into synthetic gemliposomes, they can mediate fusion. Our
studies suggested that RBNARE proteins such as M18c could negatively affect SNARE
medated membrane fusian vitro. Nevertheless, other factors migtisoregulate

SNARE-mediated membrane fusidam vivo.

In order to maintain normal glucose homeostasis, insulin binds to its heterotetrameric
integratmembrane receptor, which in turn triggarsignalling cascade resulting in the
translocatiorand fusion of intracellular GLUT4ontaining vesicles with theM (Olson

and Pessin, 1996T his mechanism suggests tfattors such as insukderived signals
might be involved in the regulation ol G T4 vesicle fusion with th®M. These signals
could serve as important regulators of the fusi@achinery through phosphorylation of
SNARE proteins.

Some studies have reportidhit SNARE proteins undergo phosphorylatiowitro. For
example, Sx was shown to bsusceptible to phosphorylation by the serine/threonine
kinases protein kinase A, cas&inase Il, ando a lesser extent lgonventional protein
kinase Cin vitro (Fosteret al, 1998) In this study, phosphorylation of Sx 4 BiKA (but
not casein kinase Il) was shown to affect Sx 4 binding to SNAP@&eret al, 1998)
Another study using thgeast twehybrid system with th®M t-SNARE Sx 4as bait, has
identified a novel human kinase termed SNAK (SNARE kinase), which specifically
phosphorylates unassembled SNe&Ri.e. SNAP23 whichare not associated with other
SNARES)in vivo (Cabaniolset al, 1999) Interestingly,SNAP23 expression and stability
were enhanced upon phosphorylation, theeefocreasing the assibly of newly
synthesized SNAEB with Sx 4(Cabaniolset al., 1999)

I n 2006, Thurmondds gr oup losphoeyded tpprat M1
stimulation in both isleb-cells and 3Td.1 adipocytegOh and Thurmond, 2006Also in
2006,Schmelzleand colleagues, by performingass spectrometric analyséave

identified tyrosine phosphorylation sites on proteins involve@lit T4 translocation
(Schmelzleet al., 2006) In this study, 3Td.1 adipocytes were stimulated with insulin for

0, 5, 15 and 45 min. Interestingly, upomin of insulin stimulatiorSx4 inaeased in
phosphorylation by >3old and surprisingly M18c showeat leat a 106fold increase in

tyrosine phosphorylation. Thgrosine residues that becomeosphorylated in response to
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insulin are: Y521on M18c and Y115, Y251 on Sk Interestingly, another group has
reported that M18c becomes phosphorylated on resi@21 in response tdgtelet
derived grovth factor (PDGF) stimulation iskeletal muscle, cultured myotubes, &1®-
L1 adipocytegUmahareet al, 2008)

Another potential way in which SM proteins could beulated isvia a protein called

Do c Kéet al, 2007) Doc2 proteins are C2 domanontaining protins which were first
identified i n(Oritaetal, 1995kmnddater fddrd tcobéJybiquitously

expr es s ed (%akaguchetfal) 1995) Doc2b associates with
(Verhageet al, 1997)a nd M1 8 c-cellsrandiadido®ytes siiggesting that Doc

proteins could regulate M18 interaction with syntaxiks et al, 2007) The association of
Doc2b with M18c was s ho vstimulated inbuén secretmile t a n |
et al, 2007) This data indicates that SM proteins such as M18c might have other

Apartnerso that help in the regulation of

It is well estabbhed that tyrosine phosphorylation plays an important role in insulin
signalling, however the exact function of tyrosine phosphorylation in SNAR&iated
membrane fusion remains uncertain. Thus, a more comprehensive study is needed to
improve the underanding of how phosphorylation may affect the machinery that leads to

glucose uptake in muscle and adipocytes.
5.2 Aims of this chapter

SNARE and SM proteirphosphorylatiomight regulateSNARE-mediated GLUT4
translocation and fusion with ti&M (see aboveM18c and Sx 4 were shown to become
tyrosine phosphorylated in response to insulin, however it is not kndivesigeventsare
part of the signalling network leadjrio GLUT4 translocation, or couliffect the binding

of these proteins to other SNARESs. Thas approach consisting of mapping studies; site
directed mutagenesis, pulbwn assays and radiolabelling studies were undertaken to

establish whether these phosphorylation events impact on SNARE/SM interactions.
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5.3 Results

5.3.1 Sx 4 phosphomimetic mutants

Therecombinant SNARE proteins expressed in this study were produgeabln thus
importantposttranslational modifications that affect mammalian cells could not be
assessed unless they were intentionally engineered to produce modifications in the protein
of interest. Therefore, to examine wier S 4 phosphoriation is able to affeats binding

to other proteinsphosphomimetic mutants bfrosine residugthat become

phosphorylated inesponse to insuliwere induced. A change to a glutamic acid was an

ideal choice, since is bulky (like tyrosine) and will mimic a phosphorylated residue

to its negative charge.

5.3.1.1 Site-directed mutagenesis and protein purification

Three different mutations were introduced in the Sx 4 sequence using pET Byet as
template. The mutations were Y115E, Y251E and Y115E/Y251E (deubtant). Site
directed mutagenesis wpaformed as outlined in section 2.2.1Rximers were designed
taking in consideration melting temperature, Iéngimd GC content of the primer.
Succesful mutation was confirmed by DNA sequencimesigned primers were as

follows (letters in bold refer to original codon and underlined refer to mutated codon):

Sx4sequenc 6 CAG AAG GAG GAA GUTAC ABATCAGIKCG AAT
AAC ACA AGG ATG AAG 30

Sx4YNS5E Forward5 6 CAG AAG GAG GAA GGAGABATCAGAG
GTC AAC ACA AGG ATG AAG 36

Sx4 Y115EReverses56 CTT CAT CCT TGT GICATTEGACATT GA (
AGC TTC CTC CTT CTG 36

Sx4sequencd 6 CTG AGCC GACIBC GTG GAACGT GGG CAA3 6
Sx4Y251EForward’56 CT G A GEC GACGEAG GTG GAACGT GGG CARB o

Sx4Y251ERevers& 6 TTG CCC ACGEGCEITEC BGAEL CGA GCT C
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The Sx 4 double mutant was achieved by first generating one mutation (Y115E) and
afterwards introducing the second mutation (Y2pin the Sx 4 Y115E DNA template.
The cytosolic domains of Sx 4 Y115E, Y251E and douhlgant were expressed as C
terminally tagged GST fusion proteins from the pETBL&ector. The vector pETDuét
Sx 4 was a gift from Dr Fiona Brandi€lasgow Univesity).

Protein expression was performed in BL21 (DE3) cells as outlined in section 2.2.2.4.
Expression was induced using 0.5 mM IPTG, media was incubated ovarnight2 4 e C
protein purification was achieved as described in section 2.2.2.4. Because these
recombinant proteins were made to be used inrgmin assays, they were eluted using 15
mM of reduced glutathione in 50 mM Tris pH 8.0 in order to keep the @& TProteins

were dialysed overnight against binding buffer (section 2.1), run on a 12 w808 gel

and stained with Coomassie Blue as outlined in sections 2.2.2.1 and 2.2.2.3 respectively.

Results from a typical set of purifications are shown in figuie

As can be seen in figure 5.1, elutions (EL) from each protein purification contained one
major band of the expected size (indicated with arrows) corresponding t&G&T
Y115E (A), GSTSx 4 Y251E (B) and GS®Bx 4 Y115E/251E (C).
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Figure 5.1 Purification of Sx 4 phosphomimetic mutants

The cytosolic domains of Sx 4 Y115E (A), Sx 4 Y251E (B) and the double mutant Sx 4
Y115E/ Y251E (C) were expressed in BL21 (DE3goli cells as Gterminally tagged
GSTfusion proteins coming from the plasmids pETDLe®X 4 Y115E, pETDuet Sx 4
Y251E and pETDuel Sx 4 Y115E/Y251E respectively. Proteins were purified as
described in section 2.2.2.4. The lysateWlasincubated with glutathione sepharose
overnight at £ CAfter several washes (W%¥y/2, W3), proteins were eluted using 15 mM

of reduced glutathione in 50 mM Tris pH 8.0. Proteins were dialysed overnight against
binding buffer (as outlined in section 2.2.2.6), run on a 12 %-BBSE gel and stained

with Coomasie Blue as outlined in sections 2.2.2.1 and 2.2.2.3. 10 pl Elutions (EL) were
compared to wiledype Sx 4 (WwtSx4) sample in A, B and &rows indicae precise

position of Sx 4 proteins in the gel. Positions of molecular weight markers are shown. Data
from a typical set of purifications are presented, repeated many times with similar results.
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5.3.1.2 Circular dichroism of purified syntaxin 4 mutants

Mutations can, sometimes, alter the structure of proteins and these alterations can affect
their biologtal function.To examine whether phosphomimettatiors affected Sx 4
structurea comparison between the witgbe and mutant forms of GS3x 4 was made

using circular dichroism (CDXD is a form of spectroscopyhich relies on the

differential absorpon of left and right circularly polarised light by optically active

elements such as backbone amide bonds, disulphide bonds and aromatic side chains withi
the protein molecul&elly and Price, 2000)it is extremely useful for examining

structural integrity since the spectra collected allow information on the segmtdacture

and, in some cases, the tertiary structure of proteins to be obtained.

CD measurements in the far U¥gioncan give important characteristicstbé secondary
structure of moleculeg he differential absorption occurs below 240 nm and is due
principally to the peptide bonds of molecules which can adopt various conformations

h e | tshkeets amd random coil). CD measurements in theli¥aangecanbe used to
obtain information on the tertiary structure of proteins, corresponding to aromatic amino
acid contributions (phenylalanine, tyrosine and tryptophan side chaif® iarige

between 260 to 320 nm. If the aromatic side chains are held rigidly in an asymmetric
environment it can be possible to obtain a unique spectral profile which is a very useful

tool when comparing wildype and mutant versions of prote{ikelly et al, 2005)

Figure 5.2 shows the far UV CD spectra comparing the secondary structures of the
cytosolic domains of wildlype GSTFSx 4 with the cytosolic domains of the G&igged
phosphomimetic mutants. G&lone was included for comparison since the proteins were
GST tagged. CD analysis confirmed that with the exception of the Y115E/Y251E double
mutart the overall secondary structure of the Sx 4 mutants are similar which inferred that
the mutations did not significantly affect their secondary structures. In the case of the
double mutant, the spectral intensity was found to be less than thgypealdvhich may

reflect problems in the reliability of the protein concentration estimation following removal
of the tyrosine residues. A small change in secondary structure may have occurred

following the replacement of Y115 and Y251 with glutamate residues.
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Figure 5.2 Far UV CD spectra of the cytosolic domains of wild-type Sx 4, Y115E, Y251E and
Y115E/Y251E

FarUV CD specta were recorded for the cytosolic domains of recombinant (BB €),
wild type GSTF Sx 4 (greejy GST-Sx 4Y115E (pink), GSTSx 4Y251E (red) and GST
Sx 4Y115HY251E (black)from 180 nM to 260 nM. HT[V] stands for high tensiare(
the voltage applied to the photomultiplier to keep the current constant). Preézgns
diluted to 0.7 mg/ml in 50 mM KHPOy- KH,PO, pH 7.4. Thedata shown were obtained
fromthe average @ scansCD measurements were collecteda CD JASCO-8310
spectropolarimeter by Dr Sharon Kelly (University of Glasgow).

Figure 5.3 shows theear UV CD spectra giving an indication of the overall tertiary
structures of the wildype GSTSx 4 and GSISx 4 phosphomimetic mutants. As can be
seen in figure 5.3, the overall spectral features of the mutant proteins are similar to the
wild-type, suge@sting that the aromatic residues are properly buried and the tertiary
structural integrity for each protein has been maintained. The small difference observed in

the intensity of the peaks is probably due to the removal of tyrosine residues.
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Figure 5.3 Near UV CD spectra of wild-type GST-Sx 4 and Sx 4 Y115E, Sx4 Y251E, and
Y115E/Y251E

Near UV CD spect wererecordel for the cytosolic domains of recombinant GST (blue),
wild-type GSTF Sx 4 (greejy GST-Sx 4Y115E (pink), GSTSx 4Y251E (red) and GST

Sx 4Y115HY251E (black)from 250 nM to 320 nM. ®teins wee diluted to 1 mg/ml in

50 mM KeHPOy- KH,PO, pH 7.4. Thedata shown was obtainéwm the average 8

sa@ans. CD measurements were colleaad CD JASCO-810 spectropolarimeter by Dr
Sharon Kelly (University of Glasgow).

5.3.1.3 Interaction of Sx 4 phosphomimetic mutants with Munc18c

In order to test whier phosphomimetic mutations could affect Sx 4 binding to M18c,
pull-down experiments were carried out in which set amanfrtse phosphomimetic
GST-Sx 4 recombinanproteins were immobilised on glutathiorepharose éads before

incubation withHisg-M18c. GST alone was used as a negative control in thedpuihs.

The result of a typical experiment is shown in figure 5.4.
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Figure 5.4 Binding of Hise-M18c to GST-Sx 4 wild-type (WT), Sx 4 Y115E, Sx 4 Y251E and Sx
4Y115E/Y251E

Pull-down assay was performed where § rexdmbinantGST,GST fused to the
cytosolic domain oWwild-type (WT)Sx4, Sx 4 Y115E, Sx 4 Y251E and Sx 4
Y115E/Y251E werdirstly immobilised on glutathione Seproseéf or 1 . 5 After 3a t
washes with binding buffergladswerei ncubat ed overni ghg at
M18ci n a final v ol eademixbufe was@ethovedltaessprotéin o f
input. Bound proteins were eluted, reged by 12 %SDS-PAGE and immunoblot analysis
wascarried out to determine which of the GST protéiis-M18c had bound toUpper
panel represents a Coomassie stainedigitle GSTFusion proteins/M8c inputs (4 % of
the total input); lowepanel showsmmunoblotandy s i s -MiBd ahtibody used to
determineboundM18c. 50 % of the eluted sample was loaded. This experiment was
repeated three times.

As can be seen in figure 5Hiss-M18c can still efficiently bind phosphomimetic mutants
as well as wildtype GSTSx 4. In several experiments of this type, we saw no difference in
M18c binding to any phosphomimetic mutant compared to-typé Sx 4. This result
indicates that podtranslational modifications such as phosphorylation of Sx 4 protein do

not affect theirmteraction with their regulatory protein M18cvitro.
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5.3.1.4 Interaction of Sx 4 phosphomimetic mutants with SNAP23

Since phosphomimetic mutations in Sx 4 were not able to confer considerable changes in
binding to M18cjt was then investigated whether itsardaction wih the SNARE protein,
SNAP23, wasffected.Sx 4 and SNAP23 proteins interact to form a heterodimer at the

PM of muscle and adipocytes and this binding is essential for SNARE complex formation.
Thus, the interaction between Sx 4 phosphomimetitants and SNAP23 was investigated
through pulldown studies.

Data obtained from putiowns, shown in figure 5.5, indicates that phosphomimetic

mutations did not affect significantly Sx 4 binding to SNAP23.
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Figure 5.5 Binding of Hisg-SNAP23 to GST-Sx 4 wild-type (WT), Sx 4 Y115E, Sx 4 Y251E and
Sx 4 Y115E/Y251E

Pull-down assay was performed where § rexdmbinantGST,GST fused to the

cytosolic domain oWwild-type (WT)Sx4, Sx 4 Y115E, Sx 4 Y251E drbx 4

Y115E/Y251E werdirstly immobilised on glutathione Sephardse r 1 . 5 Aftler 3a t
washes with binding buffereladswerei ncubat ed overni ghg at
taggedSNAP23i n a final volume of 500 ¢olassesst %
protein input. Ater extensive washindound prteins were eluted, resolved BPS

PAGE and immunblot analysis wasarried out to determine which of the GST proteins
Hiss-SNAP23had bound to(A) Upper panel represents a Coomassie stained ¢jed o
GST-fusion proteinsnputs(2 % of the total input); lowepanel shows immunoblot

analysis with-SNAP23antibody used to determimeput of SNAP23 (2 %)(B) Final
immunoblot analysis with-SNAP23antibody used to determif®und SNAP23Shown

is data from a typical experiment, repeated 6 times. No statistical difference in SNAP23
binding to Sx 4 s observed for any of the mutants.

4

C
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5.3.2 Munc18c phosphomimetic mutant Y521E

It was previously shown that the tyrosimsidue at position 521 in M18g specifically
phosphorylated upon insulin stimulati®chmelzlest al, 2006) By using amino acid
substitutionthe role of tyrosia 521 in binding of Sx 4 was a&ssed. A glutamate

substitution (Y521E)closely mimicking phosphorylated tyrosjieas obtainedia site-

directed mutagenesis.
5.3.2.1 Site-directed mutagenesis and protein purification

The Y521 mutation was introduced into the M18c sequence using pRIE30 as

template and mutation wasrfimed as outlined in section 2.2.1Rimers were designed
taking in consideration melting temperature gignand GC cont# of the primer.

Designed primers were as follows (letters in bold refer to original codon and underlined

refer to mutated codon):

Ml8cwtsequence 56 CAG AAA CCC ABATTAGAG CRGAGAC
CGG AAA 36

M18cY521E Forward5 6 GAAACCC AGA ACT AAC GAG TTA GAG CTG GAC
CGG AAA 36

M18cY521EReverse56 TTT CCG GTC OBGITBAETACTGGS
TTT CTG 36.

Successful mutation was confirmed by DNA sequencing.

M18cY521E was expressed and purified similarly to st§ide M18c. His-M18cY521E
was expressed in M1B. colicells thatalso ceexpressed the chaperometein GroEL in
order to increase M18cY521E solubility. Low levels of IPTG were used (0.2 mM) and
protein expression was induced at2Z emight as these conditions were empirically
determined to give better levels of expressidizs-M18cY521E was purified using Ni

NTA agarose as described in sectibd.4.

A typical purification is shown in figure 5.6.
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Figure 5.6 M18cY521E protein purification

Hiss-M18cY521Ewas expressed from vector pQE30 in MLXoli cellsexpressing the
chaperone GroEL. Expression was induced by addingiM2PTGto the mediand
incubation was carried outovei g ht at 22eC. The figure sh
during the process of protein purification which were run on a 12 %FBE&E gel ad

stained with Coomassie Blue as outlined in section 2.2.2.1 and 2.2.2.3 respettieely
positions of the moleculareight markers are shown on the left. The first lane corresponds
to a sanple before induction (BI) followed bysample after induction (1), sample from the
lysate (L), wash 1 (W1), wash 2 (W2) and fraction eluted{i&sing 500 mM imidazole

(EL).

From thedata presented in figure 5.6, the elution (EL) obtained from theANagarose
contained one major product of the expected size which corresponds-tdHisY521E.
The sample purity could be improved if more washes were applied. In order ta furthe
confirm that the elution obtained was really the M18c phosphomimetic mutantyéd
and mutant M18c were run side by side on a 12 %-BBGE and subjected to

immunoblot analysis using antibody against M18c.
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Figure 5.7 Comparison between wild-type M18c and M18cY521E

Similar quantities (approximately 1 ug each) of recombinant-tyjiee M18c and M18c
Y521E were resolved on a 12 % SIPGE for subsequent immunoblotting with anti
Munc18c antibody. Molecal weight markers are shown on the I&ftrow indicates
M18c WT and mutant bands.

As shownin figure 5.7, polyclonal M18c antibody was able to recognise bothtyplel
and the mutant M18cY521E and both proteins, as expected, run at a similar molecular

weight.

5.3.2.2 Circular dichroism analysis of purified Hise-M18cY521E

SM proteins such as M1&age generally poorly expressed or unstaigleding to be co
expressed with the chaperone GroBkcottet al, 2004) The presence of GroEL, a protein
folding chaperone, has been shown to be very useful for improving recombinant proteins
solubility and assisting successful foldifigasukawaet al, 1995) Truncations in M18c

can affect their structure due to protaistability (Oh and Thurmond, 2006l order to

asses# the tyrosine mutation to a glutamic acid has affedtd@®cY521E folding, CD

and intrinsic tryptophafluorescence spectra were performeddampare both wildype

and M18cY521E structurebslear UV CD analysis was not possible due to the low protein

corcentrations.
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Figure 5.8 shows the far UV CD spectra obtained frorg-Mis8c (blue), and the mutant
Hiss-M18cY521E (red). As shown, there is no significant change in the overall secondary
structure of the mutant RisM18c Y521E when compared to witgpe Hss- M18c. The
Hiss-M18c (blue) displayed a poor signal to noise ratio below 195 nm due to traces of

chloride ions in the buffer.
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Figure 5.8 Far UV CD spectra of wild-type M18c (blue) and mutant M18cY521E (red)

FarUV CD specta were recorded for recombinant wilgpbe Hig-M18c (blue), and the
mutant Hig-M18cY521E (red) from 180 nM to 260 nM. Proteins were diluted to 0.5
mg/ml in 50 MMK,HPOy- KH,PO, pH 7.4.Top graph shows nfar ellipicity and second
graph shows HT[V] which stands for high tensiae.the voltage applied to the
photomultiplier to keep the current constait)e data shown was obtainé@m the
average 08 scansCD measurements were collecmuda CD JASC@-810
spectropolarimeter by Dr Sharon Kelly (University of Glasgow).
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Figure 5.9 represents the fluorescence spectra of theypitdHis-M18c compared with
mutant Hig-M18c. Near CD UV analysis were not carried out forsHEL8cY521E since

the removéof tyrosine would affect the spectral contributions corresponding to the
tyrosine side chains and since near UV CD requires protein concentrations of
approximately 1 mg/ml and there was an insufficient concentration of protein for this
analysisiInstead fluorescence spectroscopy was used. Tryptophan emission fluorescence
following excitation at 295 nris dominant over the weakgrrosineandphenylalanine

contributions.

Tryptophan is a very usefultrinsic fluorescent probehich can be wexd to estimate the
nature othe tryptophan environmemthen excited This hydophobic amino acid favours
beingburied in potein hydrophobic core®rotein mutations can sometimes affect the
tryptophan environment since they could expose the tryptophan to an aquéssss
hydrophobicenvironmeninstead of thgrotein interior.Thus, tryptophan exposure as a
result of unfoladhg would result in a peak which would be shifted to longer wavelengths

compared with the wildype.

The fluorescence spectra of wilgbe and mutant forms of M18c allowed the positions of
the tryptophan peaks for each protein to be determined. Figusbd@i that the emission
spectra obtainefbllowing excitation at 295nrgavea peakaround 345 nm for wildype

and Hig-M18cY521E suggesting that these proteins have a similar conformation in the
region pertaining to the position of the tryptophans. Tifierdnce in the levels of
fluorescence might indicate fluorescence quenching due to protein concentration or grade

of purity of protein in this study.

Such data collectively suggest that¢-i418cY521E is correctly folded.


http://en.wikipedia.org/wiki/Tyrosine
http://en.wikipedia.org/wiki/Phenylalanine
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Figure 5.9 Tryptophan fluorescence spectra of Hisg-M18c and Hisg-M18c Y521E

Emission spectra of HigM18c and Hig-M18cY521Efollowing excitation at 295nmThe
amount of protein used to obtain the flumes spectrum were 0.6 mis of 0.2 mg/mi
proteinand measurements were performed by Dr Sharon Kelly (University of Glasgow) on
a PerkinElmer LS 50B fluorometer.

5.3.2.3 Interaction of Hisg-M18cY521E with different versions of Sx 4

Glutathione sepharose bouttdGST-Sx 4 proteins harbouring the cytosolic domainthef
different version of Sx 4, were used to pull downgHEL8cY521E. Gterminally tagged
GST-Sx4,GSTSx 4 Na&®64, L1768EL74A, GSTSXx 4 L1733 A/ EL1T7 4/

were purified as described section 2.2.2.4

The result of a typical experiment is shown in figure 5.10. While-tyiiet Hig-M18c was
able to bindhe different version of Sx 4, the mutant &Hi18cY521E did not. Less than
10 % of the total HisM18cY521E input was shown to bind Sx 4.
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After repeating this experiment several times, this data indicates that phosphomimetic
mutation in M18c (Y521E) reds in abrogation of M18c/Sx 4 interaction.
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Figure 5.10 Pull-down assay of the different versions of cytosolic GST-Sx4 with both wild-
type Hise- M18c and Hisg-M18cY521E

Pul-down assay was performed inth5¢e g of ei t her recombi nan
the cytosolic domainoNT Sx4, Sx 4 N&36, Sx 4 wepdrstly and
immobilised on glutathione SepharoBe ads wer e t hen i ncwithblat ed
¢ @f Hise-M18cY521Ein a finalvolumeof2 00 el . As a positive
proteins (GST and GS¥x 4 wildtype and mutants) were incubated with wijghe 1 g
Hisg-M18c. After extensive washindyound proteins were eluted using 15 ul of 1 x sample
buffer (containing 20 il DTT), resolved bysDS PAGE and immunoblot analysigere

carried outo determine which of the GST proteins §d18c andHiss-M18cY521E had

bound toPanel(A) shows protein inputs (7.5 %) for GST and Giagiged Sx 4 proteins

which were purified as desbed in section 2.2.2.4, were resolved by SBYSGE and

visualised by staining with Coomassie Blue (A, top panel). 10 % of the M18c input from
both wild-type and mutant forms were analysed by SEXsE followed byimmunoblot

anal ys iVd8caritiliodly (AUlower panelRPanel(B) showsimmunoblotanalysis

wi t-Kl18dJantibody used to determibeundM18c (top panel) and bound M18cY521E
(lower panel). This experiment was repeated three times.
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5.3.2.4 Interaction of Hisg-M18cY521E with GST-VAMP2

Since no interaction wasbserved oHiss-M18cY521Ewith cytosolic Sx4 and we have
recently reported that VAMP?2 interacts with M18c (chapter 3), the interaction between
Hiss-M18cY521E withthe cytosolic portion of the-8NARE VAMP2 was assgsed

Recombinant cytosolic fterminally tagged GSVAMP2 was purified as described in
section 2.2.2.4. Glutathione sepharose bound to either recombinant GST-o0V AMP2
were used to pull dowHiss-M18cY521E

Similarly to Sx 4, GSIVAMP2 was unable tpull-downHiss-M18cY521Eas can be seen
in figure 5.11.
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Figure 5.11 GST pull-down of GST-VAMP2 and Hisg- M18cY521E

Pul-down assay was performed inwhick® of eit her r ecoasedioi nan
the cytosolic domain of VAMP2 were first immobilised on glutathiosghsiroseBeads

were then i ncub antheld gpbHIseM18cyY531E tand artothet seteofC

GST and GSIVAMP2 were incubated with & gvild-typeHiss-M18cin a final volume

of200 el . Aft er,beurdpmteissivereelutedusihgild g of 1 x sample
buffer (containing 20 mM DTT), resolved IBDSPAGE and immunoblot analysigere

carried outo deermine ifHiss-M18c andHiss-M18cY521E hadbothbound toGST-

VAMP2. (A) Shows protein inputs (7.5 %) for GST and Gafged VAMP2 proteins

which were purified as described in section 2.2.2.4, were resolved by?8B§& and

visualised by staining with Coomassie Blue (A, top panel). 10 % of the M18c input for

both wild-type and mutant forms were analysed by SPAGE followed byimmunoblot

anal ys iMd8caritiiodly (AUlower panels)B) Showsimmunoblota nal ysi s wi
M18c antibody used to determibeundM18c (top panel) and bound M18cY521E (lower
panel).
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5.3.3 The Recombinant Cytoplasmic Insulin Receptor Kinase
(CIRK)

Insulin actionresults in tyrosine phosphorylation, through the binding of insulin to its
receptor which contains a tyrosine kinase domain. This results in autophosphorylation of
the receptor which will eventually stimulate phosphorylation of the insulin receptor
substrée (IRS) which will carry the signal downstream of the receptor. However,
termination of insulin action requires the dephosphorylation of the insulin receptor and
IRS.

In order to identify which tyrosine phosphatases were responsible for dephosphopflation
both the insulin receptor and IRIS a group of researches generated a recombinant
cytoplasmic domain of the human insulin receptor, which they termed (HRKneet al,,

1994) This recombinant receptor consistaaifino acids 9413430 f t he b subu
insulin receptor which contairike intrinsic tyrosine kinase domai@IRK was expressed

and purified from Baculovirusfected Sf9 cellsccording to work done by Villalba and
colleaguegVillalba et al, 1989)

The generation of CIRK was a very interesting tool to imprbeeunderstanding of the

insulin actionvia phosphorylation of the insulin receptor and also its consequences among
other proteins including SNARESs. Therefore, studies were carried out to analyse if CIRK
autophosphorylation could result in phosphorylatibotber substrates such as Sx 4 and
M18c. CIRK was kindly given to us by Prof Gustav E. Lienhard (Dartmouth University,
USA).

Fig 5.12 shows recombinant CIRK running at approximately 47 kDa on a 12 % SDS
PAGE.
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Figure 5.12 SDS-PAGE analysis of recombinant CIRK

CIRK was autophosphorylated as described in section 2.2.5.1. 20 ul of autophosphorylated
CIRK (7.4 pg) were loaded on a 12 % SP3GE gel followed by Coomassie Blue

staining as outlined in sectiofsand 2. Positions of the broad range molecular weight

markers are shown.

5.3.3.1 Phosphorylation of M18c and SNARE proteins in response to CIRK

In previous studies, protein kinases were shown to induce phosphorylation in some
SNARE proteins and also M18c (sexxtion 5.1). To assess if this was the case for CIRK,

this recombinant kinase was firstly autophosphorylated as described in section 2.2.5.1.

Secondly, autophosphorylated CIRK was incubated with M18c and withFSNARE
complex in a buffer containing ATRInCl, a n d-*FJATP. After 30 min incubation at 30
e C, s a mpubjected ter SDFPAGE, and analysed by autoradiography (as outlined
in sections 2.2.5.1 and 2.2.5.2).
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Figure 5.13 Autoradiography studies using M18c and Sx 4/SNAP23 complex which were
pre-incubated with CIRK

1 pg of M18c and Sx4/SNAP23 were incubated with 1 ul of activated CIRK (370 ng).

CIRK activation (autophosphorylation) was achieved as described in section 2.2.5.1.
Recombinant proteins MuCIRK were incubated in a buffer containing 50 mM HEPES pH
7.5, 4 mM MnC}4, 0.2 mM DTT, 100 pM ATP and ACi[ -3°P]ATP. Control samples had

no CIl RK. I ncubation was carried out for
sample buffer (containing 20 mM DTT) were added to each tube. Samples were boiled at
65 eC for 10 min. Pr ot eectroghoresis, then the gepvaas at e
dried and subjected to autoradiograpdpper panel represents a Coomassie stained gel of
thetotal M18cand tcomplexinputs(25 pl samples, ~ 0.5 pglower panel show
autoradiography analysis after 72 h exposure (at reomperature)

As shown in igure 513, M18c becomes phosphorylated in response to CIRK (Lane 1,
lower panel). In contrast, the complex formed by Sx 4 and SNAP23 did not become
phosphorylated in response to CIRK (Lane 3, lower paAslexpected,n theabsence of

CIRK, none of the proteins became phosphorylated (Lanes 2 and 4, lower panel).

Because Sx 4 and SNAP23 form a heterodimer, this could have masked the sites in Sx 4
that become phosphorylated with activated CIRK. In order to further confirnrsxhatvas

not able to become phosphorylated, monomeric Sx 4 was incubated in the presence and in
the absence @IRK. M18c was also incubated with and without CIRK. Because Sx 4 was
GST tagged, an extra control was made by incubating recombinant GSTpmeskace

and in the absence of CIRK.
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The autoradiography analysis presented in figure 5.14 shows that CIRK was able to
phosphorylate both M18c and monomeric Skidwever,phosphorylation of M18c
seemed greater than Sx 4, as can be seen by the interthigybaind.

M18c GST-Sx 4
CIRK
+ -+ - + -
1 2 3 4 5 6
175
83 __
62 —| -M18c¢c
~-GST-Sx 4
475 — LCIRK
325 —
25 —
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= = o i O O
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Figure 5.14 M18c and Sx 4 phosphorylation by CIRK

CIRK (370 ng) was incubated with 1ug M18c (lane 1; lower panel), 1 ug&&4 (lane

3; lower panel) and with GST alone (lane 5; lower pam#actions were carried out as
described in sections 2.2.5.2 and 2.2.5.3. As controls, M18c aneéS®8Twere incubated
without CIRK, whereas GST was incubated with and without CIRK (lanes 2, 4, 5 and 6
respectively; lower panel). GST was incubated seplratith CIRK because Sx 4 is GST
tagged Proteins were sepagat by 12 % SDS gel electrophoresis #melgel was dried and
subjected to autoradiography. Upper panel represents a Cooblasstained gel of the
totalamounts of HigM18c (left) and GSTSx 4 (right) used (~ 0.fig sampledrom each
protein); lower panel show autoradiography analysis afteh&posurdat room
temperature)
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5.3.3.2 Stoichiometry of protein phosphorylation in response to CIRK

Since Phosphore32 werereadily introducednto the ML8c and Sx 4 moleculethe
stoichiometryof protein phosphorylation could loalculated by measuring tleeunts per

min (cpm) using a Scintillation counteCpm gives a good estimate abth# number of

atomsin a given quantity bradioactive material @it has decayed in ormain. The cpm of

both M18c and Sx 4 were determined by excising the dried gel slices corresponding to
each of the proteins, placing them in vials and measuring cpm using a scintillation counter.
Knowing the molecular weight of the molde, the amount of protein loaded and the cpm
obtained, it is possible to make an estimate of the percentage of the protein that is
phosphorylated.

Under the conditions used in 5.14, Sx 4 and M18c were shown to be phosphorylated by
less than 1 %. In ord¢o improve M18c phosphorylation levels, changes were made in the
protocol. The time of incubation at 30 e
amount of CIRK was increased 5 times, from 1 pl to 5 pl (from 370 ng to 1.85 ug). Figure
5.15 shows tl results of an autoradiography after 48 h expodlwee the increase in

intensityof the M18c bands the amount of CIRK and the time of incubations were

prolonged.
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Figure 5.15 M18c phosphorylation by CIRK using different amounts of CIRK and different
times of incubation

1 pg of Hig-M18c was incubated with 370 ng CIRK (lanes 1 and 2) for 30 min (lane 1) or
150 min (lane 2), or with 1.85 pg CIRK for 150 min (lane3) at 30 e C. Reac
also contained buffer plus radiolabelled ATP as described in section 2.2.5.3. Reactions
were stopped by boiling the samples and 25 ul (~ 0.5 pug gfMis8c) of each reaction

mixture were processed by SIPAGE followed byCoonassieBlue stainng and
autoradiography as indicated in section 2.2.5.3. This figho&s anautoradiograpy

analysis after 48 exposurdat room temperature)

Figure 5.15 shows that the percentage of M18c phosphorylation is proportional to the
amountof CIRK used and to the time of incubation. After 30 min incubation 8 ng

CIRK (lane 1), only ~ 1 % of the M18c molecule became phosphorylated, whereas after
150 min, there was an increase of ~ 16 % in the levels of M18c phosphorylation. By
increasig 5 fold the amount of CIRK and keeping the 150 min incubation period (lane 3),

~ 24 % of M18c became phosphorylated. By performing this experiment, it was possible to
optimise the conditions to allow maximum phosphorylation of M18c in response to CIRK

in order to start then vitro binding assays described in the following sections.
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5.3.3.3 Analysis of the interaction between M18c phosphorylated by CIRK
and the different versions of GST-Sx 4

The fact that CIRK was able to phosphorylate MikBeitro gave riseto the idea of
assessing how this phosphorylation could affect M18c interaction with SNARE proteins
such as Sx 4 or VAMP2.

As previously mentioned in chapter 4, M18c is able to bind Sx 4 lacking the short N
terminal peptide, which corresponds to the 3@anacids of the Nerminus, but at a

much lesser extent than witgpe Sx 4 (as outlined in section 4.1.1). M18c is also able to
bind the open version of Sx 4 which contains a mutation in the hinge region of Sx 4
(L173A/E174A)(Aranet al, 2009; D'AndreaMerrinset al, 2007) Thus, puldown
experiments were performed in which a set amount of the different versions of C
terminally tagged Sx 4 were immobilised on glutathione sepharose before overnight
incubation with M18c phosmrylated by CIRK. A @erminal tagged version of Sx 4 was
used in order to leave thetidrminal part of Sx 4 available to bind M18c. In order to check
if phosphorylated M18c is able to bind the different version of Bxwtro, a pulkdown

assay was p@rmed.

Figure 5.16B shows an overall decrease in the amouhtsoM18c which are able to

bind the different versions of GSBx 4 plus CIRK versus minus CIRK. So, in order to
check if bounHisg-M18c were tyrosine phosphorylated, western blot analysie

carried out using 8 pl of the total 15 pl samglephosphotyrosine antibodies were used to
determine if bound M18c was tyrosine phosphorylated or not. The right side of figure
5.16C shows that autophosphorylated CIRK indutiesM18c phosphorylatio on

tyrosine residues. In contrast, the left hand side on figure 5.16C shows the interesting fact
thatHiss-M18c (+ CIRK), which was bound to wt Sx 4 and Sx 4 open versions on
glutathione sepharose (figure 5.16B; lower panel), were not tyrosine phospdryilais

result indicates that M18c phosphorylated by CIRK loses affinity for Sx 4.
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Figure 5.16 M18c phosphorylated by CIRK loses affinity for Sx 4 in vitro

Pulldown assay was performedwhdére g of ei t her r ec asebto nant
the cytosolic domain of WBx4, Sx 4 N&36, Sx 4 wepeédrstly and
immobilised on glutathione SepharoBe ads wer e t hen i nowthblat ed
e of Hise-M18c (already phosphgtated by CIRK)in a final volume o80 0 6% of

each mixture was removed to assess protein input (A). &ftensive washindgyound

proteins were eluted using 15 pl of 1 x sample buffer (containing 20 mM DTT), resolved
by SDSPAGE and immunoblot anadiswere carried outo determine which of the GST
proteins M18c had bound to. Upper panel represents a Coomassie stained gel ofthe GST
fusion proteingA, left and middle panels) andMc inputg1 % of the total input)panel

B showsimmunoblotanalysisw i t -M18dJantibody used to determibeundM18c (~ 47

% of the eluted sample was loaded into the gel); panel C shawsnoblotanalysis with
Uphosphotyrosine antibody used to deternioendproteins which are tyrosine
phosphorylated (~ 53 % of theuedd sample was loaded into the gel) and also levels of

1%, 2.5 %, 5 % and 10 % of total phosphorylated M18c input for comparison. This
experiment was repeated 3 times giving similar conclusions.

5.3.3.4 Interaction between Munc18c phosphorylated by CIRK and VAMP2

Results from section 5.3.3.3 show that phosphorylated M18c is not able to interact with
Sx 4,in vitro. In chapter 3, data has demonstrated that M18c is also able to interact with
VAMP2, therefore similar pullown experiments were carried aatcheck if CIRK

induced phosphorylation of M18c could also result in a decrease of-WABI2

affinity. A typical result of an experiment of this type is shown in figure 5.17.
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Figure 5.17 Pull-down assay of GST- VAMP2 and M18c phosphorylated by CIRK

Pul-down assay was performedwherey of ei t her recombinant
the cytosolic domain oV AMP2 wereimmobilised on glutathione SepharoBeads were

t hen i ncubat e aithdy efrHissMi8C twhich has Beergpviously
incubated with CIRK, for 150 min and withe control M18c without CIRK. M18c and
VAMP2 were incubateth a final volume o8 0 0 (A%} Upper panel represena

Coomassie stained gel GSTand GSTVAMP2 (6 % of total input) and lower panel
representémmunoblotanalysis using+M18c antibody tsshow4 % of the total M18c

input in the presence and absence of CIEH;upper panel showsmmunoblotanalysis

wi t-K18dJantibody used to determibeundM18c (~ 47 % of the eluted 15 pl sample

was loaded into the gel); lower panel shammunoblotanay s i s -phésphbtyrddine
antibody used to determim®undproteins which are tyrosine phosphorylated (~ 53 % of

the eluted 15 pl sample was loaded into the gel). The right side of the blot shows levels of
total M18c which are phosphorylated in respotas€IRK (1 %, 2.5 %, and 5 % of total
phosphorylated M18c input). This experiment was repeated 3 times giving similar
conclusions.

Similarly to section 5.3.3.3, figure 5.17 shows that in the presence of CIRK there is an
overall decrease in the amounfsHiss-M18c that are able to bind recombinant cytosolic
GST-VAMP2 compared to the putlown ofHiss-M18c which are not phosphorylated by
CIRK (upper panel B). So, in order to check if boltigs-M18c were tyrosine
phosphorylated, western blot analysis weaieried out using 8 ul of the total 15 pl eluted

sample. The antibody-phosphotyrosine was used to determine if M18c which was bound
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to VAMP2 was tyrosine phosphorylated or not. The lower panel of figure 5.17B shows that
autophosphorylated CIRK induckl$ss-M18c phosphorylation on tyrosine residues.
However,Hiss-M18c which was bound to GSTYAMP2, was not tyrosine phosporylated,

as can be seen i aphosphayrosima (figure®.b7B dower pandl).n ess)
than 1 % of bounéHiss-M18c was tyrosie phosphorylated, as judged from the

immunoblot.
5.3.3.5 Mass spectrometry analysis of M18c phosphorylated by CIRK

In order to determine the amino acid residues from M18c that get phosphorylated upon

i ncubation with CI RK, 1 eg @&hfCIRK ascdesanibedn a n t
in section 5.3.3.1. The sample was then trypsinised and the phosphorylated sites
determined by liquid chromatographyelectrospray ionisation mass spectrometry (-C
ESIMS) and electrospray ionisati®nmass spectrometry/mass spentetry (ESH

MS/MS) using an ABI Qtrap 4000 instrument (all analyses were carried out at the Dundee
University Postgenomics facility). As shown in figure 5.18, incubation of M18c with

CIRK generated two major [MH]* (doubly charged) quase molecular i@tsn/z551.3

and 615.3. These ions are absent in the M18c sample that was not incubated with CIRK
(figure 5.19), suggesting they represent phosphorylated tryptic peptides. It is worth
pointing out that these analyses were carried in negative ion modetama only to

identify tryptic peptides that release 79 mass units (which correspoRd3 tand suggests

the presence of a phosphopeptide). After identification of candidate phosphorylated
peptides (figure 5.18), the polarity of the mass spectrometeswitched to positive and

the same ions were submitted to B8$/MS in order to determine their amino acid
sequences and locate the phosphorylated residu&s(shown in thdigure XVIII (peptide

1) andfigure XIX (peptide 2) of the appendix, fragmentation of both ions generated a
series of intense [NH]' (singly chargedy- andb-ions, which correspond to the C

terminus and Nerminus, respectively, and where the number refers to the location in the
peptice sequencesuch fragments made possible the identification of peptideTL ds

YpL E L D RandpeptideZ N YpL E L D R K (peptide 2 represents the
miscleavage of peptide 1). In both peptdTyr was the only residdeund

phosphorylated, which in the entire M18c amino acidic sequence corresponds to Y521 (see
figure X from appendix and tables | A and Bf the appendixfor a summary of the
assignments)n summary, these analysesequivocally demonstrate that M18c is a
substrate for CIRK phosphorylation. Furthermore, the only amino acid residue that gets

phosphorylated by CIRK appears to be Y521.
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Figure 5.18 Negative-ion ESI-MS of phosphorylated M18c

1 pg M18c were inculiad with CIRK as outlined in sections 2.2.5.2 and 5.3.3.1. The
reaction was stopped and the protein trypsinised and analysed-B$LEKES in a Qtrap
400innegativée on mode. The spectrum shows only
I ono s c a nunits,fwhich gepresanss 8@nd suggests the presence of a
phosphopeptide. The inset shows a detail of the two maje#Hf (doubly charged)

ions (Pepide 1 and pepde 2). The ions representing both peptides, are each one
accompanied by the same pdptbut coupled to one or two metal ions (¢z562.3,

569.3 and 580.3 (for peptide 1), amdz625.3, 633.3 and 644.4 (for peptide 2)).
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Figure 5.19 Negative-ion ESI-MS of non-phosphorylated M18c

M18c done was incubated as in figure 5.8t without CIRK), trypsinised and the

generated peptides analysed by-ESIMS in aQtrap 400 in negativ®n mode.The
spectrum shows only the ions detechBsed by
can be se® o significant ions were detected.

5.3.4 Phosphorylation of endogenous M18c in response to insulin

The ability of insulin to stimulate tyrosine phosphorylation of endogenous M18c was
investigated by incubating 37131 adipocytes with and without 150 nM ingufor 5 min

at 37 eC. The supernatant fraction comin;q
phosphotyrosine agarose for 3 h. Beads were washed and bound proteins were subject to

western blot analysis using both akti8c and antphosphotyrosine antibodies

The upper panel of figure 5.20 shows that
subunit of the insulin receptor (IR) become tyrosine phosphorylated only in response to

insulin as expected. This positive control was performed to confirnptiwesphorylation
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was indeed occurring in 37131 adipocytes upon insulin stimulation. The lower panel of
figure 5.20 shows that only in the insulin stimulated state M18c becomes phosphorylated.

175 = - - IRST
83 W
62 e . - B subunit of the IR
47.5 —— - .
— s
32.5
B I
75—
83 .
o «= - Munc18c
47.5 =
325
B

Figure 5.20 Endogenous M18c undergoes insulin-stimulated tyrosine phosphorylation

Cell lysates derived from 3TB1 adipocytesvhich have been previously incubated for 5
min with 150 nM insulin (1) inaubagdwiihartih o ut
phosphotyrosine agarof@ 3 h. At the end of the 3 h, beads were washed 3 times with 1
ml buffer (indicated in section 2.2.8Bound proteins were eluted by boiling the beads in
50 ul of 1 x sample buffer (containing 20 mM DTT). Bound proteins for both basal (B)
and insulin stimulated samples (1) were resolved on a 12 %F3RSE followed by
immunoblot analysis with antibodiegainst phosphotyrosine (top panel) and M18c (lower
panel).
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5.4 Discussion

The work presented in this chapter aimed to investigate the precise role of phosphorylation
in SNARE complex formation. Proteins such as Sx 4 and M18c, which were not previously
asso@ted directly with the insulksignalling network, were found to be phosphorylated on
tyrosine residues upon insulin stimulatg@cthmelzleet al, 2006) In order to understand

the function of thee tyrosine phosphorylation sites, siieected mutagenesis was

performed to mimic the phosphorylated form of the residue.

Phosphomimetic mutations in Sx 4 (Y115E, Y251E and Y115E/Y251E) were obténed
site-directed mutagenesis and the conformatio8# before and after mutations were
analysed by CD. Far UV CD demonstrated that introduction of phosphomimetic mutations
into cytosolic Sx 4 did not cause gross protein misfolding (figure 5.2). The near UV
analysis suggests that the double mutant miglglightly less rigid than the witype

(figure 5.3). However, the environment of the aromatic residues did not change
dramatically, suggesting that the overall tertiary structure remained similar to the wild
type. GSTFpull downs were then performed tosestigate theffects of Sx 4
phosphomimetic mutatioren the interaction with both M18c and its SNARE partner
SNAP23 Interestingly, these mutations did not affect binding to either M18c or SNAP23
as can be seen in figures 5.4 and 5.5 respectively. Tessks are in agreement with a
previous finding suggesting that Sx 4 residues 1948 are sufficient for interaction with
Mi8csincg hese r esi du elelixam fiexiae limker rehien witoh cobtrol

closed to open conformational transitions of syntakiesvellet al, 2008)

The role of tyrosine phosphorylation of Y521 in M18c on its interactioh &x4 was also
investigated by introducing a phosphomimetic mutation into the murine sequence-of His
M18c. Recently, studies performed in adipocytes showed that residue Y521 in M18c is the
major PDGF receptedependent tyrosine phosphorylation gitenaharaet al, 2008)and

this residue was also shown to become phosphorylated in response to(Bcufirelzlect

al., 2006; Umaharat al,, 2008) In order to mimic the phosphorylated form of the protein,

a phosphomimetic mutant of M18c was generated by changing a tyrosine to the negatively
charged glutamic acid. After the mutations were successfully obtained, GSIopus

were carried out to det@ine whether the mutation could affect binding to different

versions of GST tagged Sx 4 including Sx 4 viyde, Sx 4 e 3 6, Sx 4 L1738,
(open Sx 4) and Infereimgly, HigM18cAmutdreewa®dnpletely

unable to bind S¥# as can be seen in figure 5.10. A further juldivn was performed to
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determine whether the phosphomutant could still bind VAMPZtro. We found that
Hiss-M18cY521E was also not able to interact with G&AMP2 (figure 5.11). The

disruption of M18c binding to both GS8Bx 4 and GSIVAMP2 were not caused by gross
conformational changes in Hi8118c since the overall structure of ki8I18cY521E

molecule was shown to be preserved by performing CD and fluorescence spectra analysis
(figures 5.8 and 5.9 respectively).

The exact manner by which M18c and Sx 4 interact has been rather a mystery than a clear
relationship.One modebf interacton is based upon the structure of titemologous pair

of neuronal proteins>S1A/M18a(Misuraet al, 2000) In this model, M18a is an arch
shaped molecule that bi-mnalscleSed ficAd ntbmtdatmah o |
Is incompetent for fusiofMisuraet al, 2000) The other model of interaction suggests

that SM protein®ind to the extreme ferminusof syntaxins. The structure of M1t

complex wih the Nterminal peptidef Sx 4 haseen describefHu et al, 2007) Thus, in
collaboration with Prof James Miln&vhite (University of Glasgow), a model was

obtained based on previous modelling from M18A/Sx 1A and Sxtdridinal

peptide/M18dHu et al, 2007; Misuraet al, 2000)in order to verifywhere these residues

that become tyrosine phosphorylatee in relabn to binding sites, and to assess how

their mutatios could affect Sx 4/M18c interaction.
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Figure 5.21 Ribbon models of Sx 4 in complex with M18c showing the key residues within
Sx 4 and M18c which are targets for phosphorylation

Model (A) showaVi18c (green) holding Sx 4 (grey) in a closed conformation. Sx 4 Y115
site is highlightedn red and residue Y251 in blue. Model (B) shows the shaeridinal

peptide of Sx 4 (grey) interacting with the outer face of domain | in M18c (green). The part
of the M18c sequence containing the Y521 site was unstructured in the modedioélHu

and esidues 502 to 526 are absent from their structure. The ends of this region are shown
in yellow. Modelling potential structures of this missing region based on the M18A
structure suggest that residue Y521 may lie close to the pocket into which the $xid pep
inserts. Y521 is shown in red. Models were obtained based on previous described models
and designed by Prof James Mili&ihite (University of Glasgow) using Rasmol software.

As can be seen in figure 5.21A, residues Y115 and Y251 were confirmee taway

from the sites of Sx 4/M18c interaction indicating that mutations in these residues are not
likely to affect binding to M18c. This was confirmed in the mdlwn experiments

described in sections 5.3.1.3 and 5.3.1.4.

Unfortunately, it is not knownxactlywhere theY521 site idocated in relation to Sx 4
because this region correspondsn unstructured regiofyellow ends in figure 5.21B)
beingprobably parpf a flexible region. Therefore, Y521 could rmdefinitively added to
the modelArgually, it is predicted that this residue might be present around the
hydrophobic pocket area present in M18c (described in chapter 1), which would disrupt
binding to the open conformation of the Sx 4. Interestingly, both results presented in
sections 5.3.2.and 5.3.2.4 show that Hi#118cY521E loses affinity for both GS$x 4

and GSTVAMP2. It is uncertain why there is a loss in affinity to GBAMP2, however
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it is predicted that the Y521E mutation could disrupt binding to Sx 4 espegaltg open
conformation. It would be useful to usturface Plasmon Resonartoeneasure and
compare the affinities between M18cY521E/Sx 4 and M18cY521E/VAMPZ2, in isolation.

A second approachas taken to understand how phosphorylated M18c might affect
binding to SNARE protes. A recombinant cytoplasmic insulin receptor kinase (CIRK)
was used in order to phosphorylate native MT3&K was shown to be able to
phosphorylate M18c and Sxid vitro (figures 5.13, 5.14 and 5.15). M18c phosphorylation
was greater than Sx 4 phospyation which agrees with published dé&chmelzleet al,
2006) When the interaction of HisM18c phosphorylated by CIRKith GST-Sx4 was
analysed, although MBc still boundo the beads, n@nof the phosphorylated M18c bound
(figure 5.16). Moreover, HisM18c phosphorylated by CIRK was also unable to interact
with GST-VAMP2 (figure 5.17). In summary, the experiments performed with CIRK and
also with a phosphomimetic version of M18c (Y521Ejgest that phosphorylation affects
M18c binding to both GSBx 4 and GSIVAMP2.

After obtaining the results that CIRK indeed phosphorylates Nti8itro, phosphorylated

and nonrphosphorylated forms of M18c were sent to Dundee University in order to
perform mass spectrometry analysis to map which residues in recombingi s

become phosphorylated by CIRK. Interestingly, only one residue in M18c becomes
phosphorylated, which was identified as Y521 (figure 5.18), the same residue identified in
previous nass spectrometry analysis of M18c which were phosphorylated in response to
insulin and PDGHn vivo (Schmelzleet al,, 2006; Umaharat al., 2008)

All these data gave rise to the hypothélsat fhosphoryléion of M18c may displace M18c
from Sx4 andVAMP2 allowing the incoming vesicles to fuseith thePM. If M18c is

not present bound to either VAMP2 or Sx 4 these proteins will be free to form SNARE
complexes and consequently drive membrausion. Interestingly, work performed with
3T3-L1 adipocytes have shown that ovxepression of M18c inhibits insukstimulated
GLUT4 translocation to thBM (Tamoriet al, 1998; Thurmonet al, 1998)and M18c
gene knockout in adipocytes results in an increase of Grddhdaining vesicles fusion
with the PM without affecting GLUT4 traslocation to the cell periphefiKandaet al.,
2005)

The idea that phosphorylation of M18n tyrosine residua®ay regulate membrane fusion

has been supported by other studigscose stimulatino f p a n eellsvasshown b
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to stimulatetyrosine phosphorylation of M18c at residue YZOh and Thurmond, 2006)
and, as mentioned previousexperimentperformed in adipocytes suggested that residue
Y521 in M18c is the major PDGF receptependent tyrosine pBphorylation site and it

is alsophosphorylated by insulin causing tihssciation of M18c from Sx 4Umaharaet

al., 2008) These data suppdtte idea that M18c negatively regulates Sx 4,thattheir
dissaiation is important to aw GLUT4 translocation and fusion withelirM.

The results obtained in this chapter will be further discussed in chapter 6.
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Chapter 6

6 Discussion
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Defining a conserved mechanism by which SM proteins act in tleegs®f SNARE
mediated membrane fusionshiaeen difficult mostly due to tlemnsiderable divergence on
the binding modes between different SM/syntaxin paithough SM proteins possess

high homology between species, a conserved role could not be deiimithis thesis,
attention was mainly focused dime interation of Sx 4, SNAP23 and VAMP®&ith the

SM protein M18c Although, these proteins are knowmtediate the insui-stimulated
delivery of GLUT4vesicles to th&M in muscle and adipose tisstiee regulation of this
process is unclear. M18c has been shown to interact strongly witliT&kaimet al,

1997) Studies have shown that this interaction is medieaigethe N-terminal region of Sx

4 (Grusovinet al, 2000)and thathe N-terminal 29 amia acids of Sx are necessary for

its interactionwith M18c (Lathamet al,, 2006) This binding mode wadso observed in

the yeast syntaxins Sed5p and Tlg2p and mammalian Sx 1A, and Sx 16 with their
respective SM protein®racher and Weissenhorn, 2002; Burkhaatdal, 2008; Carppet

al., 2006; Dulubovat al, 2002; Lathanet al, 2006; Yamaguctet al, 2002) M18c binds

the short Nterminal pgtide regioninS¥when t his syntaxin is p
conformation(Hu et al, 2007)and also binds to bingrand ternary SNARE complexes
(Lathamet al., 2006) A third binding mode is also a possibility which could relate to the
neuronal M18a/ closed Sx 1A complex , where the whole Sx 1A Habc domain interacts
with M18a(Misuraet al, 2000) These different modes of interaction might be related to
the regulation of SNARE assembly/disassembly. In neurons, a study using fluorescent
fusions of M18a and Sx 1A (wiHtype and open versions) visualisad\N2A cells,

reported that the two modes of interaction are spatially distinct, where Sx 1A binds M18a
predominantly in intracellular locations avoiding any unspecific interaction with the Sx 1A
trafficking to thePM (Rickmanet al, 2007) And upon arrival at thBM, the syntaxin

would change conformation from closed to open in order to pateip SNARE

complexes, while M18a could still be bouvid the short Nterminal peptide of Sx 1A
(Rickmanet al, 2007) Thus, the different modes of interaction between SM and syntaxin

proteins might represent different regulatory steps in the SNARE cycle.

In chapter 1, putlown assays provided evidence thHt8c binds directly to the-v

SNARE VAMP2, which hashot been previously identifieq@randieet al, 2008) In
addition,competition binding experimenshowed that Sx 4 was able displace VAMP2
from M18c (figure 3.3 and 3.5Bwhereas VAMP2 wasot able to displace Sx 4 from
M18c¢ in vitro (figure 3.4 and 3.5A These results agreed with studies performed in yeast,
where some A\8NARESs were shown to bind SM proteinsvitro (Carppet al, 2006; Peng
and Gallwitz, 2004)A hypothetical model would be that in the basal state, M18c could
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retain Sx 4 in order to inhibit constant SNARE complex formati¢pon stimulation,

M18c could direct VAMPZcontaining vesicles to tHeéM in order to interact with Sx 4.

M18c would them release VAMP2 to allow it to interact with Sx 4, however Sx 4 could
still bind M18cvia a different conformation (probably through sisort Nterminal

peptide). Because Sx 4 seems to bind M18c into two different conform@tiarset al.,

2009; D'AndreaMerrinset al, 2007)and VAMP2via its SNARE motif only, this could
explain why VAMP2 is displaced easieom M18c than Sx 4. Other possibility is that

both proteins (Sx 4 and VAMP2) can bind to the same region in M18c, thus explaining
why one (probably with the most affinity) can displace the otbefortunately, there was

not enough time to perform caréfand detailed investigation on whether M18c could

bridge VAMP2 and Sx 4 interactitns pr oposed by t h@®engdnd i dgi
Gallwitz, 2004) Although the observation that Sihding disrupts the M18c/VAMP2
interactiondoes not agree with this hypothesis, in cells other factors might work in concert
to allow this possibility. Nevertheless, it would be very useful toSiséace Plasmon
Resonancé measure and compare the affinities eswM18c/Sx 4 and M18c/VAMP2,

in isolation.

Membrane fusion within the cells must be regulated precisely in order to maintain the
integrity of the different cellular organelles and the formation of specific SNARE
complexes. In order to understand more albloig process, thil vitro fusion assay was an
important tool used in this studyhis assay was previously shown to be very useful to
determine that SNARE proteins are necessary and sufficient to drive merfusianén

vitro (Weberet al,, 1998) Previously in the lab, Dr Fiona Brandie has shown that by
reconstituting Sx 4/SNAP23 and VAMP2 (all produced as recombinant protétnsati)

into two separate population syntheticliposomes, fusion aurs(Brandieet al, 2008)

This result was fuher confirmed in chapter, 4vhere these proteins were also shown to be
sufficient to drive mmbrane fusionn vitro (chapter 4, fig 4.127 Although in vitro,

fusion was shown to occur dependiogly on the tand vSNAREs complex formationn

vivo other factorsare importanfor the regulatiorSNARE-mediatednembrane fusian
Thus,the effects ofhe SM protein M18c o08NARE-mediatednembrane fusion catalysed
by Sx 4/SNAP23 and VAMP2 were investigated. We found that Mdl@bited liposome
fusion catalysed by thSNARE complex in a dosgependent mannéchapter 4, figure
4.14B). In ordera define how M18c causeshibition of fusion, several approaches were
taken including the generation of different Sx 4 constructs (all containing the trans

me mbr ane domain) . They were Sx 4 Ne&36, S

successful for all diffeant versions (Figure 4.12). The fusion rates between the different
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SNARE complexes could not be precisely compared since the amount of reconstituted
proteins vary. Then, the different complexes were either allowedtopre u bat e a't
before M18c additin or they were incubated directly with M18c without-preubation of

the vesicles. By performing these experiments, M18c was shown to inhibit SNARE
mediatedmembrane fusiom vitro when preincubated with the-and t SNARES prior to

fusion (by 5580 %;figure 4.22). However, M18c did not inhibit significantly SNARE
mediated membrane fusiamvitro, when the vand tSNARE liposomes were allowed to
pre-dock before M18c addition (inhibition varied between 0 to 24 %; figure 4.22). Note
that these sets @fision experiments, in the presence and in the absence of M18c, were
performed twice to confirm the results and the percentages reported represent the means ¢
the two experiments, which exhibited good agreement. Furthermore, it was not possible to
reconsitute equimolar amounts of the differentdmplexes together with M18c (such as

in figure 4.14C) due to the low levels of the purified complexes.

The involvement of th&x 4N-peptide in the inhibitory activity of M18was tested in
thesein vitro fusionexperimentsSurprisingly, even Wwen the Nterminal 36 residues of

Sx 4 were remove(n both wt and open formsjhe inhibitory effect of M18c was not
abolished (figure 4.17, 4.18, 4.20 and 421n fact, regulation of SNARE complex
formation was showto be dependent on the assmion of M18c with both the Gand N
terminus of Sx 4D'AndreaMerrinset al.,, 2007) thus M18c cald still beable to bind

other regions on Sx 4 sequence resulting in inhibition of fusion. This was further
corfirmed in another study whesggnificant binding between M18c and a truncated
version of Sx 4 (missing th@st 40 amino acidswas observeter Beeskt al, 2005)
Furthermore, in the neuronal Sx 1A, the Habc domain was shown to act as an inhibitor of
fusion and deletion of this region accelerated the fusion rates mediatedonal
SNARESs(Fix et al, 2004) A similar event could be happening to Sx 4, thus the removal
of the whole Nterminal domain of Sx 4.e.the Habc domain and the short&minal
peptide) would be a good cookto test whether M18c inhibits fusiamma the Sx 4 N

terminal region.

Another explanation for M18c negative regulation could come from the fact that upon
SNARE complex formation, the binding sites on Sx 4 that could be exposed to interact
with M18c aremaking contacts with Sx 4 cognate SNARE proteins, thus inhibiting M18c
binding and consequently allowing complex formation. However, when M18c is added
together with the Sx 4/SNAP23/VAMP?2 liposomes, the high affinity interaction between
M18c/Sx 4 could intbit SNARE complex formation. Also, Prof James McNew has
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observed that the position of the tag on the SM protein might influence the fusion process
positively or negativelyRodkeyet al, 2008) Since the M18c construct used in these
experiments was f{erminallytagged, a new construct could be generated containing the
His tag at the @erminus of the protein in order to test it in thevitro fusion assay using

the Sx 4 constructs originated in this thesis. Furthernidt8c negative regulation on the
assays péormed in chapter 4, could be also relatedata presented chapter 1. M18c

was shown to bind VAMP#h vitro and this interaction occurreda the SNARE motif on

the vSNARE. Since the SNARE motif isalregion responsible for mediating SNARE
complex asembly(Paumett al, 2004) M18c when added directly to tievitro fusion

assay (before predocking of the SNARBs might associate with the SNARE motif in
VAMPZ2, thus inhibiting SNARE complex formation and consequently fusion
InterestinglyM18awas shown to stimulate Sx 1A/SNARYAMP2 membrane fusiom

vitro not onlyvia Sx 1Abut alsovia interaction with VAMP2, since mutations in VAMP2
were shown to abolish the stimulatory effect of M{8henet al., 2007) In vitro fusion
studies performed in our lab have shown that VAMP2 was also important. HoDever,
Fiona Brandie observethat inhibitionvia VAMP2 was less inhibitory thawia the t

SNARE complexby reconstituting either thecdomplex or VAMP2 liposomes with M18c
(unpublished)This might be due to the strong interaction formed between Sx 4 and M18c.
The ideahat M18c could act as a regulatory protein controlling the process of SNARE
complex assembly could be tested by mixing the SNARE proteins with M18c and
checking if SDSresistant complexes can be formed over time. This technique has been
used in the pasb show that the neuronal SNARE proteins form stable complexes which
are SDS resistaifHayashiet al, 1994) Recently, the functional effect of the Sx 1A short
N-terminal peptide in controlling SNARE complex assembly was also tested using this
method(Burkhardtet al, 2008) Thus, M18c could be priacubated either with Sx 4ane

or the tcomplex or VAMP2 alone (before addition of the other SNARES) or it could be
mixed together with all the three different SNARES to observe if-8i38tant complexes
are formed. These would loevitro approaches, neverthelessvivg SNAREmediated
membrane fusion of GLUT4 vesicles are subjected by several levels of control including

cell signalling cascades.

The fusion between GLUT4 vesicles with Al was shown to be regulated by insulin
(Koumanovwet al., 2005) Insulin stimulation leads to activation of the insulin receptor by
increasing its tyrosine kinase activithhe insulin receptor autophosphorylates and causes
phosphorylation of several substrates including some SNARE proteins involved in GLUT4

translocation. At th®M, GLUT4 acts to clear glucose from the blood. Failure in this
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process can lead to insulin r&since and Typ2 DiabetegSaltiel, 2001) In chapter 5, the

role of phosphorylation on the traffickingathinery that leads to GLUT4 externalisation,

was studied. Two tyrosine sites in Sx 4 (Y115, Y251) and one site in M18c (Y521) were
shown to become phosphorylated in response to inEdinmelzlestal., 2006) Thus,
phosphomimetic mutants of both proteins were generated in order to perfomoywall

assays to analyse their interactions with their respective SNARE partners. Phosphomimetic
mutations in Sx 4 (Y115E, Y251E and double mutant) did rfetafheir interactions with

both M18c and SNAP23 (figures 5.4 and 5.5 respectively), whereas the mutation Y521E in
M18c, abolished binding to both Sx 4 and VAMP2 (figures 5.10 and 5.11 respectively).
These results were not due to protein misfolding, S€enalysis demonstrated that alll

the mutants were properly folded (see figures 5.2, 5.3 and 5.8, 5.9). Another study
demonstrated that, in adipocytes, insulin and PDGF stimulation causes M18c
phosphorylation also on residue Y5@1Imaharaet al, 2008) This was further confirmed

after incubating 3T3.1 adipocytes for 5 min with insulin, which resulted in M18c tyrosine

phosphorylation, as can be seen in figure 5.18.

In addition, another approach was taken to iconphosphorylation of M18c. The use of a
recombinantytoplasmicyrosine kinase domain of the insulin rece©iRK) has proven

that M18c and Sx 4 indeed become phosphorylated on tyrosine residites, as can be

seen in figures 5.13, 5.14 and 5.Mass spectrometry analysis indicated that the residue

in M18c that becomes tyrosine phosphorylated in response to CIRK is Y521 (figure 5.18).
Pull-down assays analysing the interaction okHW18c phosphorylated by CIRWith

both cytosolicGST-Sx4 andGST-VAMP2 were performed and demonstrated that,

although M18c was still able to bind to the beads, none of the phosphorylated M18c bound
(figure 5.16 and 5.17). Thus, these CIRK experiments confirmed that phosphorylation
affects M18c binding to both GS$x4 and GSTVAMP?2, in vitro.

It is uncertain why Sx 4 phosphorylation did not affect its binding to other SNARES. An
option could be that Sx 4 phosphorylation could stabiiSBIARE complex formation
promoting fusion, whereas phosphorylation of M18c setnishibit bindingto both

VAMP2 and Sx 4, thus inhibiting M18c negative effect on fusion. This agrees with studies
which suggested that M18c needs to be dissociated from Sx 4 in order to allow GLUT4
fusion with thePM in response to insulifAraki et al, 1997; Kandat al, 2005;

Thurmondet al, 2000; Umaharat al, 2008) Therefore phosphorylation could be an
important postranslational modificatin in the process of SNARKediatednembrane

fusion. It could influence the activity and conformation of MliBwivo. There is a
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possibility that M18c is not completely dissociated from Sx 4 upon phosphoryilation

vivo, however phosphorylation might ctgathe conformation by which these proteins
interact. It would be interesting to test if the mutant M18cY521E would still be able to
affect negatively then vitro fusion assay catalysed by Sx 4/SNAP23/VAMP2. However, it
was not possible to perform thispetiment due to the poor expression of M18cY521E and
the lack of time to optimise the conditions to purify high levels of the protein.

Others have expressed td.8c mutant Y521An adipocytegUmabharaet al,, 2008).
However, in these experiments both the mutant and thetypte form of M18c inhibited
GLUT4 translocation to a similar degr@émaharaet al, 2008) However, these
experiments were performed in cells eegsing endogenous M18c, which could generate
competition between mutant and wilgbe forns. Thus, a phosphesistant (Y524) and

a phosphomimetic mutant (Y521E) should be examined separately in adipocytes.
Expressing wiletype M18c, M18cY521A or Y521Et devels approaching those of
endogenous M18c in 3131 adipocytes, in which endogenous M18c is depleted using
SiRNA, will be a good experiment to &ss the effects of phosphorylation on GLUT4
trafficking in vivo. These experiments are now being performecbllaboration with Prof
Jeffrey E. Pessi(Albert Einstein College of Medicine, New York, USA).

In summary, a reasonable model for the Sx 4/M18c interaction would be that when
monomeric Sx 4 is in the basal state, M18c is able to inhibit complex fomiat binding

to the closed conformation of this syntaxin. Then, upon stimulus, a conformational change
in Sx 4 could occur. Due to the different modes of binding between these two proteins,
M18c would be able to rassociate with Sx 4 when the lattemisn open conformation,

thus allowing SNARE complex formation. In this state, the possibility that M18c could

also remain bound to the SNARE complexes should not be excluded. The trigger factor for
this conformational change in the process of GLUT4 toaagion, could be attributed to

the hormone insulin, which would affect protgirotein interactionsia phosphorylation

of several substrates including M18c and SNARE proteins. Nevertheless, it is important to
mention that other Sx 4 interacting proteisisch as synip and tomosgin et al, 1999;
Widberget al, 2003) might also influence SNARE complex assembly. In addition, the

i nteraction of M18c with its novel partne
association &s shown to release M18c inhibition over Sx 4 to facilitate exocyiésist

al., 2007) Understading howGLUT4 trafficking events areontrolled athe molecular

level will bring new tools for the treatment of thlbal epidemic of insulimesistance and

Type 2diabetes.
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The findings presented in this thesis provided new insiglishe mechanisrmy which
SM functionsin muscle and adipose tissue. However, which other factors might influence

and regulate the fusion facilitated by Sx 4/SNAP23 and VAMP2 needs further
investigation.
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Appendix

Supplementary figures for chapter 4:
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