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Abstract

SNARE proteins are essential components of the maghthat facilitates membrane
fusion in eukaryotic cells. SNARE proteins arejeabto multiple levels of regulation,
one of which is imbedded in the syntaxin (Qa-SNAR®)ecule. It has been
demonstrated that some syntaxins adopt a closddrooation, whereby an autonomously
folded N terminal domain (the Habc domain) formisamolecular contacts with the
SNARE domain; this conformation precludes compleseanbly. The Seclp / Muncl8
(SM) family are a conserved group of proteins tiegulate membrane fusion through
interactions with their cognate syntaxins. Forrtialaof unifying hypotheses describing
how SM proteins function has been problematic, prily due to the multiple modes of
interaction that have been characterised for difftmembers of this family binding to
their cognate SNARE proteins.

The yeast SM protein Vps45p regulates membranerubrough theérans-Golgi / late
endosomal system, and interacts directly with ffmtaxin (Tlg2p) and the v-SNARE
(Snc2p) proteins. Vps45p also binds to the asses®NARE complex of Tlg2p, Vtilp,
Tlglp and Snc2p. In this thesis | demonstratettiatabc domain of Tlg2p has an
inhibitory effect on SNARE complex formation. Thssan important finding, as whether
or not Tlg2p adopts a closed conformation has Hibhgeen controversial. Furthermore, |
have demonstrated that the inhibitory effect oftfadc domain on complex formation can

be alleviated by Vps45p vitro.

In addition to investigating the functional signdince of Vps45p’s interaction(s) with
Tlg2p, | have also investigated binding of the Sidtgin to the v-SNARE Snc2p. | have
demonstrated that the affinity of Vps45p for Sni2weaker than either of the modes of
interaction characterised between Vps45p and TIdgzZpally, | have developed am vitro
fusion assay to enable us to dissect the functsigaificance of the various interactions
that Vps45p displays with its cognate SNARE praein
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1.1 Cellular trafficking in eukaryotic cells

Eukaryotic cells are compartmentalised into digtorganelles, contained within the
plasma membrane. Each organelle has a particod@moement, which is circumscribed
by an intracellular membrane boundary. GroundbnggWork, using the pancreatic
exocrine cell as a model, demonstrated that newithesised proteins destined to be
secreted, pass through a series of organefie@suteto the plasma membrane (Palade,
1975). Protein containing vesicles at the periploéreach compartment were observed,
leading to the hypothesis that protein was “shdtteetween compartments in membrane
bound vesicles (Palade, 1975). The non-disruptargsportation of essential molecules
between these isolated organelles is extremelyiitapp and each trafficking event has to
be tightly regulated both temporally and spatitédlensure specificity (Bonifacino and
Glick, 2004). Transport vesicles containing caogd from the donor membrane, travel
through the cell to a target membrane where thiéglly tether, then dock, before fusion
of the opposing phospholipid bilayers allows reéeakthe cargo (Pfeffer, 1999). This
allows trafficking of molecules into and out of tbell, as well as between intracellular
compartments. In addition to cellular transpdré tegulated movement of lipid
membranes maintains organelle integrity. The naybi@logical transport steps found in
eukaryotes vary dramatically in the manners by Wilhey are controlled and regulated.
Despite this, the basic machinery underpinningeghesfficking events is thought to be

conserved in all systems (Chen and Scheller, 2001).

1.2 Membrane fusion

The fusion of biological membranes in close appasitioes not happen spontaneously,
energy is required to overcome the natural physiaaiiers of the fusion event. At long
range the membranes are subject to electrostati&’an der Waals forces; more
importantly, at closer ranges (1 - 2.5 nm), memésagxperience a strong repulsive
“hydration” force, resulting from the energy reaqadrto dehydrate the lipid polar heads
(Rand, 1981). A wide range of scientific approachave been used to understand how
fusion of opposing lipid bilayers is actually acked. Studies of enveloped viruses proved
to be an excellent model for membrane fusion (Patzeal., 1979, White et al., 1983).

Investigations into various viral mechanisms hangatly enhanced our understanding of
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membrane fusion (White et al., 1983). One suclmga is the involvement of the
influenza virus protein hemagglutinin (HA), whichanchored to the viral membrane and
facilitates fusion with the host cell membrane (W&tat al., 1982a, White et al., 1982b).
The crystal structure of HA revealed it has a abieil region extending from the
membrane (Wilson et al., 1981). The membrane fugaiential of HA is activated by low
pH, which results in a conformational change frws hative structure, which involves the
extrusion of an N terminal fusion peptide and thgnanent of a much extendedhelical
region (Bullough et al., 1994, Chen et al., 19958)uctural similarities between the low-
pH (fusion competent) form of HA and equivalentio®g of other viral membrane fusion
proteins suggests that they may share a commonamisch (Harrison, 2008). The protein
machinery responsible for membrane fusion of trhifig intermediates and organelles in
the cell also contain domains which adopt an entrggurable conformation (an increase
in a-helical content), before fusion (Bentz and Mit@000). This suggests that the protein
folding events in the domains involved with memlaréumsion, in these different systems,
provide the energy to overcome the repulsive footeke opposing membranes (Sollner,
2004).

These viral studies were the basis for a fusioe poodel which allows direct fusion of

two membranes (Chernomordik and Kozlov, 2005). é&erdefined model, termed hemi-
fusion, better explains the energy requirementi®fusion event (Chernomordik and
Kozlov, 2003, Chernomordik and Kozlov, 2005). histmodel, the initially contacting
outer membrane leaflets merge to form a fusionmrmmégliate (hemifusion), this first bilayer
fusion stalk relieves the hydration force (Zimmegoet al., 1993), before expanding into a
diaphragm, which then breaks to form a fusion @or@ allows the inner membrane
leaflets to mix (Chernomordik and Kozlov, 2008)heThemifusion model is outlined in
Figure 1.1. There are still many unanswered golestas to how fusion is triggered and
executed, and this ultimately depends on compleslwement of both the proteins and

lipids responsible.
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Figurel.l  Schematic model of membrane fusion via hemifusion intermediate

(A) Membranes of two opposing phospholipid bilayeessitown in close appositiofiB) The proximal
leaflets (red) from each membrane merge to fortalft.s (C) The stalk expand¢D) and then ruptures to
allow the distal membrane leaflets (orange) to merghis allows content mixing of the two, previyus
distinct, agueous compartments (blue and gre@))Fusion is complete and a single, continuous

phospholipid bilayer encloses the mixed conteftdapted from (McNew, 2008).

1.3 SNARE proteins

The cytosolic proteinbl-ethylmaleimide sensitive factor (NSF) and soludt&F-

attachment protein (SNAP) were originally identifiey Rothman and colleagues as
essential components of the cellular transport mach (Clary et al., 1990, Glick and
Rothman, 1987). They proposed NSF and SNAP tabtsopa membrane bound
multisubunit complex required to promote fusiorubSequently, using recombinant NSF
and SNAP on an affinity column, SNAP receptor (SNEBRroteins were isolated from a
bovine brain detergent (Sollner et al., 1993b)e Holated SNARE proteins were further
analysed and micro-sequenced, each protein sequescelentified by sequence
homology with known proteins associated with theagpse (Sollner et al., 1993b).
Syntaxin la (Sxla) was identified as a homologub®f35 kDa synaptotagmin interacting
protein from rat brain homogenates (Bennett etl@B2). Synaptosome associated protein
of 25 kDa (SNAP-25), was identified by homologymarine SNAP-25 (Oyler et al.,
1989). Finally, synaptobrevin-2 was identifieddmymology to the previously
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characterised bovine brain synaptic vesicle promaptobrevin (Sudhof et al., 1989).
Sxla (containing one SNARE motif) and SNAP-25 (aonihg 2 SNARE motifs) on the
target membrane were thought to form a stable cexnplth synaptobrevin (containing
one SNARE motif) on the vesicle membrane. The@aton of these proteins was
presumed to facilitate membrane fusion (Sollnexl ¢t1993a). A schematic diagram of

the neuronal SNARESs is shown in Figure 1.2.

Figurel.2  Theneuronal SNARE proteins

Schematic representation of the neuronal SNAREeprstocalised to their respective membranes, SNARE
domains are shown in black. Sxla (red) is anchtréide target membrane by a C terminal transmemabra
domain and also contains an autonomously foldeeriihal domain. SNAP-25 (green) contains two
SNARE motifs, and is anchored to the target memdkgnpalmitoylation of cysteine residues in thédin
region between the two motifs. Synaptobrevin (pla@anchored to the vesicle membrane by a C temin

transmembrane domain.
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1.4 The SNARE hypothesis

The isolation of SNARE proteins from bovine neulddissue (Sollner et al., 1993b) led to
lucrative avenues of investigation in the membifaiseon field. The SNARE hypothesis
was then proposed, in which specific target (t-SMABNd vesicle (v-SNARE) proteins
exist on opposing membranes and form an energwfatte complex which facilitates
fusion of the membranes (Rothman, 1994, Sollnat.e1993b). The yeast homologues of
Sxla, Sed5p and Pepl12p, known to be importantdsiche trafficking at the ER-Golgi
(Hardwick and Pelham, 1992) and the Golgi-vacuBlegton et al., 1991) steps
respectively, led Rothman and colleagues to profiaaea family of SNARE proteins
confer specificity to these trafficking events lihsa their intracellular location (Rothman,
1994, Sollner et al., 1993b). Figure 1.3 outlittes SNARE hypothesis. Homologues of
the originally identified neuronal SNARE proteirsvie subsequently been identified in a
range or organisms (Bock et al., 2001, Weimbs.ei@D7). All members of the SNARE
protein family have a defining SNARE motif, whichhighly conserved throughout
evolution (Bennett and Scheller, 1993), and is iwed in forming a complex with cognate

SNARE partners to facilitate membrane fusion.

The SNARE hypothesis was an appealing concepteascdmpassed the two main
difficulties experienced in proposing a theory xplain membrane fusion: 1) the
specificity required to allow these events to odaua controlled and regulated manner,
which could be conferred through specific SNAREt@imfamily members at each cellular
location; 2) the energy requirements of mergingaging phospholipid bilayers, which
can be obtained through the formation of a stabheptex between SNARE proteins on

opposing membranes.
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Figurel.3  The SNARE hypothesis

The SNARE hypothesis predicts that the specifioftynembrane fusion is conferred by the SNARE prstei
localised to particular membranes. For examplsicles trafficking from the ER to the Golgi (redaw)

will contain a v-SNARE (red) that will interact spécally with a t-SNARE complex at theis-Golgi. This
energy favourable complex will facilitate the fusiof the ER derived vesicle with the membrane efcik-
Golgi. The red v-SNARE will not be able to interadth other t-SNARE complexes associated with pbthe
transport steps. Three trafficking pathways ofales derived from th&rans-Golgi membrane are also
represented: to the plasma membrane (turquois#)ettate endosome (orange); and to the vacuak)(pi

Each pathway has its own complement of specific BEAvroteins that facilitate fusion at each target
membrane.
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1.4.1 SNARE-SNARE protein interactions

The observation that Sx1a can bind directly withtHFSNARE synaptobrevin was in
agreement with the SNARE hypothesis (Rothman, 188#4ner et al., 1993b). However,
the affinity of the interaction is relatively weékalakos et al., 1994). Further
investigations were pursued to better understamdhtieractions between individual
SNAREs and the complex they form. Glutathi@teansferase (GST) pull down
experiments using recombinant proteins demonsttatadSx1a binds to SNAP-25, and
this binary complex has a greater affinity for gytwdorevin than either of the individual
proteins (Hayashi et al., 1994). This study atseealed that Sx1a, SNAP-25 and
synaptobrevin form a stochiometric complex that®stant to the denaturing agent
sodium dodecyl sulphate (SDS) (Hayashi et al., 1994is detergent resistance indicates
that the interactions are extremely stable, a cdiate that was later supported by studies
showing that the Sx1a-SNAP-25 complex and the tgro@mplex involving

synaptobrevin protect the SNARE proteins from paséedigestion by trypsin, in contrast
to the individual SNARE proteins which are susdaptio digestion (Poirier et al., 1998a).

Studies using circular dichroism spectrophotometeye subsequently used to gain further
insight into the SNARE complex. This technique wasd to ascertain thehelical

content of monomeric SNARES, which are largely wutttired with the exception of Sxla
(Fasshauer et al., 1997a, Fasshauer et al., 18&dussed in more detail in section 1.3.4).
It was later shown that formation of the complefmen Sxla and SNAP-25 precedes
binding to synaptobrevin (Fasshauer and Margi2@®4). The binding of Sx1a to SNAP-
25 results in a modest increaseauthelical content (Fasshauer et al., 1997a), but the
formation of a stochiometric 1:1:1 complex with aptobrevin results in greatly enhanced
a-helicity, beyond the theoretical sum of the indival components alone (Canaves and
Montal, 1998, Fasshauer et al., 1997b), correspgnidi major conformational changes in
the SNARE proteins. Collectively, these data satggethat the energy requirements for
membrane fusion may be attained when these latgeiyuctured SNARE proteins form a
stable complex. Biophysical investigations of fleenologous SNARE proteins
responsible for exocytosis in yeast, Ssolp, Senfliac2p, have shown that these

structural and energetic properties are consetvedighout evolution (Rice et al., 1997).
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1.4.2 SNARE complex structure

The crystal structure at 2.4 A of the neuronal SEEA®RMplex showed that the 4
individual alpha helical SNARE motifs contributed $x1a, SNAP-25 and synaptobrevin
align in parallel to form a bundle of ~12 nm indgm (Sutton et al., 1998). These
structural observations were confirmed by spinllaigeelectron paramagnetic resonance
(EPR) spectroscopy, which showed that the indiMi@NARE domains of the neuronal t-
SNAREs align in parallel (Poirier et al., 19980@)he coiled-coil structure of the SNARE
complex is generated from the heptad repeat patfdmgdrophobic residues within the
SNARE domain of each protein, in layers of interagamino acid residue side-chains
(Sutton et al., 1998). A schematic representaiicthe layered structure of the neuronal
SNARE complex is depicted in Figure 1.4. The alstructure at 1.9 A of the
mammalian endosomal SNARE complex, comprised of Sx8, Vtilb and VAMPS,
revealed a helix alignment and layered structureparable to the neuronal complex
(Antonin et al., 2002b). There is limited sequehomology between the SNARE proteins
of these two complexes, but their similar structuggests the superhelical bundle
structure is conserved throughout SNARE compleResohin et al., 2002b). This has
been corroborated by crystallography studies o NARES responsible for exocytosis in
yeast (Protein data bank (PDB) accession numbé&N3Btrop et al., 2008) and squid
(PDB accession number: 1L4A; Bracher et al., 20889, the complex responsible for
homotypic fusion of mammalian early endosomes (Rb&ssion number: 2NPS;
Zwilling et al., 2007); all of which have similaverall structures to that of the neuronal

complex.
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Figurel.4  Orientation and organisation of the core SNARE complex

(A) Ribbon backbone representation of neuronal SNAREepT core complexa-helical SNARE domains
from Sxl1a (green), SNAP-25 N terminus (turquoiS®yAP-25 C terminus (light blue) and VAMP2 (dark
blue) align in parallel. Crystal structure datat{Sn et al., 1998) was obtained from the PDB; ssica

code: 1SFC.and modelled using RasMol software.

Interestingly, analysis of recombinant Sx1la andapyobrevin containing their distal C
terminal regions, including the transmembrane dosjaevealed that these residues
increased the stability of the complex, and like BNARE maotifs, were resistant to
protease digestion (Poirier et al., 1998a). Mecently, X-ray crystallography studies
have been carried out on the neuronal SNARE comdag versions of Sxla and
synaptobrevin that contain these carboxy-terminéiel and transmembrane domain
residues, and have shown that these additionamegire also structured (PDB accession
number: 3HD7; Stein et al., 2009). In additioritis, it has been shown that increasing
the length of the carboxy-terminal linker regioasults in a reduced rate of fusion,
suggesting the distance between the membrane©@BNARE proteins is important for
fusion (McNew et al., 1999). These data takenttogyesupport a model whereby the
structured organisation of SNARE proteins in com@gtends into the membranes,
increasing the energy produced upon complex foonatd overcome the repulsive forces

of the opposing phospholipid bilayers.
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1.4.3 SNARE classification

SNARE proteins were originally classified as eititeor - SNAREs depending on
whether they were localised to the traffickingsicle or &rget membrane respectively.
This proved inappropriate under circumstances agdiiomotypic fusion where vesicle
and target membranes are functionally and struityutee same (Wickner, 2002).
Sequence alignment and modelling techniques we@ tasdemonstrate that the structure
of the neuronal SNARE complex is conserved througkweolution (Fasshauer et al.,
1998). A reclassification of SNARE proteins basedhe amino acid contributed by each
SNARE motif at the central ionic layer was devis€@SNARES, such as Sxla and
SNAP-25, contribute a glutamine residue (Fassheual, 1998). These SNARE proteins
were further classified based on sequence homotigyQa-SNAREs (homologues of
Sxla), Qb-SNARE&omologues of thE terminal SNAP-25 domain) and Qc-SNARES
(homologues of the C terminal SNAP-25 domain) (Betkl., 2001). R-SNARES, such as
synaptobrevin, contribute an arginine residue (fassr et al., 1998). The importance of
this ionic zero layer is highlighted by sequencalysis data from a wide range of
homologues, that revealed this residue is the highkty conserved in SNARE proteins
(Weimbs et al., 1998). This reassigned nomenaaippears to be the rule of thumb for
SNARE proteins, but sequence alignment studiesralsaled that 2 yeast proteins: the
yeast v-SNARE Sftlp involved with retrograde Gdigific (Banfield et al., 1995) and the
yeast t-SNARE Betlp involved with ER to Golgi traffNewman et al., 1992) contain an
aspartic acid (D) and a serine (S) respectivethism central ionic location (Weimbs et al.,
1997). Another exception was revealed from thstafystructure of the mammalian
endosomal t-SNARE Vtilp in complex with its cognpgetners, which also contributes an
aspartic acid (D) to this position instead of agtine (Q) (Zwilling et al., 2007). Further
investigation of SNARE complexes may reveal whetherreplacement of these general

components of the ionic layer has any functionkzvance.

1.4.4 Syntaxin (Qa-SNARE) family

Sxla was initially identified as a plasma membrassociated protein in neuronal rat
tissue (Inoue et al., 1992). Sxla was subsequeldihfified as a SNAP binding protein
(Bennett et al., 1992), and a component of thear@lrSNARE complex (Sollner et al.,

1993b). There are 15 genes in mammals that ersyodaxins localised to various
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compartments within the cell, with some additioalérnatively spliced isoforms existing
for several syntaxin proteins (Teng et al., 200M)ere are only 7 syntaxins encoded in the
yeast genome, which are also localised to speti@mbranes within the cell (Pelham,
2001). Aside from the SNARE domain common to wtitaxins, almost all have a region
of hydrophobic residues at the C terminus (Bockl 2001, Weimbs et al., 1997); this
transmembrane domain allows the protein to anahtivd membrane. Sx11, identified as
a Sxl1la homologue by sequence alignment analysisafAet al., 1998, Tang et al., 1998),
appears to be the only exception to this rule satfaontains a cysteine rich region instead
of a typical C terminal transmembrane domain (Teingl., 1998), and is incorporated into
the membrane after posttranslational palmitoylatibthis cysteine rich domain (Prekeris
et al., 2000).

Another characteristic of some syntaxin family menshs that they contain an additional
N terminal structured domain, which was originatlgntified, and has subsequently been
characterised, using NMR studies on Sxl1a (Cheh,&1Q08, Fernandez et al., 1998,
Lerman et al., 2000). The discovery of this st N terminal domain explained
previous circular dichroism spectrophotometry firgh that although the monomeric non-
syntaxin neuronal SNARE proteins have very littleelical content, monomeric Sxla
contains approximately 43%helical content, indicative of a structured domadn

present in the other SNARE proteins (Fasshaudr, €i9®7a, Fasshauer et al., 1997b; also
discussed in section 1.3.1). The N terminal dons&ifix1a is composed of three
individual a-helices, domains Ha, Hb and Hc, that align in prand down bundle,
collectively termed the Habc domain (Fernande.e1898). Figure 1.%A) & (B) shows

a ribbon representation of the N terminal Habc dor&Sx1a.
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Figurel5  Structure of the N terminal Habc domain of Sxla

(A) The three alpha helices of the Habc domain asevshHa domain, residues 28 - 62 (blue); Hb domain,
residues 71 - 104 (green); Hc domain, residues 144 (orange / red). Residues 69 (between HaHnd
helices) and 108 (between Hb and Hc helices) aeiatlicated. Crystal structure data (Fernandet et
1998) was obtained from the PDB; accession cod®QBnd modelled using RasMol softwai@)
Schematic representation of Sxla in a closed cordtion,(D) and in an open conformation. In each case
the SNARE and Habc domains are indicated by cyfsde

Studies on the linker region of ~40 residues cotingthe Habc domain and the SNARE
domain revealed it to be largely unstructured (Bedez et al., 1998). However, the linker
region appears to be flexible, in that it cyclesasen randomly coiled (when Sxla is
interacting with its cognate SNARE partners) andia defined secondary structure
(when Sxla is in complex with a regulatory SeclMuhcl8 (SM) protein, Muncl8a)
(Margittai et al., 2003; discussed in more detagection 1.5.4.1). This observation was

followed by the demonstration that Sx1a adoptsdigtinct conformations when bound to
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either the regulatory SM protein Munc18a, or itgreate SNARE partners (Dulubova et
al., 1999). A schematic diagram outlining these tlistinct conformations is shown in
Figure 1.5C) & (D). The distinct Sx1a conformation involved with diimg to the SM
protein was identified in the X-ray crystal struetwf Sx1a in complex with Munc18a
(Misura et al., 2000). This revealed that the ilhieal Habc domain of Sx1a is capable of
folding back upon this flexible linker and formiag intramolecular interaction with the
SNARE motif, in what is termed a closed conformatiMisura et al., 2000; mode-1
binding, discussed in section 1.5.4.1). As thexprdes entry into SNARE complexes it
was presumed that the closed conformation of syméaacts as a negative regulator on
complex assembly and fusion (Dulubova et al., 1988ura et al., 2000, Yang et al.,
2000). The crystal structures of other syntaxagehbeen shown to also form a closed
conformation that is unfavourable for membraneduasthe squid Sxla (Bracher and
Weissenhorn, 2004) and the yeast cell-surface S@ddpson et al., 2000). Functional
and biochemical studies on other plasma membramteaps (the mammalian Sx4, and
the worm UNC-64) have demonstrated that they tgalede complex formation through a
conformational switch between these two distinpefoand closed) conformations (Aran
et al., 2009, D'Andrea-Merrins et al., 2007, Jolnnspal., 2009, Richmond et al., 2001). It
was originally presumed that only SNARE proteinsalsed to the plasma membrane
contained Habc domains (Fernandez et al., 199&)elvecently it has been shown that,
despite poor sequence homology to Sxla at thesenNnal residues, other syntaxins do
contain an autonomously folded Habc domain (Antatial., 2002a, Dulubova et al.,
2001, Dulubova et al., 2002, Misura et al., 2002).

1.4.5 SNAP-25 (Qb & Qc) SNARE family

SNAP-25 is a protein composed of 206 amino acidisdffiers from the other two SNARE
proteins originally identified from the neuronakssym, Sx1a and synaptobrevin (Sollner et
al., 1993b), as it does not contain a stretch @ifltees that form a transmembrane domain
(Oyler et al., 1989). SNAP-25 contains four clygggbsitioned cysteine residues (Bark and
Wilson, 1994), which allow its membrane associatlfmough palmitoylation (Hess et al.,
1992, Lane and Liu, 1997, Vogel and Roche, 198NAP-25 can bind directly to Sxl1a
and synaptobrevin (Chapman et al., 1994) in a fanat SNARE complex (Weber et al.,
1998). SNAP-25 also differs from the other neut@MARES as it contains two

conserved SNARE motifs, one at the N terminus aredad the C terminus (Wilson et al.,
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1996). SNAP-25 homologues, such as SNAP-23 wisiexpressed ubiquitously in cells
(Ravichandran et al., 1996), and the yeast plaserabrane Sec9p (Brennwald et al.,
1994) have been identified. Further sequence rakgr analysis on intracellular SNARE
proteins revealed that complexes at these locatnwadved two individual proteins, in
addition to the syntaxin and v-SNARE homologueshgaotein contributing one motif
each (Bock et al., 2001, Weimbs et al., 1997).eBam the homology these proteins have
to either the N or C terminal motifs of SNAP-25¢ytwere classified as Qb- and Qc-
SNARES respectively (Bock et al., 2001).

1.4.6 Synaptobrevin (R) SNARE family

The final component of a four helix core SNARE cdéexbundle containing three Q
SNARE motifs is an R-SNARE (Jahn et al., 2003, Belh2001). Before synaptobrevin
was isolated as a component of the neuronal SNAREptex (Sollner et al., 1993b), it
had been identified as a 120 amino acid proteinatoimg a C terminal transmembrane
domain, associated with synaptic vesicles (Trindblal., 1988). Homologues of
synaptobrevin have been identified in various ofipercies (Bock et al., 2001, Hong,
2005). Most R-SNARESs have a C terminal transmendoiomain, one notable exception
is the yeast SNARE associated with multiple vaauédficking steps, Ykt6p (Kweon et
al., 2003); membrariecalization of Ykt6p is mediated by isoprenylatidcNew et al.,
1997). The fact Ykt6p has been associated wittipheltrafficking routes (Alkaline
phosphatase (ALP), cytoplasm-to-vacuole (CVT), eaxtboxypeptidase Y (CPY)
pathways; depicted in Figure 1.11 as grey blocves), demonstrates that specificity is
not reliant on the v- / R-SNARE family alone (Kweeial., 2003), and that other
regulatory factors are involved (discussed in secti.6).

1.5 SNARE mediated membrane fusion

The SNARE hypothesis proposed that specificity efmrane fusion events could be
conferred through various SNARE partners intergcsinspecific membrane boundaries
throughout the cell (Rothman, 1994, Sollner etl®93b). A schematic representation of

SNARE mediated membrane fusion is shown in Figuse 1
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Figurel.6  Schematic representation of SNARE mediated membrane fusion

(A) A synaptic vesicle (turquoise), containing theNARE synaptobrevin (dark blue) embedded in the
vesicle membrane by a C terminal TMD, approachesatget membrane, (in this case, the plasma
membrane of a neuronal cell). The target membhaneours syntaxin molecules (red), anchored to the
plasma membrane via a C terminal TMD. The N teahitabc domain of Sx1a interacts directly with the
SNARE motif, in a closed conformation that is inquatible with complex assembly. SNAP-25 (green) is
also associated with the target membrane; it ib@md by covalent attachment of palmitate groups to
cysteine rich linker region between the two SNAR@&ifs of the protein.(B) The syntaxin molecules
undergo a conformational change which releasebl ttegminal inhibitory domain and allows the SNARE
motif to form a core complex with the two SNAP-2&ntkins and the synaptobrevin domain. The vesicle i
now said to be docked at the membrane \trars SNARE complex (C) The docked vesicle undergoes
membrane fusion, which allows the vesicle cargbgoeleased. Thas-SNARE complex containing Sxla,
SNAP-25 and synaptobrevin on the same membrane¢eires ATP driven disassembly to recycle the

SNAREs for subsequent fusion events. Taken froarr{& and Hughson, 2002).
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Whilst this was in theory an excellent model tolexpthe necessary specificity of
individual membrane fusion events, further workeaed that specificity is not encoded
solely through the SNARE proteins; in fact, manyABRN¥E proteins associated with various
transport steps interact promiscuously (Fasshauwadr, 999, Tsui and Banfield, 2000,
Yang et al., 1999). It is especially unsurprisihgt promiscuous SNARE pairings occur,
as the SNARE motifs are so highly conserved (Rmmb Sudhof, 2002). On the other
hand, some promiscuous SNARE pairings have beeamrstmbe ineffective at promoting
exocytosis in PC12 cells; suggesting that SNAREsaider some level of specificity to
membrane fusion (Scales et al., 2000).

An in vitro assay was developed and used to demonstrateNA®R S proteins
incorporated into synthetic vesicle membranes \safficient to drive fusion of the two
vesicle populations, one harbouring the v-SNARE thiedother the t-SNARE complex
(Weber et al., 1998; discussed in detail in ChayjerThis suggests that formation of the
energy favourable conformation of the SNARE comgliigcussed in section 1.3.2) is
sufficient to drive fusion of opposing phospholipieembranes (Weber et al., 1998). This
assay was further used to test the ability of werie SNARES to promote fusion vitro

with known t-SNARE complexes that exist at the Golgcuole or plasma membrane
(McNew et al., 2000). This study demonstrated ¢jeatterally a specific v-SNARE is
responsible for promoting fusion with t-SNARE coemxas at the various cellular locations
(McNew et al., 2000). A more extensive examinabbpossible t-SNARE complexes
with all v-SNARESs in yeast corroborated this repddmonstrating that very few SNARE
combinations resulted in fusion; suggesting thghabe SNARE partners localised to
specific compartments predominantly facilitate éunsof synthetic membranes (Parlati et
al., 2002). A report identifying the yeast SNAREI usedn vivotechniques to
demonstrate that it could functionally act as aNARE; Vtilp interacts with complexes
containing different syntaxin homologues (Sed5p Red12p) for two distinct cellular
locations: thecis-Golgi and the pre-vacuolar compartment, respelgtiiven Mollard et

al., 1997). The discrepancy in specificity obsdrirevarious systems may be due to levels
of in vivoregulation peculiar to any given step; there atsxy be more attuned regulatory
requirements for yeast SNARE proteins, which catriythe various cellular fusion events
with fewer homologues of fusion machinery composéhan are found in higher
eukaryotes (Pelham, 2001, Pelham, 1999). Theatmylfamily of Rab proteins, and
their effectors, have been successfully incorparatt liposomes with SNARE proteins
(Ohya et al., 2009). This study reported that bo#thineries work in concert to increase
both the specificity and efficiency of membranedagOhya et al., 2009).
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1.6 Regulation of membrane fusion

Although SNARE proteins have been identified as é@myponents of the fusion
machinery, it remains clear that there are otheemsal factors involved in the process of
membrane fusion (Ungar and Hughson, 2003). Vanwateins have been associated with
the regulation of membrane fusion, but their pcades remain unknown. The following
sections will discuss some of the factors that Haeen implicated in the regulation of

SNARE mediated membrane fusion.

1.6.1 Seclp/ Muncl8 (SM) proteins

Genetic screening of the nematode w&@aenorhabditis elegangvealed a large number
of mutations that affected the normal movement bielia of the animals, termed
unaordinated (Brenner, 1974); one of these genesdescihe canonical SM protein
UNC-18. The uncoordinated phenotype observed fitelation ofunc-18in C. elegans
was shown to be caused by a block in neuronal wkesitransport (Gengyo-Ando et al.,
1993). The first discovered homologue of UNC-1&8ned Seclp, was identified in a
genetic screen @&. cerevisiaésolating seretory mutants that fail to export synthesised
protein due to a block in the transport and fusibsecretory vesicles to / with the plasma
membrane (Novick et al., 1980). Two functionalyated yeast Seclp homologues
involved with intracellular transport, Slylp ang$b, were subsequently identified by
sequence alignment techniques (Aalto et al., 199})1p is involved with ER to Golgi
trafficking (Ossig et al., 1991). Genetic and hiemical analysis of Slplp revealed it to be
the same as Vps33p (Robinson et al., 1988); redmerier trafficking from the Golgi to
the vacuole (Wada et al., 1990). The final yeddtfBotein was identified from a screen
of mutants responsible foaguolar potein ®rting defects, named Vps45p (Raymond et
al., 1992); which is associated with traffickingla¢ late Golgi and early endosome system
(Cowles et al., 1994, Piper et al., 1994). SMarofamily members have been identified
in higher eukaryotes also, including ROFDirosophila melanogastgiHarrison et al.,
1994) and the ammalian UNCG18 neuronal homologue in rat brain, Muncl18 (Hatal e
1993). Three isoforms of Munc18 have been idesttifthe original, neuronal specific,
Muncl8a (Hata et al., 1993); Munc18b, which is prathately expressed in epithelial
cells (Riento et al., 1996) and Munc18c, whichbguitously expressed in mammalian
cells (Katagiri et al., 1995, Tellam et al., 1995).
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1.6.2 SM protein structure

All SM proteins are ~600 amino acids in length, anelpresumed to form similar
structures due to sequence conservation distridbtedghout their entire sequences
(Halachmi and Lev, 1996, Toonen and Verhage, 2008)s contention is supported by
X-ray crystallography studies that set out to cbemase the interaction between SM
proteins and syntaxins. The first example of Was the crystal structure of Muncl18a in
complex with Sx1a, which revealed Munc18a formsuam shape structure with a central
cavity (Misura et al., 2000). This structure wasfrmed by the crystal structure of
Munc18a homologue in the squidligo pealej sSeclp (Bracher et al., 2000). Ribbon
diagrams generated from the two crystal structaféduncl8a and nSeclp are shown in
Figure 1.7. To date, the crystal structures of f8M proteins have been solved: Muncl18a
(Misura et al., 2000; Figure 1(A)); sSeclp (Bracher et al., 2000; Figure (B)j; the

yeast protein Slylp (PBD accession code: 1MQS; naand Weissenhorn, 2002); and
Munc18c (PBD accession code: 2PJX; Hu et al., 200df which share this similar arch

shaped structure containing a central cavity.

<

Figurel.7  X-ray crystal structuresof Muncl8a and nSeclp

Comparison of the X-ray crystallography structutala generated for two SM protein homologuekelices
are denoted by spiralg;sheets by arrows(A) Ribbon representation of Muncl18a from rat: domaghown
in blue, domain 2 in green and domain 3 in yellodpproximate dimensions of the protein includedhwit
arrows. PDB accession code: 1DN1. Adapted fronské et al., 2000)(B) Ribbon representation of
sSecl from squid: domain 1 shown in yellow, don#ain blue and domain 3 in grey. The approximate
distance of the cleft formed between domains 13isdndicated. PDB accession code: 1FVH. Adapted
from (Bracher et al., 2000).
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1.6.3 Role of SM proteins

The role of SM proteins is not well understood, thtir importance in fusion has been
established through variousvivo studies. Null mutation of Munc18a and ROP, SM
proteins inMus musculuandD. melanogasterespectively, both result in a fatal
phenotype characterised by severe blockage in transmitter release (Harrison et al.,
1994, Verhage et al., 2000). Similarly, sever#itlking phenotypes are observed when
SM proteins are mutated or deletecSincerevisia¢Banta et al., 1990, Cowles et al., 1994,
Novick et al., 1980, Ossig et al., 1991, Piperetl®94) andC. elegangGengyo-Ando et
al., 1993, Hosono et al., 1992, Weimer et al., 2008any of these mutations were
responsible for the original identification of indlual SM proteins, through the genetic
screens mentioned above (section 1.5.1). The Si¢iprrequirement in numerous
transport pathways from various species suggestaserved, fundamental role in

membrane fusion.

Despite relatively low sequence identity betweas flmily of proteins, homology is
distributed throughout the entire length of thetgirs (Halachmi and Lev, 1996, Toonen
and Verhage, 2003), suggesting that they sharenanom function. However, it is unclear
whether a universal function can be applied to $3Mgins due to seemingly inconsistent
data gathered from the various systems studiedn@mand Verhage, 2003). One
recurrent characteristic of SM proteins is thegagsation with members of the syntaxin
family, which was first observed when Muncl18a wdentified as a Sx1a binding partner
(Hata et al., 1993), but has since been reportedrious other systems (Toonen and
Verhage, 2003). It has been suggested that teeof@M proteins is carried out through
specific interaction with a syntaxin family memlg@¢ahn, 2000). However, there is not a
strict 1.1 relationship between SM proteins anda&xins, highlighted by the fact the yeast
genome has only four SM genes but seven syntaxiegg@Hayashi et al., 1994, Jahn and
Sudhof, 1999, Pelham, 2001). Further investigatiaoto SM protein interactions with the
syntaxin family has not clarified their role, lalgdecause they have been shown to bind
syntaxins via distinct mechanisms and also to autewith non-syntaxin SNARE family

members (Toonen and Verhage, 2003; discussedtiosdc6.4.5).



Chris MacDonald, 2009 Chapter I, 36

1.6.4 SM protein binding

A wealth of biochemical and structural data havenshSM proteins to interact with
SNARE proteins by distinct mechanisms, but theiSance of these binding modes
remains unclear (Burgoyne and Morgan, 2007). Thes#ing modes have been loosely
categorised as mode-1, mode-2 and mode-3 (Burgaytélorgan, 2007). However, not
all SM-SNARE protein interactions fall neatly inteese categories, and there appears to
be no obvious reason why different SM proteins fhbind their cognate SNARES by
such strikingly different mechanisms, especiallpgidering their apparent conserved

structure and function (Jahn, 2000).

1.6.4.1 Mode-1 binding

The first SM binding mode was discovered when tlystal structure of the neuronal SM
protein Muncl18a in complex with its cognate syma@xla, was solved (Misura et al.,
2000; Figure 1.8\)). This study revealed Muncl18a forms an arch sthapalecule
(discussed in section 1.5.2), and the central gaviéracts with Sx1a in a closed
conformation (Misura et al., 2000); this conformatis known to be incompatible with
core complex assembly (Dulubova et al., 1999; dised in section 1.3.4). A cartoon of
mode-1 binding is shown in Figure {B). The fact that Sx1a interacting with Munc18a
via this mode-1 binding precludes its ability tofoSNARE complexes (Yang et al.,
2000), suggested that SM proteins may act as vegatgulators of membrane fusion.
However, evidence showing the absolute requirerfoerNluncl8a in neuronal exocytosis
(Verhage et al., 2000), alongside the requirem&8ihb protein family members at other
transport steps (Sudhof and Rothman, 2009), suppartodel where the interaction
between Muncl8a and Sx1a destabilises the closédramation of the syntaxin, thus

priming it for entry into SNARE complexes.
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Figure1.8 Mode-1 binding of SM proteins

(A) Topology diagram indicating the domain structuf®oncl8a in complex with Sxla: Sxla SNARE
domain and Habc domain are shown in green; Mungl8aown in blue, domains I, II, IlIA and IIIB are
indictaed. a-helices are denoted by spirgissheets by arrows. Crystal structure data (Mistir@., 2000)
was obtained from the PDB; accession code: 1DNInaodkelled using RasMol softwaréB) Schematic
diagram of mode-1 binding; syntaxin (red), SNAREifmglack), SM protein (purple) and membrane (dark
grey) are depicted. The N terminal Habc domaithefsyntaxin interacts with the SNARE motif in asgd
conformation. The SM protein interacts with thatsyin by clasping the closed conformation in gstcal

cavity.

1.6.4.2 Mode-2 binding

NMR analysis of the Golgi syntaxin Sed5p revealed,tlike Sx1a (discussed in section
1.3.4), Sed5p contains an N terminal Habc domaitf, the threexr-helices spanning from
residues 53 and 168 (Yamaguchi et al., 2002). Stoidy also demonstrated that the distal
N terminus of Sed5p preceding the Habc domaindues 1 - 40) was sufficient to capture
its cognate SM protein, Slylp (Yamaguchi et alQ20 This was supported by limited
proteolysis experiments of the Sed5p-Slylp comtilakshowed a 5 kDa N terminal
fragment of Sed5p was protected from digestionutjnats interaction with Slylp

(Bracher and Weissenhorn, 2002). This study resbilie crystal structure of the N
terminal fragment (residues 1 - 45) of Sed5p in glemwith Slylp (Bracher and
Weissenhorn, 2002; shown in Figure (A9). This study revealed that SM proteins Slylp

and Muncl8a do, in fact, have a very similar atwdgped structure; but the manner by
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which Slylp binds its cognate syntaxin is remarkalifferent to the binding of Sx1a with
Munc18a (Bracher and Weissenhorn, 2002, Misur&,e2@00). The short N terminal
peptide of Sed5p forms a point of contact with drbphobic pocket (composed of
residues Leul37, Leul40, Alal4l, 1le153 and Val1ld&ted on the exterior of domain |
of Slylp (Bracher and Weissenhorn, 2002). A cart@presentation of mode-2 binding is
shown in Figure 1.9B). Mutation of one of the highly conserved hydropicaesidues in
the pocket region (L137R, L140K or A141K) resufisSed5p binding being completely
abolished; binding is also abolished if a residuthe N terminal peptide of Sed5p is
mutated (L10A) (Peng and Gallwitz, 2004).

Figurel.9 Mode-2 binding of SM proteins

(A) Topology diagram indicating the domain structuf&ly1p in complex with the N terminus of Sed5p:
Sedb5p is shown in green and the three domainsy@p&ire shown in bluen-helices are denoted by
cylinders,B-sheets by arrows. Crystal structure data (BraghdrWeissenhorn, 2002) was obtained from the
PDB; accession code: 1DN1 and modelled using Rasbfolvare. (B) Schematic diagram of mode-2
binding; syntaxin (red), SNARE motif (black), SMopein (purple) and membrane (dark grey) are degbicte
Only the N terminal peptides are included in curegstal structures of a syntaxin molecule intéracwith

an SM protein via mode-2 binding, therefore themtation of the proteins in this schematic repregém is
presumed. The distal N terminal peptide of theayin interacts with a hydrophobic pocket in théeeor

of domain | of the SM protein (lightest shade offpe).
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Another striking difference between this interactand mode-1 binding was demonstrated
by the ability of Slylp to interact with Sed5p eittas a monomer or when it is in complex
with its cognate SNARE partners, with no apparéieiceon Sed5p’s ability to form
SNARE complexes (Peng and Gallwitz, 2002). Slyihpling to Sed5p was demonstrated
to enhance its ability to fortmans SNARE complexes (Kosodo et al., 2002). In additio
to this, Slylp bound to Sed5p in the resulimgcomplexes after fusion has been
implicated in the SNARE complex disassembly processking in conjunction with the
ATPase Secl18p (Kosodo et al., 2003). The bindir®)ydp to Sed5p has shown that SM
proteins can confer a level of specificity on SNABENplex assembly, as Sed5p in
complex with Slylp precludes formation of complexath non-cognate v-SNARE
partners (Peng and Gallwitz, 2002). Intriguinglyyeast strain expressing a mutant
version of Slylp abrogated for mode-2 binding (LA ®&as found still to localise to Golgi
membranes and correctly function in the traffickofdgpoth CPY and invertase (Peng and
Gallwitz, 2004). Somewhat surprisingly,vitro binding of the mutant Slylpk to
assembled SNARE complexes was greatly reducedh@&dlylp could be co-
immunoprecipitated with Sed5p from yeast cell lgsasuggesting Slylp function is not
directly coupled to assembled SNARE complexes (RengGallwitz, 2004). Mode-2
binding has also been documented for the yeast i®Mip Vps45p binding its cognate
syntaxin, Tlg2p (Dulubova et al., 2002); and thenmalian SM protein Munc18c binding
to Sx4 (Latham et al., 2006), which was furthergarped by the crystal structure of this
complex being solved and found to resemble th&saf5p-Slylp (Hu et al., 2007).

1.6.4.3 Mode-3 binding

The crystal structure of the yeast syntaxin resjpdm$or exocytosis, Ssolp, revealed that
it adopts a closed conformation, akin to that af&#Viunson et al., 2000). Mutant
versions of Ssolp unable to form a closed confaomatere used to demonstrate that the
Habc domain has a striking inhibitory effect on gex assembly botim vitro andin vivo
(Munson et al., 2000, Munson and Hughson, 2002h®son et al., 1998). It is surprising
that the Habc domain of Ssolp has this capacityhibit SNARE complex assembly, like
that of Sx1a, but does not interact with its cogrigit! protein via mode-1 binding (Carr et
al., 1999), as characterised for Sx1a binding M8adqDulubova et al., 1999, Misura et
al., 2000). It had been previously shown that3kelp cognate SM protein, Seclp, could
not bind to monomeric Ssolp (Carr et al., 199Bpthin vivoandin vitro experiments in
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yeast were used to demonstrate that Seclp biqueassembled SNARE complexes (Carr
et al., 1999, Grote et al., 2000). A cartoon repngation of mode-3 binding is shown in
Figure 1.10. A small amount of Seclp-Ssolp bineiag documenteuh vitro in another
report (Scott et al., 2004), but more extengiveivo searches for an interaction proved
fruitless, as did searches for Seclp binding toraagomeric components of the core
complex (Togneri et al., 2006). This has led ®phoposal that Seclp has a direct
function related to fusion facilitated by the commplex (Togneri et al., 2006). This is
supported by functional studies utilisingiarvitro liposome fusion assay (discussed in
Chapter V), where the binary t-SNARE complex betw8solp and Sec9p was
reconstituted into one population of vesicles, tiedcognate v-SNARE Snc2p into
another population; the reconstituted SNARES fat#i fusion of the two liposome
populations (Scott et al., 2004). When the cogBateprotein, Slylp, is reconstituted with
the binary t-SNARE complex, the rate of fusionnd@nced almost three fold above the
standard fusion reaction, demonstrating that thep&dtein is having a direct effect

enhancing the rate of fusion (Scott et al., 2004).

Figure1.10 Mode-3 binding of SM proteins

There is no crystal structure of a SNARE complégrimcting with an SM protein via mode-3 binding th
schematic representation is based on biochemiedysia of the proteins involved, and so the origateof
proteins is again presumed. Syntaxin (red), lgdtatin t-SNARE proteins (green), v-SNARE proteirué)|
SNARE domains (black) and SM protein (purple) apicted. It is not known if Seclp preferentiallpds
to complexes on opposing membrarteans SNARE complexes) or to complexes on the same mamabr

(cissSNARE complexes), as depicted here.
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1.6.4.4 Indirect mode of SM protein binding

Vama3p, the syntaxin that localises to, and regalatgfic into, the yeast vacuole (Sato et
al., 1998, Srivastava and Jones, 1998, Wada dt98l7), differs again in its mode of
binding to cognate SM protein Vps33p, in that ieslmot do so directly (Sato et al., 2000).
Sato and colleagues demonstrated that Vps33pti®parcomplex (the homotypic fusion
and vacuole protein sorting (HOPS) complex; compadge/psllp, Vpsl6p, Vpsl8p, in
addition to Vps33p), when it interacts with monoimé&fam3p (Sato et al., 2000). The
interaction between this SM protein containing H@B8plex and Vam3p is required for
homotypic fusion of vacuolar membranes (Seals.eP@00). Investigations into Vps33p
binding have shown no direct interaction with VaniBplubova et al., 2001, Price et al.,
2000). Functional studies @ melanogasterevealed that a Vps33p homologue also
interacts with a complex (Sevrioukov et al., 1998) silico analysis of yeast Vps33p
revealed two homologues (Vps33a and Vps33b) indrighkaryotesD. melanogaster
Homo sapiensdMus musculusRattus norvegicydaniorerio; C.elegangGissen et al.,
2005). A low affinity interaction has also beemubmstrated between Vps33p and the late
endosomal syntaxin Pepl12p (Subramanian et al.,)2@®dch is thought to mediate
trafficking to the vacuole (Becherer et al., 1998is is the only documented example of
a syntaxin interacting with two SM proteins, as Pjphas also been shown to interact
with Vps45p (Burd et al., 1997, Webb et al., 199Mpwever, the main binding site of
Vps45p has been shown to be Tlg2p, the syntaxporesble fortrans-Golgi network
(TGN) / early endosome trafficking (Abeliovich ét, 4999, Abeliovich et al., 1998,
Bryant and James, 2001, Nichols et al., 1998).

1.6.4.5 SM proteins binding non-syntaxin SNAREs

SM proteins, despite having varied binding modethéir cognate syntaxins were
presumed to carry out their function via this iat#ion; the discovery that SM proteins
could also bind to non-syntaxin SNARES further ctiogpes the proposal of a hypothesis
to explain conserved SM protein function(s) (Pe2tif)5). The syntaxin Sed5p, which can
interact with different cognate SNARE partnersdailitate membrane fusion at the ER-
Golgi and intra-Golgi trafficking steps (Parlatiadt, 2000, Parlati et al., 2002), is known to
bind with a high affinity to SM protein Slylp (Graski and Gallwitz, 1997). As
discussed in section 1.5.4.2, Sed5p interacts Slithp through mode-2 binding (Bracher
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and Weissenhorn, 2002, Yamaguchi et al., 2002jthEuinvestigation of this system,
using mutant versions of Sed5p and Slylp that sihatiode-2 binding, demonstrated that
this mode of interaction is not essentialiforivo function (Peng and Gallwitz, 2004).
The fact that a large fraction of mutant Slylp dedb interact with Sed5p via mode-2 was
still found localised to Golgi membranes, led Pand Gallwitz to test if Slylp could
interact with non-syntaxin SNAREs (Peng and Gaw#004). These experiments
revealed that Slylp could directly interact witlhifmon-syntaxin SNARE proteins: two
involved in ER-Golgi traffic (Betlp and Boslp) ameb involved with intra-Golgi traffic
(Goslp and Sftlp) (Peng and Gallwitz, 2004). Farrttore, Slylp interaction with non-
syntaxin SNARES is not promiscuous, as it doesimat the non-syntaxin SNARE
molecules Tlglp, Vtilp and Nyvlp, which are notoassted with these Sed5p related
trafficking steps (Peng and Gallwitz, 2004). Arestexample of an SM protein binding to
a non-syntaxin SNARE protein was identified in yleast TGN / early endosomal system:
Vps45p interacts with its cognate v-SNARE Snc2prppaet al., 2006; this interaction is
discussed in more detail in Chapter V), in additio its better characterised mode-2
interaction with Tlg2p (Abeliovich et al., 1999,\Bint and James, 2001, Dulubova et al.,
2002, Nichols et al., 1998).

1.6.4.6 Other SM protein binding

Rab proteins and their effectors have been showondadinate various aspects of
membrane trafficking, and have also been implicatembnferring a level of specificity to
membrane fusion events (Zerial and McBride, 20@4cussed in more detail in section
1.5.5). Rabb is associated with transport intotAnough the mammalian early endosome
and carries out its function through various effestrecruited to the endosomes
(Christoforidis et al., 1999, McBride et al., 1999}he SM protein Vps45 has been shown
to indirectly associate with Rab5 through an int@cen with one of these effectors,
Rabenosyn-5 (Nielsen et al., 2000). A more regeuivo study inD. melanogaster
demonstrated that the Rabenosyn-Vps45 complexdneraosomes links Rab5 to the
syntaxin Avalanche (Avl), and that all four protei@re necessary for vesicle fusion in the
early endosome (Morrison et al., 2008).

Another novel interaction, involving the Golgi aseded SM protein Slyl binding directly

to a tethering factor, was recently identified (fraan et al., 2009). Tethering factors are a
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family of loosely related proteins that have beaplicated in membrane fusion as being
the first point of vesicle contact, and also conifigr a level of specificity (reviewed in
Whyte and Munro, 2002; discussed in section 1.5Té)e conserved oligomeric Golgi
(COG) complex is a large multisubunit complex cosgzbof eight individual proteins
(Kim et al., 1999, VanRheenen et al., 1999, Whyig unro, 2001), which are now
labelled Cogl — Cog8 (or Coglp - Cog8p in yeast)gds et al., 2002). The COG
complex has been shown to interact directly withgGsyntaxin Sed5p, and its
mammalian homologue, Sx5 (Shestakova et al., 2000xe recently, a direct interaction
between the Golgi SM protein Slyl and the N teringmation of Cog4 has been identified
(Laufman et al., 2009). This study further docutedrthat the N terminal portion of Cog4
is also responsible for the Sx5 interaction, algioit appears different residues of the
Cog4 N terminus are involved in each interactioaufiman et al., 2009). There are also
some documented cases of the neuronal SM protentMa interacting with additional
proteins, such as Muncl8 interacting proteins (B)itttat are predominantly expressed in
the brain (Okamoto and Sudhof, 1997). These prsteinteractions are thought to be
specific to neuronal exocytosis (reviewed in Lathend Meunier, 2007).

1.6.4.7 SM proteins binding via multiple modes

The crystal structure of the mode-1 interactiomieein Muncl8a and Sxla is one of the
best characterised examples of an SM protein bgnidira syntaxin (Misura et al., 2000).
A series of reports have since been published ctarsing additional modes of Munc18a
binding (Verhage and Toonen, 2007), which has hielpeeconcile discrepancies between
Munc18a apparently only binding an inactive confation of Sx1a (Dulubova et al.,
1999, Yang et al., 2000), whilst being requiredrfeuronal exocytosis (Verhage et al.,
2000). Gel filtration and NMR techniques have baesed to demonstrate that Muncl18a
interacts with the assembled core complex (Dululeinad., 2007). In addition to this
vitro binding studies anih vivo co-localisation analysis techniques were used to
demonstrate that Munc18a can interact with Sx1a impde that is functionally, and
spatially, distinct from the closed conformationdinan et al., 2007). Similarly,
investigations on the effects of arachidonic anidtimulation of SNARE complex
formation showed that Munc18a was in associatidh thie assembled SNARE complex
(Connell et al., 2007, Latham et al., 2007). Tinectional significance of Muncl18a
association to the SNARE complex was supportedr@part that demonstrated that
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Munc18a binds to assembled complexes anchoreddsdmesn vitro, and that this
association accelerates the rate of liposome fuU8ben et al., 2007). It was suggested by
Rickman and colleagues that the association of M8ado the assembled complex may be
facilitated through the N terminus of Sx1a (Ricknearal., 2007). This was confirmed by
FRET and NMR analysis, in a study that also denratexd the functional importance of
the N terminal peptide in exocytosis (Khvotchewalet2007). This N terminal interaction
was suggested to be a link between the Muncl18eastiens of the closed conformation
and the assembled complex (Khvotchev et al., 200thermal titration calorimetry

(ITC) measurements were used to show that the §xgaminal peptide contributes to its
affinity for Munc18a; this led to a refinement teetcrystal structure of the Sx1a-Muncl8a
complex, showing that Munc18a interaction with ¢hesed conformation of Sx1a could
occur concurrently with binding to the N terminaiptide (Burkhardt et al., 2008). The
authors proposed a model whereby this Muncl8aaatien controls accessibility of Sxla
to its cognate partners, a feature that could benton to all SM proteins (Burkhardt et al.,
2008).

ITC experiments have also been used to investipataffinity of mammalian (m)Vps45
for its cognate syntaxin, Sx16; the N terminal pgobf Sx16 binds to mVps45, but longer
cytosolic versions have a marked increase in a&yfifBurkhardt et al., 2008). This is
suggestive of an additional binding mode in thexninal part of the protein, which
additively contributes to the affinity of the N teinal peptide alone. The authors speculate
this additional binding mode may be a closed caonédion (Burkhardt et al., 2008). Other
SM-syntaxin partners have been shown to interatidtly mode-1 and mode-2 binding
modes, such as the mammalian Sx4 binding to Mun@d&m et al., 2009, D'Andrea-
Merrins et al., 2007) and UNC-64 binding to UNC+a&. elegangJohnson et al., 2009).
In addition to this, yeast Vps45p known to intenaitth Tlg2p via a mode-2 interaction
(Dulubova et al., 2002), has been shown to alsd tarSENARE complexes by a distinct
mechanism (Carpp et al., 2006).

1.6.5 Rab family of proteins

The Rab GTPases are the largest family of smallas&®, homologues of which have
been identified in a wide variety of species (Bethl., 2001, Pereira-Leal and Seabra,
2001). Rab proteins act as molecular switchesiradting between an active GTP bound
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form and an inactive GDP bound form, this cyclaativity can impose temporal and
spatial regulation on fusion; for this reason Redigins have been implicated in a number
of roles associated with membrane trafficking (8tark, 2009). To achieve their

function, activated Rab proteins bind to solublddes known as effectors (examples listed
in Zerial and McBride, 2001). Interestingly, Rdtz/e been shown to localise to distinct
intracellular membranes, the first indication tthety may confer specificity to membrane
fusion (Chavrier et al., 1990). Mutation of theageRab GTPase Sec4p results in
accumulation of vesicles destined for the plasmebrane, indicating that one role of Rab
proteins is involved with vesicle docking (Salmireemd Novick, 1987). Sec4p has been
shown to interact with Sec15p, a component of #oegst complex (Guo et al., 1999),
which acts as a tethering factor that forms lorsgjagice contact between secretory vesicles
and the plasma membrane (Lipschutz and Mostov,;2fl82ussed in section 1.5.6). Rabs
have been associated with other aspects of memfusioa besides being directly
involved with vesicle fusion, one such exampletitha earlier stage of vesicle budding.
Rabb is an important factor in endocytosis, asraioe of Rab5 defective in its ability to
bind GTP was shown to drastically reduce the réndocytosis, in contrast, over-
expression of wild-type Rab5 accelerates uptalendbcytic markers (Bucci et al., 1992).
An in vitro study later demonstrated that Rab5 is requiredbionation of clathrin coated
vesicles (McLauchlan et al., 1998). Another robbRroteins have been implicated in is
vesicle motility: inS. cerevisiagorganelles are delivered to the emerging buchdwell
division (Yaffe, 1991). The trafficking of late & compartments along actin cables is
mediated by the type V myosin motor Myo2p (Rossarmtsl., 2001), the attachment of
which is facilitated by the Rab GTPase Yptllp (Ataal., 2008). There is an ever
increasing volume of data illustrating the essénties Rab proteins play in fusion related
processes. Furthermore, multiple Rab proteins baea shown to coordinate roles at the
same location (Stenmark, 2009). The multiple reuy roles of Rab proteins have led to

them being regarded as universal coordinators oflonane fusion.

1.6.6 Tethering factors

The first physical contact between a target mendeard an incoming vesicle is thought to
be mediated through a family of poorly understcettid¢ring factors (Pfeffer, 1999).
Tethering factors have been grouped into long deslal proteins and large multisubunit

complexes (Whyte and Munro, 2002). An example loing coiled-coil tethering factor is
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the yeast Usolp, which is a parallel homodimer with globular heads (Yamakawa et al.,
1996) and has been shown to mediate binding of &iR«ell vesicles (Barlowe, 1997).
Electron microscopy has been used to image Usaithrevealed that it is a substantial
~160 nm in length (Yamakawa et al., 1996). Furtiwee, it has been shown that Usolp is
necessary for formation of functional SNARE complexo facilitate fusion of ER-Golgi
vesicles (Sapperstein et al., 1996). Various dthrey coiled-coil protein tethering factors
have been identified, but they do not all sharalamsequence, or even structure
(Gillingham and Munro, 2003).

Some multisubunit tethering factors are also devérsm one another; however, several
conserved tethering complexes have been iden(iiMud/te and Munro, 2002). One of the
best characterised tethering complexes is the exoapich was originally identified i8.
cerevisiag where it localizes to sites of exocytosis (Gualgt1999, TerBush and Novick,
1995). The exocyst is composed of eight individiddunits (TerBush et al., 1996);
homologues of each have been identified and showe tonserved from yeast to
mammals (Guo et al., 2000). The exocyst is inaudea subcategory of tethering
complexes, termed quatrefoil, which are made upuwitiples of four; other members
include the COG complex (mentioned in section 165.dnd the Golgi associated
retrograde protein (GARP) complex, associated witfa-Golgi and Golgi-endosomal
trafficking respectively (Whyte and Munro, 200ZJomparison of the N termini of all Cog
proteins, and indeed components of other quatredthiering factors (exocyst and GARP
complexes), revealed a conserved coiled-coil dorf\&imyte and Munro, 2001). This is
suggestive of a possible common function, which layacilitated through interactions
with other proteins (Whyte and Munro, 2002). Ietingly, protein associations thus far
reported include the direct interaction of Cog4hwiite fusion machinery (Sed5 and Sly1,
section 1.5.4.6; Laufman et al., 2009). Also,@#RP complex has been shown to bind
directly to the N terminus of the Qb-SNARE, Tlg®ir(iossoglou and Pelham, 2002).
Other tethering complexes out with the quatrefamhily include: transport protein particle
(TRAPP) | complex associated with ER-Golgi trafaeyd TRAPP Il which has a less well
understood association to later Golgi traffic (Sacét al., 2008); the HOPS complex
associated with vacuolar trafficking (Ostrowiczaét 2008), one component of which is
the SM protein Vps33p (mentioned in section 1.5.4Fnally, the less well characterised
Dsl1p complex (Munson, 2009), that is associatdd vatrograde traffic from the Golgi to
the ER (Andag et al., 2001). Recent structuralysmaof Dsl1lp components revealed that
they resemble subunits of the exocyst complex, esstgry these vastly different tethering

complexes may have evolved from a common prec(isgrathi et al., 2009).
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1.7 Membrane trafficking in S. cerevisiae

S. cerevisiadas proved an excellent model for studying menteaffic. Genetic
mutational analysis has allowed the identificatddhkey proteins essential in trafficking
pathways. One such example is proteins involvaterseretory pathway (Bonifacino
and Glick, 2004; Figure 1.11, blue arrows). The oktemperature sensitigecmutants
unable to secrete proteins from the cell identifi@doroteins essential for the process,
including the SM protein Seclp (Novick et al., 198i8cussed in section 1.5.1). Electron
microscopy (EM) analysis of mutants revealed amaedation of vesicles unable to dock
with the plasma membrane (Novick et al., 1980)e €hdosomal trafficking pathway
(Figure 1.11, red arrows) involves the formatiorvesicles at the plasma membrane that
are subsequently internalised. There are muléiptedistinct endocytic pathways
following internalisation (Figure 1.11), with sargj through the early and late endosomes
(Wendland et al., 1998). There are various otfagfitking pathways in yeast, outlined in
Figure 1.11.
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Figure1.11 Schematic representation of trafficking pathwaysin yeast.

Compartments of yeast cell are labelled: endoplaseticulum (ER); secretory vesicle (SV); plasma
membrane (PM); early endosome (EE); late endostig (Trafficking pathways labelled with arrows:
secretory pathway (blue); endocytotic pathway (rether trafficking pathways within the cell (gr¢ermhe
SNARE complexes responsible for each traffickirgpsire also represented (localisation data taken fr
Pelham, 2001, Pelham, 1999). t-SNAREs are laball@ihk, the syntaxin molecule in bold; v-SNAREs a
labelled in orange. The three trafficking pathwaythe vacuole, (ALP, CVT and CYP), are labellathw

partially transparent grey arrows.

1.7.1 vps mutants

Protein trafficking from the late Golgi to the vade has been intensely investigated and
large scale genetic screens have revealed mor&€hproteins involved (Bowers and
Stevens, 2005). A precursor of the vacuolar hyldse/CPY is transported through the
ER, Golgi and endosome to the vacuole where ie@sved to its mature form (Figure 1.11;
discussed in more detail in Chapter lll, sectiddB3. Genetic screens based on the

perturbation of this pathway, which isolates mutahtt secrete a precursor of CPY before
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it reaches the vacuole, have been used to idemtdyge number ofacuolar jpotein

sorting (vp9 mutants, many of which correspond to gene prad(Bankaitis et al., 1986,
Bonangelino et al., 2002, Raymond et al., 1992 i et al., 1988, Rothman et al.,
1989, Rothman and Stevens, 1986). Some of theseims were also identified in
different genetic screens searching for mutantedae® in other aspects of Golgi to
vacuole trafficking (Bowers and Stevens, 2005)cHsas thggepmutants defective for
vacuolar protease activity (reduced p@gses) (Jones, 1977); themmutants, that have
abnormal vauole _norphology (Wada et al., 1992)ac mutants defective for vaolar
segregation (Weisman et al., 1990); andgittbmutants which are @gi retention
defective (Nothwehr et al., 1996). Ttpsmutants have been classified, primarily on
vacuolar morphology, into 6 groups (A - F) (Raymatdl., 1992). A% class has been
proposed, characterised by fragmented vacuolesfipear as clusters of interconnecting
tubules (Conibear and Stevens, 2000). These mlmgkal studies have helped identify
proteins that function at the same step in thegs®scand have given better understanding

of the multiple processes involved with traffickit@the vacuole (Hedman et al., 2007).

1.7.2 Vps45p

The class Dvpsmutants are characterised by large central vaspdéfects in vacuole
inheritance during cell division, acidification éets and ALP dispersed in membranes of
multiple vesicular bodies (Raymond et al., 199Phe gene products of classvps

mutants are generally associated with the traffiglstep between the late Golgi and the
endosomal system (Bryant and Stevens, 1998). Otese gened/PS45 was cloned

and the protein Vps45p was characterised by twaraégp groups (Cowles et al., 1994,
Piper et al., 1994). Vps45p was predicted to bgdrophilic protein of ~67 kDa, and a
member of the SM protein family (Cowles et al., 49Biper et al., 1994). As mentioned
in section 1.6.1, the classificationwggsmutants groups protein members likely to be
involved with the same transport step (Hedman.eR@D7). Other class psgenes
encoding proteins proposed to interact at this atep’PS21andVPS6 which encode a
Rab homologue (Rab5; Horazdovsky et al., 1994)aasyghtaxin homologue (Pepl2p;
Becherer et al., 1996, Rothman et al., 1989), wsmdy; further demonstrating the
importance of these three protein families in mamnbrtrafficking events. Both studies
that set out to characterise Vps45p reported thraesof the hydrophilic protein associates

to membranes of the Golgi, the endosome and tkaificvesicles (Cowles et al., 1994,
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Piper et al., 1994). Genetic studies suggestaditeanbrane association of Vps45p was
mediated through interaction with the syntaxin htogoe Pep12p (Burd et al., 1997), but
the main binding site was later shown to be throaigihysical interaction with the
syntaxin homologue Tlg2p (Bryant and James, 20@dylidva et al., 2002, Nichols et al.,
1998). Yeast cells lacking Vps45p were shown twete CPY, as expected fagos
mutants; approximately 70 - 85% CPY was secretddeaprecursor to the enzyme
(Cowles et al., 1994, Piper et al., 1994). Furtiwe, electron microscopy was used to
image mutant yeast cells unable to produce VpsdBmh accumulate large numbers of
vesicles 40 - 60 nm in diameter (Cowles et al. 41%9per et al., 1994). All of this data
implicate Vps45p in the targeting and / or fusi@thpvay between the Golgi and the
vacuole (Cowles et al., 1994, Piper et al., 1994).

1.7.3 Tlg2p

Blast searches of the yeast genome based on hoyrtolégown syntaxins, the SNARE
motif and a C terminal transmembrane domain (Weietlad., 1997), identified two
possible syntaxin homologues, Tlglp and TIg2BNtARES affecting adte lgi
compartment; Holthuis et al., 1998). Tlg2p hasrggest homology to the endosomal and
vacuolar syntaxins, Pepl12p and Vam3p respectibelydiffers from all previously
documented syntaxins as it contains a 63 residuehl domain following its
transmembrane domain (Holthuis et al., 1998). Tunsnal domain was shown not to be
essential for its membrane trafficking functionaistudy that demonstrated deletion of
TLG2in yeast results in a CPY trafficking defect, with0% being secreted in the
precursor form (Abeliovich et al., 1998). In adiufit to this, studies using internalisation
markers showed that Tlg2p is essential for endatyt@beliovich et al., 1998, Seron et
al., 1998). Initial localisation of Tlg2p was refed to be at the Golgi (Holthuis et al.,
1998), confirmed by fractionation studies showinagttt localised with Golgi and
endosomal membranes (Abeliovich et al., 1998).2flgnd Tlglp were shown to co-
precipitate with Vtilp (Holthuis et al., 1998), aad interaction was found between TIg2p
and the v-SNAREs Snclp and Snc2p (Abeliovich etl808, Holthuis et al., 1998).
Snclp and Snc2p are functionally redundant v-SNA&ESeciated with Golgi, endosome
and plasma membrane trafficking (Protopopov etl&93).
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1.7.4 Vps45p interactions

ThePEP12gene encoding the syntaxin homologue Pepl12p (assdavith trafficking to
the vacuole; Becherer et al., 1996), has been showreract genetically with Vps45p
(Burd et al., 1997, Webb et al., 1997). Howevegereexpression of vacuolar syntaxin
Vama3p can suppress the CPY trafficking defectgegfl2delete cells but not those of
VPS45deletion, suggesting that the sole function ofAfgsis not in regulating Pepl12p
(Darsow et al., 1997). Soon after this observatvas made, binding between Vps45p and
Tlg2p was documented (Nichols et al., 1998); ita$ surprising that an SM protein can
regulate more than one syntaxin, as there are symtexins encoded in the yeast genome
than there are SM proteins (Pelham, 2001). Thelspanteraction with Tlg2p was shown
to be the main binding site, as Vps45p relies aititeraction, and not that of Pep12p, for
its membrane association (Bryant and James, 208kl et al., 1998). In further
support of this, Vps45p co-precipitates with Tlgml Tlglp, and the presence of Vps45p
in vivois required to maintain endogenous levels of T)d®j not levels of Pepl12p
(Bryant and James, 2001, Coe et al., 1999, Nictiodd., 1998). The levels of Tlg2p in
vps45delete yeast cells can be stabilised in mutaid zking proteasomal degradation,
indicating that in the absence of Vps45p, Tlg2mmdly degraded by the proteasome
(Bryant and James, 2001). Mutational analysihefdroteins demonstrated that Vps45p
binds to Tlg2p by a mode-2 interaction (Dulubovalet2002), which was later shown to
be essential for regulation of cellular TIg2p lev@Carpp et al., 2007). The finding that
stabilised Tlg2p levels in the absence of Vps45preat form SNARE complexes
suggested that Vps45p has a role in complex asygBblant and James, 2001). Analysis
of avps45delete strain demonstrated that in the absenv@#45p, Tlg2p is degraded by
the proteasome; this degradation can be abolishedibhg a mutant strain also lacking the
activity of two catalytic proteasome subunigpg42, prel-1 pre2-2 (Bryant and James,
2001). Co-immunoprecipitation experiments in gtiain failed to find TIg2p bound to its
cognate SNARE partners, Vtilp and Tlglp, unlessraign of Tlg2p lacking the Habc
domain was used (Bryant and James, 2001). Furtrerrthis truncated version of Tlg2p
allows trafficking of CPY when the full length véra does not, suggesting the complexes
formed are functional (Bryant and James, 2001 )es€&ldata suggest that Vps45p
stimulates SNARE complex assembly through an intena with the N terminus of Tig2p
(Bryant and James, 2001).

Interestingly, a mutant version of Vps45p, analagtmithe pocket filled mutant of Slylp
with abrogated mode-2 binding (Peng and Gallwi@4), fails to interact with Tlg2p, but
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can still function to correctly traffic CPY (Cargp al., 2006). This study also reported
that Vps45p could bind directly to the v-SNARE Smc@nd demonstrated that Vps45p
could bind to SNARE complexes by a mechanism distiom mode-2 binding (Carpp et
al., 2006). In addition to this, Vps45p has besowe to dissociate from TIg2p prior to
complex assembly, but is later found to barsicomplexes after fusion (Bryant and James,
2003). These distinct binding modes could indi¢h& Vps45p has more than one role in

membrane fusion.

The SNARE domain of Snc2p is responsible for itelbig to Vps45p (Carpp et al., 2006).
Similarly, the SNARE domains of non-syntaxin prageBetlp and Boslp facilitate their
binding to SM protein Slylp (Peng and Gallwitz, 2DO0It has been proposed that the
weaker affinity interaction with non-syntaxin SNARE a precursor to SM-syntaxin
interaction, and that the SM protein may act aRysigal bridge between these two phases
(Peng and Gallwitz, 2004). Support for this hashe®n observed with Vps4&pvitro, as

it cannot bind Tlg2p and Snc2p simultaneously,ibistpossible that regulatory factors are
required to facilitate the transition of SM protéimding (Carpp et al., 2006). The exact

role(s) of Vps45p in complex assembly and membfasien has yet to be elucidated.

1.8 Aims of this project

The regulatory factors orchestrating membrane fusi@nts are extremely complex, and
interplay between factors serves to further conapdiche issue. My aim was to use the
yeast endosomal system to further our understarafitige regulation of SNARE mediated
membrane fusion. We consider trafficking at the [@olgi / early endosome of yeast an
excellent paradigm to enhance understanding cBMWRE and SM protein families.
Vps45p has been heavily implicated in this fusimpsappreciating the significance of its
multiple, distinct SNARE interactions could helg tformulation of a unifying hypothesis
for SM protein family function. The objectives iy investigations presented in this

thesis are detailed below.
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1.8.1 Aims of Chapter llI

The N terminal domain of Tlg2p has been implicatecegulating complex assembly
(Bryant and James, 2001), in a manner similaregettocytotic SNAREs: Sxla (Dulubova
et al., 1999, Misura et al., 2000) and Ssolp (€aal., 1999). | wanted to test directly if
the Habc domain of Tlg2p has an inhibitory effectcomplex assembly. As proof of this,
| wanted to test whether Tlg2p can adopt a closedocmation.

Vps45p has been shown to interact with monomeg@g (Bryant and James, 2001,
Nichols et al., 1998), and has been implicatecailitating a change in TIg2p which
allows it to form SNARE complexes (Bryant and Jan2€91). It has been contested that
additionalin vivo factors may be responsible for these observa(idnkibova et al.,

2002). Building on the observation that the Habmédin of TIg2p has a negative role on
complex assembly (Bryant and James, 2001; sectibf)lwe wanted to address this
issue, and directly test if Vps45p can alleviaeitthibition on complex assembly imposed

by the Tlg2p Habc domain.

1.8.2 Aims of Chapter IV

The significance of the interaction between Vpsdbg its cognate v-SNARE Snc2p has
yet to be understood. By further characterising ititeraction | hoped to reveal any

functional relevance it may have.

1.8.3 Aims of Chapter V

Vps45p can bind to assembled complexes by a mesrhatistinct from mode-2 (Carpp et
al., 2006). We wanted to test if this interactiongither interaction of Vps45p with Tig2p
or Snc2p, had any functional effect on membran®ifiyss has been demonstrated for SM
proteins Seclp (Scott et al., 2004) and Muncl18ar{& al., 2007).
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Chapter Il

Materials & Methods
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2.1 Materials

2.1.1 Reagents

General chemicals and reagents were supplied by:

Avanti polar lipids, Alabaster, USA

BioRad Laboratories Ltd, Hemel Hempstead, Hertfoirgs UK

Clontech Laboratories Inc, California, USA

Fisher Scientific Ltd, Loughborough, Leicestershis&

GE Healthcare Bio-Sciences Ltd, Buckinghamshire, UK

Invitrogen Ltd, Paisley, UK

Melford Labs Ltd, Ipswich, Suffolk, UK

Qiagen Ltd, Crawley, West Sussex, UK

Roche Diagnostics Ltd, Burgess Hill, UK

Sigma-Aldrich Ltd, Dorset, UK

Spectrum Laboratories Inc, California, USA

Molecular biology enzymes and reagents were supptiey:

Merck Chemicals Ltd, Nottingham, UK

New England Biolabs Ltd, Hertfordshire, UK

Promega Ltd, Southampton, UK

Stratagene Technologies, California, USA

Chapter II, 55
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Media used for bacteria and yeast studies were sufped by:
Formedium", Norfolk, UK

Melford Labs Ltd, Ipswich, Suffolk, UK

Antibodies were supplied by:

Clontech-Takara Bio, Saint-Germain-en-Laye, France
Millipore Ltd, Livingston, UK

Molecular Probes Inc, Oregon, USA.

Roche Diagnostics Ltd, Burgess Hill, UK

Sigma-Aldrich Company Ltd, Dorset, UK

2.1.2 Computer software

Dynamics (DynaPro) V2 - Wyatt Technology Corporatio
Image Gauge V4.22 - Fugi Film

Image J: V1.41 - U. S. National Institutes of Healt

SIS iITEM Imaging - Olympus

Kaleidagraph V4.0 - Synergy software

Vector NTI V10.3 - Invitrogen Ltd
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2.1.3 Primary antibodies

a-cMyc (Clone 9E10) IgG1 monoclonal antibodies rdisemice. Recognises amino acid
sequence EQKLISEEDL. Purchased from Sigma-Ald@ompany Ltd (catalogue #
C6594). Used at a 1 in 200 dilution from stockusioh provided.

a-HA (Clone 3F10) IgG1 monoclonal antibodies raigecats. Recognises influenza viral
protein hemagglutinin (HA) peptide sequence YPYDWR2D Purchased from Roche
Diagnostics Ltd (catalogue # 11815016001). Usexdlain 2,000 dilution from a 100 pg /

ml stock.

a-Pgklp polyclonal antibodies (antisera) raisedhivbits were used as previously
described (Piper et al., 1994). Used at a 1 i6@Ddilution from a ~820 pg / ml stock.

a-Tlg2p polyclonal antibodies generated by Eurogemtere affinity purified from rabbit
antiserum to yield antibodies that specificallyagaise peptide residues 272 - 287 and 381
- 396 of Tlg2p. Affinity purification performed bylarion Struthers. Used ata 1 in 200
dilution from a ~390 pg / ml stock.

a-Vphlp (Clone 10D7) IgG2 monoclonal antibodiesedis mice. Purchased from
Molecular Probes Inc (catalogue # A6426). Useal hin 1,000 dilution from a 250 pug/

ml stock.

a-Vps45p polyclonal antibodies generated by Eurogentere affinity purified from
rabbit antiserum to yield antibodies that specifyjceecognise residues 563-577 of
Vps45p. Affinity purification performed by Mario®truthers. Used at a 1 in 1,000
dilution from a ~600 pg / ml stock.

a-Snc2p polyclonal antibodies were raised in rabbitsiunised with peptides
corresponding to residues 11 - 25 and 72 - 86 o2f1igenerated by Eurogentec).
Antibodies specific to residues 11 - 25 were afffipiurified from the rabbit antiserum by

Eurogentec. Used at 1 in 1,000 dilution from a/~@g / ml stock.
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2.1.4 Secondary antibodies

All secondary antibodies were purchased from GHtHeare Bio-Sciences Ltd,
Buckinghamshire, UK.

ECL Anti-mouse 1gG Horseradish peroxidise-linkeéa@ps specific whole antibody (from
sheep); code NA931. Used at 1: 2,000 dilution feiatk solution provided.

ECL Anti-rabbit IgG Horseradish peroxidise-Linkguesies specific whole antibody (from
donkey); code NA934. Used at 1: 5,000 dilutionrrstock solution provided.

ECL Anti-rat IgG Horseradish peroxidise-Linked sigscspecific whole antibody (from
goat); code NA935. Used at 1: 2,000 dilution frstmck solution provided.

2.1.5 Bacterial and yeast strains

Strains ofE. coliandS. cerevisiaeised are listed in Tables 2.1 and 2.2 respectively
Plasmids were routinely propagated in eitBecoli host strains XL-1 Blue (Stratagene
Technologies) or Top10 (Invitrogen Ltd). Recombiinparoteins were generally produced
in theE. coli host strain BL-21(DE3) (Invitrogen Ltd), and odcamlly in strain Rosettd

2 (DE3) (Merck Chemicals Ltd).

2.1.6 Bacterial growth media

2YT 1.6% (w / v) tryptone, 1% (w / v) yeast extred.5% (w / v) NaCl

Terrific broth 1.2% (w / v) tryptone, 2.4% (w / y@ast extract, 0.4% (v / v)
glycerol, 0.017 M KHPQ,, 0.072 M KHPQ,. Purchased from
Melford Labs Ltd
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SOC 2% (w / v) tryptone, 0.5% yeast extract, 10 M&CI, 2.5 mM KCI,
10 mM MgCh, 10 mM MgSQ, 20 mM glucose

If plated media was required, 2% (w / v) micro agas added to selective media prior to
autoclave sterilisation. Plates were poured iteals environment and routinely stored at
4°C.

Antibiotics were routinely used at a 1 in 1,00Qtdn from the stock solutions. Stocks
prepared: 100 mg / ml ampicillin sodium salt in &aB6 mg / ml chloramphenicol in

100% ethanol; and 50 mg / ml kanamycin sulphateater.

2.1.7 Yeast growth media

Yeast was routinely grown on rich media (YPD) destve minimal synthetic defined

(SD) media lacking a particular amino acid.
YPD 1% (w / v) yeast extract, 2% (w / v) pepto2% (w / v) glucose

SD -leu 2% (w / v) peptone, 0.7% (w / v) yeastogen base, 0.16% (w / V)
leucine dropout supplement

SD -leu,-trp 2% (w / v) peptone, 0.7% (w / v) yemistogen base, 0.16% (w / v)

leucine and tryptophan dropout supplement

SD -leu,-trp,-his 2% (w / v) peptone, 0.7% (w Aeast nitrogen base, 0.15% (w / v)
leucine, tryptophan and histidine dropout supplegmen

If plated media was required, 2% (w / v) micro agas added to selective media prior to
autoclave sterilisation. Plates were poured itedls environment and routinely stored at
4°C.
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2.2 General molecular biology methods

2.2.1 Agarose gel electrophoresis

Agarose powder (0.8 - 2.0% (w / v)) was dissolvedAE buffer (40 mM Tris Acetate, 1
mM EDTA, pH 8.0) by boiling in a microwave. Thelstion was allowed to cool to
approximately 58C before Ethidium Bromide (EtBr) was added to alficoncentration of
0.5 ug/ ml. The solution was left to polymerineai cassette and then transferred in to a
gel tank containing TAE buffer. DNA samples weregared by addition of 6x DNA
loading buffer (40% (w / v), ficoll 0.25% (w / romophenol blue). Samples were
loaded onto the gel, alongside a 100 bp or 1kb Dindkker (New England Biolabs Ltd).
The gel was then run at 110 volts and DNA sampleewisualised with an ultraviolet

transilluminator.

2.2.2 Mini DNA preparations

A single colony from fresh bacterial transformat{gection 2.3.1) was used to inoculate 5
ml 2YT media containing appropriate antibiotic. ltQte was grown overnight at 37

with shaking. Plasmid DNA was extracted from ovginb culture using the Promega Ltd
Wizard® Plus SV Mini-prep kit following the manutacer’s instructions. 100 pl of
sterile water was generally used to elute DNA ftbecolumn. DNA was routinely stored
at -20C.

2.2.3 Gel extraction / purification

Agarose gel electrophoresis (section 2.2.1) wad tseeparate DNA by size. Specific
bands of correct size were identified on a tramsilhator, excised from the gel with a
scalpel, and then placed in a sterile eppendod.tUbNA was then extracted and purified
from sample using the Qiagen QiaQuick Gel ExtracKa following the manufacturer’s
instructions. Depending on subsequent applicabetween 30 ul and 50 ul sterile water

was used to elute DNA from the column.
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2.2.4 DNA amplification by Polymerase Chain Reactio n (PCR)

Appropriate forward and reverse oligonucleotidenats were designed to amplify the
required DNA sequence. Primers were synthesisetbbly BioScience Ltd, and routinely
diluted to 50 pmol with sterile water then storéd28’C. PCR reactions were set up in
thin walled PCR tubes on ice. Genomic or exisfitagmid DNA was used as a template.
An equal ratio mixture of dATP, dCTP, dGTP and dWéte used, each at 10 mM
concentration. High fidelity proof-reading DNA paterase, normalli?fu (Promega Ltd),
was used with the provided buffer. Total volumeezfction mix was made up to 50 pl

with nuclease free water. Example of standardti@ac

Template DNA (~3ug / ul) 1ul
10 x Pfu polymerase buffer [
Forward primer (5 pmol) 14d
Reverse primer (5pmol) 1
dNTPs (10 mM) wl
Nuclease-free water 39
Pfu DNA polymerase ul

PCR reactions were carried out in a thermocydietample of standard conditions:

1. Initial incubation to denature 1 2 min

2. Denature o 1 min

3. Annealing of primers variable (~%9 1 min

4. Elongation Z 2 min / kb
5. Final elongation 1% 10 min

6. Chill/ End aC Hold

Steps 2, 3 and 4 were cycled 30 times before ste&piZze and relative concentration of
PCR products were checked by agarose gel electregisqsection 2.2.1).
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2.2.5 Site directed mutagenesis (SDM)

Desired mutations were incorporated into the designrward and reverse primers. PCR
was then used essentially as described in sectibd, 20 synthesise mutant DNA, with
several alteration®fu polymerase was used at a reduced temperaturé©f &8 a

reduced time of 1 min / kb, and steps 2, 3 and #waly cycled 18 times. After the
reaction was complete, 1 pul Bpnl was added to each SDM reaction mix and incubated
37°C for 1 hour to digest the methylated parental DNIA. ul of reaction mix was then
transformed into Top10 or XL-1 bl colicells (section 2.3.1). Successful mutants were
selected on antibiotic plates and DNA isolated liyi @MNA preparations (section 2.2.2).

Mutants were confirmed by sequencing (section R)2.1

2.2.6 Restriction endonuclease digestion

Normally DNA / plasmids were digested by 2 restoictendonucleases simultaneously in

the same buffer. Reactions were set up in an elgoktube, for example:

DNA / plasmid (~1ug / pl) 5 ul

10 x buffer 1l

Restriction enzyme #1 1 pl (20 units)
Restriction enzyme #2 1 pl (20 units)
Sterile water 2 ul

If a double digest could not be completed simulbarséy due to incompatibility of buffer
requirements, sequential digestions were perfornddter the first reaction was completed
as above, the DNA was isolated from first buffangshe Qiagen QiaQuick PCR
Purification kit. DNA was eluted from the colunm30 pl sterile water, and used in

second reaction:
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Eluted DNA 30 ul
10 x buffer #2 4 ul
Restriction enzyme #2 1 pl (20 units)
Sterile water 5 ul

Restriction digests were carried out atG7or 4 hours. Successful digestion was verified

by agarose gel electrophoresis (section 2.2.1).

2.2.7 Ligation reactions

Restriction digests of parent vector and plasmitta@ioing desired fragment were carried
out (section 2.2.6). Fragment and vector DNA wastisolated by gel extraction (section
2.2.3). Vector DNA was eluted from the column thecubated with shrimp alkaline
phosphatase (SAP) at%&7for 15 minutes to catalyse the dephosphorylatiosi

phosphates and prevent re-ligation. SAP was dedetl by 15 minute incubation at°65
before the ligation reaction of the gel purifiecciger and fragment was set up in PCR tubes

on ice. Example of standard reaction:

Vector DNA (~0.5ug / ul) 2 ul
Fragment DNA (~0.5ug / pl) 6ul
10 x T4 DNA Ligase buffer 1l
T4 DNA Ligase 1l

Ligation controls containing only vector DNA, orflagment DNA or no DNA were also
prepared. Ligation reactions were carried out3€Iovernight. 10 pl of each reaction
mixture was then transformed into Top10 cells aldcted for on antibiotic plates.
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2.2.8 Topo ® cloning
High fidelity proof-reading PCR was used to amplfilA (section 2.2.4) which was

subsequently gel purified (2.2.6).aqpolymerase was used to generate polyadenosine

overhangs to the PCR product in the following riesct

Gel purified DNA (0.5ug / ul) 20 pul

10 x Mg free buffer 2 ul

MgCl, (25mM) 1.2 ul
Tagpolymerase 0.4 ul (5 units)
dNTPs (10 mM) 0.4 pl

The reaction was set up in PCR tubes and inculzté#C for 20 minutes. 2 pl of this
Taqtreated DNA was cloned into the p€R1-TOPJ vector using the Invitrogen pCRII-
TOPC kit. The entire ligation reaction mix was trarshed into Top10 cells (section
2.3.1) and selected for on 2YT plates containing@riate antibiotic and X-gal at a
concentration of 0.04 pg / ml. The DNA from whit@onies was isolated by mini
preparation (section 2.2.2) and sequenced (se2tibh0) to ensure correct DNA had been
cloned.

2.2.9 Estimation of DNA concentration

The concentration of DNA in mini preparations wasessed by ultraviolet absorbance
measurements. Absorbance of diluted DNA was medsuara spectrophotometer at 260
nm. Concentration in mg / ml was calculated bytiplying the optical density reading by
the dilution factor (normally 100) then by 50, wiis the extinction coefficient for double
stranded DNA.
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2.2.10 Sequencing

Sequencing of DNA was carried out by the Universitpundee Sequencing Service.
The correct sequence was confirmed routinely aftgrmolecular cloning techniques

involving generation of new DNA.

2.3 General protein methods

2.3.1 Bacterial transformation

Chemically competent bacterial cells (either conuiadlly purchased or prepared in the
laboratory, section 2.3.2) were thawed on ice tominutes. 4 ul of plasmid DNA,
concentration ~Jug / ul, was then added to the cells and left on icelominutes. The
cells were then heat shocked at@an a heat block for 45 seconds, before beingmetis
toice. 250 pl of SOC media was then added tedétie, which were incubated for 1 hour
at 37C with shaking before being spread onto platesaioiniy appropriate antibiotic,

allowed to dry for 30 minutes, and then incubateeroight at 37C.

2.3.2 Preparation of competent bacterial cells

The appropriate bacterial strain was grown in 2MT overnight at 37 in presence of
antibiotic if appropriate. 3 ml of culture was thadded to 300 ml 2YT and grown afG7
with shaking to an optical density at 600 nm ¢gjpof ~0.6. Cells were then harvested at
1,000g and placed on ice before being gently resuspeimd&80 ml of ice cold 50 mM
CaCl and left on ice for 1 hour. Centrifugation wasdiso collect cells as before, which
were resuspended in 40 ml of 25% (v / v) glyces0lmM CaC} and stored in aliquots of
200 pl at -86C.
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2.3.3 Expression of recombinant proteins

A single colony from a fresh transformation wasdugeinoculate 500 ml 2YT media
which was incubated overnight at’87with shaking, in the presence of appropriate
antibiotic. Cells were then collected by centrdtign at 1,00@Q for 20 minutes then
resuspended in 0.5 - 12 litres of Terrific Broifypically cells from 40 ml overnight
culture were resuspended in one litre. Cells wasebated at 3T with shaking in
presence of suitable antibiotic to an §d»f 0.6 - 0.8. Expression of recombinant proteins
was then induced with 0.2 - 1 mM Isoprofd/B-thiogalactopyranoside (IPTG) for 4 hrs
at 37C. In some cases, cells were transferred to |éevaperatures (15 - 26) at an

ODgoo 0of 0.4, allowed to grow until the Qg reached 0.6 - 0.8, before being induced with
0.2 - 0.5 mM IPTG overnight at the reduced tempeeat Induced cells were harvested at
3,000g for 30 minutes.

2.3.4 General purification of tagged recombinant pr ~ oteins

Cell pellets (as prepared in 2.3.3) were resuspemd@50 ml cold lysis buffer using a
blender before lysis by passage through a Micrdither M-110P cell disrupter set to
10,000 psi. DNA was then digested by the additbDNase | (1Qug / ml) for 30 minutes
at £C. Cell lysates were then clarified by centrifugatin a Beckman JA-20 rotor for 45
minutes at 20,000 rpm at 4°C. During this spirprapriate beads were washed and
equilibrated, then stored at 4°C. Lysates werg #dtled to beads and incubated on a
roller at 4°C to allow tagged proteins to bind: B) bead volumes of wash buffer were
then added to remove any unspecifically bound prsteBeads were harvested at 500

for 1 minute, and then the supernatant fluid wasalided. This wash step was repeated as
necessary, normally between 5 and 10 repetitionsbtain as pure a protein sample as
possible. If protein of interest was co-expresséll GroEL and GroES chaperone
proteins, the final two washes were performed widtsh buffer containing 20 mM Mggl
and 5 mM ATP Na-salt to remove contaminating Graed GroES proteins (Rohman and
Harrison-Lavoie, 2000, Thain et al., 1996). Prmoteas then either cleaved from the
affinity tag (sections 2.3.4.2 & 2.3.4.3) or elufeoim the beads (section 2.3.4.1, 2.3.4.2 &
2.3.4.3) in an appropriate cleavage / elution buffehe purification of SNARE proteins

for use in then vitro fusion assay (Chapter V) was carried out as desdiin section 2.9.1
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2.3.4.1 Purification of Hisg tagged proteins

E. colicells producing Histagged proteins were resuspended i i&s buffer (25mM
HEPES.KOH pH 7.4, 400 mM KCI, 10% glycerol, 2.5 nikidazole, 1 mM PMSF, 5

mM B-mercaptoethanol and ComplBfeprotease inhibitor cocktail (Roche Diagnostics
Ltd) before lysis (section 2.3.4). RHNTA agarose beads were washed 5 times with His
wash buffer (lysis buffer containing 20 mM imidagpl Clarified lysates were incubated
with washed Ni-NTA beads on a roller for ~2 hours at 4°C to alldiss tagged proteins
to bind. Beads were harvested at §36r 1 minute and then washed 5 - 10 times with
Hiss wash buffer. The Higagged proteins were eluted by incubation for 2@utes with

1 ml of elution buffer (lysis buffer containing 25@M imidazole). This process was
normally repeated three times and the elutions weotéed. Eluted protein was separated
from beads by centrifugation at 5§@or 1 minute; supernatant fluid was then removed

and stored at -8C in 200pl aliquots.

2.3.4.2 Purification of GST tagged proteins

E. colicells producing GST tagged proteins were resuspeimdghosphate buffered saline
(PBS; 2.7 mM KCI, 1.8 mM KkEPQ,, 137 mM NaCl, 10.1 mM N&lPQy) containing 5

mM B-mercaptoethanol and ComplBfeprotease inhibitor cocktail (Roche Diagnostics
Ltd). Cell lysis was then carried out (section.4)defore lysates were clarified by
centrifugation at 20,000 rpm in a JA-20 rotor. Bafnsettled Glutathione Sepharose 4B
beads (GE Healthcare Bio-Sciences Ltd) were waSkeuth PBS. Clarified lysates were
incubated on a roller overnight at 4°C with waskedtathione Sepharose beads to allow
GST tagged protein to bind. Beads were harvegtd@Cyg for 1 minute then washed 3x
with PBS + 1% Triton X-100, 3x with PBS + 0.5 M Nadhd finally 3x with PBS alone.

If protein removal from beads was necessary, itevier eluted from the beads using
PBS containing 25 mM reduced glutathione or cledvath the GST affinity tag using
thrombin (Chang, 1985; Sigma-Aldrich Ltd) or PresSan protease (Walker et al., 1994;
GE Healthcare Bio-Sciences Ltd). Thrombin cleavage performed by incubating beads
with thrombin cleavage buffer (50 mM Tris.HCI pH08150 mM NacCl, 2.5 mM Cag)l
containing 0.04 units of thrombin pgrsample at room temperature for 2 hours.

PreScission protease cleavage was performed bpatiog beads with protease cleavage
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buffer (50 mM Tris.HCI pH 7.0, 150 mM NaCl, 1 mM EB, 1 mM DTT) containing

0.05 units of PreScission protease jplesample at 2C overnight.

2.3.4.3 Purification of Protein A tagged proteins

E. colicells producing recombinant proteins containingatd A tag were resuspended
in 150 ml TST buffer (50 mM Tris.HCI pH 7.6, 150 mN&ClI, 0.05% Tween 20) for lysis.
Proteins were then purified following the IgG Seqplsa ™ 6 Fast Flow manufacturer’s
instructions (GE Healthcare Bio-Sciences Ltd). tEirowas either eluted using 0.5 M
acetic acid, pH 3.4 or cleaved from the beads ugirgnbin as described in section
2.3.4.2.

2.3.5 lon exchange chromatography

Anion exchange separations were carried out on @M@ HR (5 / 5) column (GE
Healthcare Bio-Sciences Ltd) using Mono Q buffef28 mM Tris.HCI pH 8.5, 10%
glycerol, 1 mM DTT) and buffer B (20 mM Tris.HCI p8i5, 1 M NaCl, 10% glycerol, 1
mM DTT). Cation exchange separations were cawigdn a Mono S HR (5 /5) column
(GE Healthcare Bio-Sciences Ltd) using Mono S buf¢20 mM HEPES.KOH pH 7.0, 1
mM DTT) and Mono S buffer B (20 mM HEPES.KOH pH,710M NaCl, 1 mM DTT).
Columns were connected to a fast protein liquisbotatography (FPLC) ACTA system
(GE Healthcare Bio-Sciences Ltd) following the mi@cturer’s instructions.

Protein fractions eluted from affinity purificati@montaining highest concentrations of
protein were determined by SDS-PAGE analysis falldwy Coomassie staining (sections
2.3.8 & 2.3.9) these fractions were then pooledfoBe pooled samples were loaded onto
the ion exchange column, the protein in its elubaffer was diluted to 50 mM Nag£l
concentration with buffer A before being filterdddugh a 0.45 uM syringe filter. The
columns were first washed with buffer A, followed luffer B, and then equilibrated with
5% buffer B (i.e. 50 mM NaCl). Samples were loadatb the column via a superloop.

To elute protein, a gradient from 5% to 50% buBgi50 mM to 500 mM NacCl) over 20
column volumes was passed through the column. factions were collected and any
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displaying absorbance peaks ag&rom the chromatograph were analysed by SDS-PAGE
and Coomassie staining (sections 2.3.8 & 2.3.9actions containing protein of interest
were pooled, concentrated (section 2.3.7) andrestioeed at -8UC or prepared for further
purification (section 2.3.6).

2.3.6 Gel filtration chromatography

Depending on the resolution required, proteins vgeparated by size on either a Superdex
200 HR (10 / 30) or a Superdex 75 HR (10 / 30) mmiyGE Healthcare Bio-Sciences
Ltd). Columns were connected to an FPLC systedeasribed in the manufacturer’s

instructions.

The columns were routinely equilibrated overnighthviiltered 1x potassium phosphate
buffer (170 mM KHPQ,, 720 mM KHPO,, 10% (w / v) glycerol, 1. mM DTT). Protein
was loaded onto the column 3 ml at a time usingriage and tubing straight into the
FPLC. 1x potassium phosphate buffer was thenhtough the column at a flow rate of
0.6 ml / min, and 0.5 ml fractions were collectddtactions with absorbance atghpeaks
were analysed by SDS-PAGE and Coomassie staingagj¢as 2.3.8 & 2.3.9). Fractions
containing the protein of interest at highest puniere concentrated (section 2.3.6), and

subsequently stored at “8Dafter snap freezing in liquid nitrogen.

2.3.7 Concentration of purified protein

Proteins were routinely concentrated using Microcentrifugation filtration devices
(Millipore Ltd, Livingston, UK) following the manuaicturer’s instructions. Suitable
molecular weight cut-off (MWCO) filters were useat £ach particular protein being

concentrated.
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2.3.8 SDS PAGE

Discontinuous polyacyrlamide gel electrophoresis wsed to resolve proteins as
described (Laemmli, 1970). A 30% acrylamide / bigkeamide mixture (Anachem Ltd,
Luton, Bedfordshire, UK) was used to form a stagkimxture of 5% in stacking buffer
(25 mM Tris.HCI pH 6.8, 0.2% (w / v) SDS) and aaeging mixture of between 7.5 and
15% (v / v) in separating buffer (75 mM Tris.HCI @8, 0.2% (w / v) SDS). Gels were
polymerised by addition of ammonium persulfate (AB&d N, N, N, N’ -
tetramethylenediamine (TEMED). Gels were therupan Bio-Rad mini-PROTEAN |II
apparatus and immersed in running buffer (25 mNg Base, 190 mM glycine, 0.1% (w /
v) SDS). Protein samples were prepared for elpbtesis by incubating at 95 for 5
minutes in an equal volume of 2x Laemmli samplddrufLSB; 100 mM Tris.HCI pH 6.8,
4% (w / v) SDS, 20% (v / v) glycerol, 0.2% (w /Momophenol blue, 10% (v / ¥}
mercaptoethanol). Samples were loaded onto thed@bRad Broadrange Protein
Marker was also loaded, and a constant electrierpiad of 80 volts was applied as
proteins migrated through the stack gel. This wassiased to 160 volts once the samples

had entered the separating gel.

2.3.9 Coomassie staining

Coomassie blue stain was prepared by mixing 0.28%v| Brilliant Blue R-250 (Sigma-
Aldrich Ltd) with a solution of 45% methanol, 10%etic acid (v / v). This solution was
thoroughly stirred then filtered through Whatman Nfiter paper. Resolved SDS-PAGE
gels (section 2.3.8) were immersed in stainingtgmiuvith gentle shaking for a minimum
of 1 hour. Gels were de-stained with a solutiob%f methanol, 10% acetic acid (v / v) for

as long as necessary.

2.3.10 Western blotting

Proteins to be transferred to a nitrocellulose nramd were first resolved by SDS-PAGE
(section 2.3.8). The gels were removed from ghdetes and immersed in semi-dry
transfer buffer (24 mM Tris base, 20 mM glycinel%. (w / v) SDS) for 30 minutes.

Whatman 3 mm filter paper and nitrocellulose memérgore size 4hm) were also
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immersed in transfer buffer. Three pieces offfii@per were layered onto the semi dry
transfer apparatus, followed by the nitrocellulosambrane. The gel was then carefully
placed onto the surface of the membrane, and andtpieces of filter paper placed on top.
Air bubbles were removed before applying a constarrient of 180 mA for 30 minutes at
room temperature. Efficiency of transfer was deieed by staining the nitrocellulose

membrane with Ponceau S solution (0.1% (w / v) Band, 5% (v / v) acetic acid).

2.3.11 Immunodetection of proteins

Proteins transferred onto a membrane by Westettingavere detected by probing with
specific antibodies and visualised using enhanbedhduminescence (ECL). The
nitrocellulose membrane was removed from semi+dnysfer apparatus and washed in
PBS-T (2.7 mM KCl, 1.8 mM KEPQ,, 137 mM NaCl, 10.1 mM N&PQ,, 0.1% (v / V)
tween-20). Non-specific binding to the membrans vealuced by incubating in 5% (w /
v) dried milk or BSA in PBS-T for 1 hour. Primaaptibodies were diluted to appropriate
concentration in 1% (w / v) dried milk in PBS-T aindubated with the membrane for ~2
hours on a roller at room temperature. Unbounibady was washed off with 6x PBS-T
washes over a 30 minute period, before incubatidbim an appropriate horseradish
peroxidise (HRP) linked secondary antibody for wih&t room temperature. The excess
secondary antibody was washed off as before aralléalproteins were visualised using
ECL plus Western Blotting Detection System (GE Hezdre Bio-Sciences Ltd) following
the manufacturer’s instructions. The membraneexa®sed to X-ray film in a light proof
cassette before being developed through a Kodakat-000. Membranes were routinely
stripped for re-probing by incubation with 40 migtouffer (100 mM glycine.HCI pH 2.2,
150 mM NacCl) for 30 minutes, washing 6x with PB&B0 minutes, then transferring
back into blocking solution and following procedagain as described, using a different

antibody.
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2.3.12 Estimation of protein concentration

2.3.12.1 Absorbance assay at 280 nm

Protein concentrations were estimated by follovihmgymanufacturer’s instructions of the
Bio-Rad protein assay, based on the method of BrddBradford, 1976). All
measurements were made on a spectrophotometes anh9A standard curve was
produced by measuring the optical density of a entration gradient of BSA. Proteins
were then measured and relative concentration alaslated from the equation derived

from the standard curve.

2.3.12.2 Ninhydrine assay

Protein concentrations were also estimated usimigydrin colorimetric analysis (Rosen,
1957). 6 point concentration gradients, from @ {42, of protein sample and of a 10 mM
leucine standard were set up in polypropylene tui&® pl 13N sodium hydroxide was
then added to each tube before they were coverbdaliminium foil and autoclaved at
116°C for 30 minutes to hydrolyze proteins. Tubes whken cooled to room temperature
and each reaction was neutralized by the additi@b0 pl glacial acetic acid. 400 pul CN
ninhydrine solution (1.5% (w / v) ninhydrine in 2ethoxyethanol, 50% (v / v) 2-
methyoxyethanol, 100 uM sodium cyanide) was thafeddo each reaction. Tubes were
capped and centrifuged at 3,09€r 4 minutes before boiling in water bath for 15
minutes. Immediately after boiling 2 ml 50% isgpaool was added and all tubes were
vortexed vigorously then left to cool. Absorbanéall samples was measured at 570 nm
in a spectrophotometer. Data was plotted usinigea fit graph. The concentration of
amino acids was calculated using a ratio of thenlleucine standard slope and that of
the protein samples.

2.3.12.3 Amido black assay

Protein concentration of proteoliposomes was catedl using a modified version of the

amido black method (Schaffner and Weissmann, 1923l of both proteoliposomes and
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BSA standards were prepared for colorimetric angly80ul 1M Tris.HCI pH 7.5, 2% (w

/ v) SDS and 5@l 90% (w / v) trichloroacetic acid (TCA) was addedeach sample and
vortexed gently prior to incubation at room temper@for 5 minutes. A single 0.46n

24 mm filter of mixed cellulose esters (Milliporéd) for each sample was pre-wet in 6%
(w / v) TCA before samples were applied to filteBamples were then dried down onto
the filters using a vacuum manifold, before theefd were washed with an excess (~500
ul) of 6% (w /v) TCA. Filters of each sample wéhen incubated for 15 minutes with an
excess of 2x amido black staining solution (Sigmdrigh Ltd) diluted to 1x with 25% (v /
v) isopropanol, 10% acetic acid. Excess staintivas washed off the filters with 3x 30
second washes with 20 ml 25% (v / v) isopropan@¥p Bcetic acid, followed by 3x 30
second washes with water. Filters were then daledpped up into small pieces and
incubated with 1 ml 25 mM NaOH, 0.05 mM EDTA, 50%/ () ethanol in a glass test
tube. Samples were periodically vortexed duringnaminute incubation at room
temperature. The solution in each sample wasrgmmoved from the test tube and
transferred to a cuvette to measuring absorbanBesgin a spectrophotometer. A
standard curve was produced from the BSA sampgiessancentration of proteins in each

proteoliposome sample was then calculated fronetfuation derived from the curve.

2.4 General yeast methods

2.4.1 Yeast transformation

100 pl of competent cells per transformation whesved on ice before addition of ~10 pg
of mini prepped plasmid DNA was added. An equirnti®lume of 70% (w / v)
polyethylene glycol-3350 was added to tubes anckdhgently by inversion. The cells
were then incubated on a shaker &C3fbr 45 minutes, followed by a 20 minute heat-
shock incubation at 42. Cells were pelleted at 3,0§®n a bench top centrifuge for 2
minutes and then resuspended in 200 ul sterilerw&tells were then spread under sterile
conditions on an agar plate of minimal media laglappropriate amino acids for

selection, allowed to dry, and then placed in €C3@cubator to allow colonies to form.



Chris MacDonald, 2009 Chapter I, 74

2.4.2 Preparation of competent yeast cells

A single colony was used to inoculate a 50 ml gelof YPD media. Cells were incubated
at 30C and grown to an Qdgy of ~0.8, and then harvested by centrifugation@®Qg for

2 minutes. Cells were then washed by resuspensibd ml LITE-Sorb (10 mM Tris.HCI
pH 7.6, 0.1 M Lithium acetate, 1 mM EDTA, 1.2 M bitol) before pelleting again. 1 ml
of LITE-Sorb was then used to resuspend the dellswed by incubation at 3C with
shaking for 1 hour. Cells were then incubatedcenfor at least 20 minutes, and could be
used directly for transformation (section 2.4.A)ternatively, an equivalent volume of ice
cold storage buffer (40% (v / v) glycerol, 0.5% /(w) NaCl) was added to the cells, before
aliquoting and snap freezing in liquid nitrogemoZen competent cells were stored at
-80°C.

2.4.3 Yeast-2-Hybrid assay

2.4.3.1 Expression of proteins in reporter strains

All constructs for the yeast-2-hybrid assays weaadformed into an appropriate yeast
strain (section 2.4.1). Expression of bait argygusion proteins in the host strain was
checked by immunoblot analysis of whole cell lysat&/hole cell lysates were prepared
by resuspending 10x QB equivalents of cells in 100 TWIRL buffer (5% (w / v) SDS,
8M urea, 10% (v / v) glycerol, 50 mM Tris pH 6.82% (w / v) bromophenol blue, 10%
(v / v) B-mercaptoethanol), then incubating at®%or 10 minutes. A volume equivalent
to 1x ODyoo (10u) of cell lysates were then resolved on an SDS-BAf8I (section 2.3.8)
followed by immunoblot analysis with appropriatdibadies (sections 2.3.10 & 2.3.11).
The vectors containing the Gal4p activation andlinigp domains also contain N terminal
HA and cMyc epitope tags respectively, to allow tiple fusion proteins to be detected

simultaneously.
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2.4.3.2 Detection of GFPggst fluorescence expressed in yeast

A C terminal GFRessttag was added to constructs containii545to allow confirmation

of full length translated protein. To detect GRibfescence, an overnight culture in
selective media was treated with a final volum&%f (v / v) formaldehyde, and left at
room temperature for 10 minutes to fix the cellls from 1 ml of this culture were then
collected by centrifugation at 5@0for 2 minutes; the pellet was then washed twida wi
PBS before being resuspended in 1 ml PBS. A glagsrslip was washed in 100%
ethanol and left to air dry. To this, 50 ul of Wwad yeast cells were added and allowed to
dry. The coverslip was attached to a glass slidle vnmuno-mount (Thermo Shandon
Inc, Pittsburgh, PA, USA). Cells were imaged tlgioa 100x oil immersion objective on
a Zeiss Axiomat fluorescence microscope (Carl Z&&smany). Images were captured

using an Axiocam MRm camera (Carl Zeiss, Germany).

2.5 GST pull down /complex assembly assay

0.36ug of either GST or the GST fusion proteins bounGhatathione Sepharose 4B
beads were incubated in the presence or abserceldi fold molar excess of Hi¥tilp,
Hiss-Snc2p and untagged Sx8 / Tlglp chimera. Theimagblume was made up to 1400
ul with binding buffer (25 mM HEPES.KOH pH 7.4, 460M KCI, 10 (v / v) glycerol, 1%
(v/v) Triton X-100, 1 mM DTT, 0.5 mg / ml BSABinding reactions were carried out at
4°C on a 360rotator for 20 minutes. Beads were then harvdsyecentrifugation at 509

at £C for 1 minute. Unbound protein was removed byhirag5 times with 750 pl of
binding buffer. The beads were then resuspend8@ jth of 1x LSB and boiled for 5
minutes. Eluted protein was analysed by running @6% SDS-PAGE gel (section 2.3.8)
followed by Coomassie staining (section 2.3.9)namunoblot analysis (sections 2.3.10 &
2.3.11).

2.6 CPY-Invertase secretion assay

Wild-type (BHY10) andlg24 (SGSY?2)S. cerevisiastrains expressing a fusion protein

containing the first 50 amino acids of CPY anddess 3 - 512 of mature invertase were
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used in this assay. Wild-type and mutant versairii3A-TIg2p were expressed in yeast;
protein expression was checked by SDS-PAGE andglysction 2.3.8) of yeast cell lysates
followed by immunoblot analysis using anATlg2p antibody (sections 2.3.10 & 2.3.11).
An equal number of cells from each transformant thas added to a test tube, and made
up to 400ul with 1 M sodium acetate buffer at pH 4.9. Eaample was split into two
aliquots, one of which was treated witlpul5Triton X-100 to lyse the cells, the other was
left untreated. 5@l 0.5 M sucrose solution was then added to eaclpleaamd incubated
at 30°C for 30 minutes. 300l 0.2 M K,PO, pH 10.0 was added to each sample before
boiling for 3 minutes in a water bath. Tubes witen chilled on ice before addition of
Glucostat reagent (3.5 mM;KPQOy, 80 units / ml glucose oxidase, 10§ / ml Horse

radish Peroxidase, 4 mM NEM, 6 mg / aatlianisidine), and a further incubation afG0
for 30 minutes. Reactions were then stopped bitiaddf 2 ml 6N HCI. The absorbance
at Asqo was then measured and lysed samples used toeaptetal cellular invertase
activity, and unlysed samples to show secretediase activity.

2.7 Electrophoretic mobility shift assay

2.7.1 Alexa 488 labelling

Prior to binding of the Alexa FIuBr488 C5 maleimide (Invitrogen Ltd), Sna2p
containing a single C terminal cysteine residue fivaspurified by affinity, ion exchange
and gel filtration chromatography, in order to abtas pure a sample as possible. The
sample was then diluted to 50 uM in 1x potassiuwsphate buffer containing 1 M Tris
(2-carboxyethyl) phosphine (TCEP). The reactior mas left for 1 hour at room
temperature to allow reduction of cysteine residues favour the binding reaction to
Snc2p.-g4 a 15 fold excess of dried Alexa 488 was resuspeind phosphate buffer, then
added to the sample, bringing the total volumeQ [2I. The reaction was covered in tin-
foil to exclude light and left at room temperatéwe 3 hours. Any precipitate formed was
removed by centrifugation at 15,09@t 4£C for 15 minutes, and the supernatant fluid was
transferred to a new tube. To this final mix 2®fiphosphate buffer was added, then the
entire sample was loaded onto an FPLC system \0@h2 tubing. The tubing was
covered with aluminium foil. The sample was then through a Superdex 75 HR (10 /

30) gel filtration column (GE Healthcare Bio-Sciensd.td) to separate the labelled protein.



Chris MacDonald, 2009 Chapter Il, 77

Mass spectrometry analysis was used to ensurdabgyled protein species existed in the

sample. Labelled protein was stored af€30

2.7.2 Binding reaction

Binding reactions of Vps45p and Alexa 488 labelB#t2p.o4were set up in a 96 well
plate. 10 pl Alexa 488 labelled Sng2pat a concentration of 10 uM in binding buffer
(170 mM KHPOy, 720 mM KHPO,, 10% (w / v) glycerol, 1ImM TCEP, 0.1% (v / v) NP-
40) was added to 10 wells. A concentration gratdié Vps45p was produced by/a
serial dilution of 16 uM stock, shown in Table 240 ul of undiluted Vps45p was added
to first well, then each of the serial dilutionsre@dded to successive wells and no
Vps45p added to the last well, to form the decrepgradient. The reactions were

covered in aluminium foil and left to bind in thar# for 3 hours.

Table2.1 Protein concentrations for Vps45p-Snc2p;.gs binding reaction

Reaction / Well 1 2 3 4 5
[Snc2pigs-Alexa 488] uM) 10 10 10 10 10
[Vps45p] UM) 16 9.6 5.76 | 3.456 | 2.073
Reaction / Well 6 7 8 9 10
[Snc2pgs-Alexa 488] (M) 10 10 10 10 10
[Vps45p] UM) 1.244| 0.746| 0.448 | 0.269| 0.161

2.7.3 Gel retardation assay

A 6% native gel (7 mM HEPES.KOH pH 7.4, 8.6 mM isuale, 6% (v / v) acrylamide /
bisacrylamide mixture, 2.5% (v / v) glycerol) wadymerised using TEMED and APS.
The gel was then chilled in running buffer 8€4or 1 hour. 6 ul of 30% (v / v) glycerol
containing 0.01% (w / v) bromocresol green dye a@dded to each binding reaction and
mixed thoroughly. 50 pl of each reaction was &xhdnto the chilled native gel, which

was then run at 125 volts for 4 hours &€ 4 Native gels were carefully transferred to a
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glass plate with excess water, and then all aiblagwere removed. Gels were
subsequently scanned in an FLA-5000 Phosphorin{&ggirFilm), set with a single laser

at 433 nm. Gels were visualised using Image Gal4ge2 software.

2.8 Competition binding experiments with recombinantly

produced proteins

All proteins used fom vitro binding experiments were recombinatly producef.igoli

then dialysed against 4 L of 1x PBS before stosgfC. A Hiss tagged version Vps45p
was bound to Ni-NTA beads, before incubation on a rotator witmaZ.ss-PrA fusion
protein overnight at%. A sample of the washed beads, alongside theidl inputs
was analysed by SDS-PAGE (section 2.3.8) follomgdhimunoblot analysis (sections
2.3.10 & 2.3.11) using am-Vps45p antibody to ensure complex had formedpu [=5ettled
beads containing ~9@ Hiss-Vps45p bound to Snczis-PrA were then added to separate

tubes, to which competing proteins or controls vwagtded, before the reaction volume was
made up to 1400 ul with PBS. Binding reactionsenadfowed to proceed for 16 hours at
4°C on a rotating wheel, after which time non-sfeadly bound proteins were removed
from the beads with 3x 1 ml washes with 1x PBS. efnal volume of 1x LSB was added
to the washed beads before boiling &t®for 5 minutes, and protein on beads was
analysed by SDS-PAGE (section 2.3.8) followed bgnimoblot analysis (sections 2.3.10
& 2.3.11).

2.9 Fusion assay

2.9.1 Expression and purification of recombinant SN ARE proteins

To purify heterologously expressed SNARE protemstaining their native

transmembrane domains, individual overnight cutwere set up in 2YT containing
appropriate antibiotic. This was used to inocuttel 2 litres of terrific broth media.
Proteins were expressed and harvested as discaiseed; after the pellet was resuspended
in Azoo lysis buffer (25 mM HEPES.KOH pH 7.4, 200 mM K@% (w / v) Triton X-100,
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10% (w / v) glycerol, 5 mMs-mercaptoethanol, 1 mM PMSF). Cell lysis was aokieby
passage through a Microfluidizer M-110P cell diseuset at 10,000 psi. Lysates were
clarified as discussed previously, and the taggetem was routinely bound to 3 ml of
appropriate beads. The Triton X-100 in the lysifdr was exchanged for 1% Ocf4b-
glucopyranoside (OG) in the wash buffer, which wasd to wash the beads 10 times.
Proteins were eluted from beads in buffer contgidito (w / v) OG. The eluate was then

aliquoted, snap frozen in liquid nitrogen and stose-86C.

2.9.2 Lipid stocks

A 15 mM lipid stock of t-SNARE liposomes was magteini chloroform containing 85
mol% POPC and 15 mol% DOPS. For v-SNARE liposoraesmM lipid stock was
made up in chloroform containing 82 mol% POPC, IH%DOPS, 1.5 mol% NBD-
DPPE and 1.5 mol% rhodamine-DPPE. Lipid stocksevetored under nitrogen at “80

2.9.3 Formation of proteoliposomes

100ul of 15mM unlabelled lipid stock, for t-SNARE liposies, and 500! of 3 mM
labelled lipid stock, for v-SNARE liposomes weralad to separate 12 x 75 mm glass
tubes. A gentle stream of compressed nitrogentmeasused to evaporate the chloroform
from each tube for 15 minutes. Lipid films werertiplaced in a vacuum desiccator for 30
minutes to completely remove traces of chlorofo00 pl purified t- or v-SNARES
containing 1% OG were then added to the approptudie containing the lipid films. The
lipid film was then completely resuspended, by @wirtg for 15 minutes. After the lipid
film was resuspended, the detergent was dilutealAbs critical micelle concentration
(CMC) level by the addition of 1 ml of buffer.4 containing 1 mM DTT; buffer was
added drop-wise while the sample was continuousitexed. The samples were then
dialysed against 4 litres,4p buffer containing 1 mM DTT overnight at@ using 3 ml
Float-a-Lyzers (Spectrum Laboratories Inc ) witprapriate molecular weight cut offs. 4
g of Bio-Beads (BioRad Laboratories Ltd) were adttedialysis buffer to capture the
detergent. Samples were recovered the followinyg alad each placed in an SW60 tube

on ice for subsequent separation using gradieritifrgyation.
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2.9.4 Proteoliposome recovery

Proteoliposomes were recovered by floatation opcadenz ((54N-(2,3-
dihydroxypropyl)acetamido]-2,4,6-triiodd;N’-bis(2,3-dihydroxypropyl) isophthalamide))
(Sigma-Aldrich Ltd) gradient. 1.5 ml of dialységdsome sample was added to an equal
volume of 80% (w / v) nycodenz (Sigma-Aldrich Lid)Aqo buffer containing 1 mM

DTT and mixed extensively. This 40% mixture waebally overlaid with 1.5 ml 30% (w
/ v) nycodenz in Ag buffer containing 1 mM DTT. Finally, a third layeontaining 250

ul of glycerol free Ago buffer was carefully overlaid on the top. Thesadgents were then
centrifuged for 4 hours at 46,000 rpm in an SWa6rrat £C. Proteoliposomes float to
the interface between the glycerol freg@and the 30% nycodenz layers, due to their lipid
content, and free protein remains in the 40% layanteoliposomes were recovered from
the top of the gradient by collecting the top 400f sample with a pipette. If necessary,

proteoliposomes were snap frozen in liquid nitroged stored at -8C.

2.9.5 Proteoliposome characterisation

2.9.5.1 Lipid recovery

The percentage lipid recovered in proteoliposomas @alculated by scintillation counting
tritium added to the stock solutions. 5 pl of nem@d proteoliposome sample was added
to 4 ml scintillation fluid and counted in a Beckm@oulter LS 6500 scintillation counter
set to automatically count using the tritium ddtecfilter for 3 minutes per sample. A5
ul sample of the stock solution was also measufduk percentage lipid recovery was
calculated by comparing théH] DPPC counts per minute from recovered materidl a

stock solution.

2.9.5.2 Protein orientation

In order to analyse the percentage of reconstitBt¢dRE proteins externally orientated in
the proteoliposomes, trypsin digests were carrigd @0 digest externally orientated

proteins, 10 pl of recovered liposomes were incedbat 37C for 3 hours in presence of
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2 ul 0.05% trypsin-EDTA (Invitrogen Ltd). To digdbe total protein content, including
those internally orientated, 10 of liposomes were disrupted by addition of 1.91% (v

/ v) Triton X-100 and incubated with 2 pl trypsiAs a control, 10 pl of liposomes were
incubated at 3T for 3 hours in the absence of trypsin. The tptatein content of each
digestion was analysed by SDS-PAGE and Coomassrersj (sections 2.3.8 & 2.3.9).
Densitometry analysis of the resultant gel wasgreréd using Image J software, this data

was then used to estimate the percentage of ektefacing SNARES.

2.9.5.3 Dynamic light scattering size analysis

Dynamic light scattering (DLS) was used to estimthéeaverage size of donor and
acceptor proteoliposomes. 2i0of recovered samples were dilutég in Ao buffer
then added to a DynaPro 801 Dynamic light scatj@nstrument (Wyatt Technology
Corp.), through a 200 nm filter. All measurememtse made at ~3T, and the laser
power was adjusted to keep the intensity betwe&080 counts and 2,000,000 counts.
The results were then processed with the prograBbynamics V2 (Wyatt Technology
Corporation). The hydrodynamic radii of each pagioh were calculated with the

regularisation algorithm provided by this software.

2.9.5.4 Electron microscope size analysis

Samples of recovered proteoliposomes ‘#alilution were applied to a glow discharged
Formvar / Carbon-coated 200 mesh copper grid thied down with filter paper to a thin
layer onto the hydrophilic support film. 200f 1% aqueous methylamine vanadate
(Nanovan; Nanoprobes, Stony Brook, NY, USA) staaswapplied and the mixture dried
down immediately with filter paper to remove excs&sn. The samples were then imaged
with a LEO 912 energy filtering transmission eleatmicroscope at 120 kV. The size of
individual proteoliposomes was measured from imagasy SIS iTEM soft imaging

software (Olympus).
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2.9.6 FRET fusion assay

Typically fusion assays were set up on ice by ng»5mpl of v-SNARE liposome with 45

ul of t-SNARE liposome directly in a well of a clatl 96 well microtitre plate. For assays
requiring the addition of soluble v-SNARE ubof purified protein in buffer Ago was
added to the t-SNARE liposomes on ice for 10 misigigor to the addition of v-SNARE
liposomes. To correct for the resulting differemt&olume 5ul of A,y buffer was added
to all other wells in that run. The microtitre {@avas warmed to 3 and then
fluorescence was monitored in a FLUOstar Optimé&epieader. The fluorescence was
measured for 2 hours with the excitation set to @®0and the emission recorded at 538
nm at 2 minute intervals. After this period, thatp was removed and L0of 2.5% (w /

v) n-dodecylmaltoside was added to each well ireotd achieve a maximal fluorescence
reading. The plate was then replaced in plateereaad fluorescence was recorded as

before for 40 minutes at 2 minute intervals.

2.9.7 Analysis of raw fluorescence data

Raw fluorescence data was analysed with KaleidaG&uftware. Raw fluorescence was
plotted against time. This was then normalisepei@entage maximal detergent signal by
using the highest fluorescence reading after addif n-dodecylmaltoside. Percentage

maximal detergent signal was then plotted agaimst.t
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E. coli strains used in this study

Strain Genotype Source
BL21(DE3) | Fompl hsdss(rg'mg’) gal dcm(DES3) Invitrogen Ltd
Rosettd” | F ompT hsdSs(rs'mg) gal dem(DE3)pRARE2 Merck Chemicals
2(DE3J) Ltd
Topl0 F mcrA4(mrr-hsdRMS-mcrBC»80lacZ1M15 AlacX74 | Invitrogen Ltd
nupG recAl araD139(ara-leu)7697 galE15 galK16
rpsL(StF) endALY
XL-1 Blue | recAl endAl gyrA96 thi-1 hsdR17 supE44 relAJFac | Stratagene
proAB lacfZAM15Tn10 (Teb)] Technologies
Table 2.3 Saccharomyces cerevisiae strains used in this study

S. cerevisiae strains used in this study

Strain Genotype Reference
(Stock #)
AH109 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200,| Clontech
(75) galdA, gal80A, LYS2::GAL1UAS-GALL TATA- | Laboratories Inc
HIS3, (James et al.,
GAL2UAS-GAL2TATA-ADEZ2, 1996)
URAS3::MEL1UAS-MEL1 TATA-lacZ, MEL1
BHY10 MATa, leu2-3,112 ura3-52 his3-A200 trpl-A901 | (Horazdovsky et
(98) lys2-801 suc2-A9 leu2-3,112::pBHYI 1(CPY-Inv | al., 1994)
LEU2)
MaVv103 MATa, leu2-3, 112 trp-901 his3D200 ade2-1 (Vidal et al.,
(81) gal4D gal80D SPAL10::URA3 GAL1:lacZ 1996a)
GAL1::HIS3-LYS2 canlR cyh2R
MaVv203 MATa, leu2-3, 112 trp-901 his3D200 ade2-1 (Vidal et al.,
(82) gal4D gal80D SPAL10::URA3 GAL1::lacZ 1996a)
GAL1::HIS3-LYS2 canlR cyh2R
SGSY?2 MATa, leu2-3,112 ura3-52 his3-A200 trpl-A901 | Constructed by
(100) lys2-801 suc2-A9 leu2-3,112p::BHYI 1(CPY-Inv | Dr. Scott Shanks

LEU2), tlg2::KanMX
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Table 2.4 Table of oligonucleotides used in this study
Oligo | Key Sequence (52 3
3 EcoRlinframeSNC2 GAATTCGATGICGT CATCAGT GCCATA
GC
4 | Hindlll stopstoSNC2 AAGCTTTTATTAATCTTTCCACCACAT
TTGCT

210

BamHI star6XN8

GGATCCTTGEGT TTCGATGAGATCCG

211 | SXNSTLG1 GTCCATACCCTCGICCATATTATCCAA
CAATTGICCCTGITCGTCCAGITCATT
CCCAATCT

212 | TLG1 SXN8 AAGCAAAT GGGCCAGGAGATTGGEGAAT
GAACTGGACGAACAGGGACAATTGITG
GATAATATG

213 | EcoRITLG1 GAATCCTCAAGCAATGAATGCCAAAAC
TAA

217 | TLGZ9AL10ATLG?2 GAGATAGAACTAATTTAGCTGCATCAT
ACCGTAGGACT

218 | Reverse complement of 217 | AGT CCTACGGTATGATGCAGCTAAATT
AGITCTATCTC

326 | NcolinframeSNC2 CCATGGGECATGI CGT CATCAGT GCCAT
ACGATC

327 | BamHI stopstoSNC2 GGATCCTTATTAATCTTTCCACCACAT
TTCCTTTCTG

328 | NcolinframeVPS45 CCATGGCCATGAACCTTTTTGATGI GG
CTGAC

329 | BamHI stopstoyPS45 GGATCCATTATTTTGCAGATCTAATAG
AATCC

354 | VPS4®aclinframeBamHI CTATTAGATCTGCAAAATTAATTAAAA

pACT2 vector sequence GCGATCCGAATTCGAGCTC

355 | Reverse complement of 354 | GAGCTCGAATTCGGATCCTTTTAATTA
ATTTTGCAGATCTAATAG

358 | PaclinframeGFP TTAATTAAAATGGGTAAAGGAGAAGAA
CITTTC

360 | PaclstopstoBsFP TTAATTAATTATTACTAGATCCGGT GG
ATCCCG

369 | VPS4%®aclinframeBamHI TTCTATTAGATCTGCAAAATTAATTAA

pGBKT?7 vector sequence AAGGATCCGTCGACCTGC

370 | Reverse complement of 354 | GCAGGT CGACGGATCCT TTTAATTAAT

TTTGCAGATCTAATAGAA

470

TLG2A285ATLG2

GGACTATTGT GGACAGGECTGATTATA
ATCTGG

471

Reverse complement of 470

CCAGATTATAATCAGCCCTGICCACAA
TAGICC

474

Xhol stopvPS45

CTCGAGI TATTTTGCAGATCTAAT

479

Ncol TLG2SNARE domain

CCATGGGECCTCGATATTGAAGACTAT
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480 | BamHI stopTLG2 SNARE GGATCCTTATTTTGAGITCTCTTCTGG
domain
481 | Ncol TLG2Habc domain CCATGGGTACATACCCGATCGATG
482 | BamHI stopTLG2Habc GGATCCTTACAAATCCTTGT TCAAGAA
domain I
Table 2.5 Table of parental vectors used for cloning in this study
Parent Description Source
Vectors
pACT?2 ColElori, Ap". Yeast Clontech Laboratories Inc
expression plasmid (2 (Li et al., 1994)
LEU2).
pACYCDuet-| P15Aori, lacl, CnT; E. coli Merck Chemicals Ltd
1 expression vector.
pCOGO022 | E. coliexpression vector Xhd andPad were used to remove C
encoding two repeats of the | terminal S tag ORF from pETDuet-1,
IgG binding domains o5. Sequence encoding two synthetic
aureusprotein A. repeats of the IgG binding domainsf
aureusprotein preceded by a thrombin
cleavage site then inserted with the s3
sites. Created by Dr. Lindsay Carpp.
pCR®2.1- | pUCori, f1ori, Ap~, Kn", Invitrogen Ltd
TOPC® | E. colicloning vector.
pET28(a-c) | Fdori, lacl, Kn™; E. coli Merck Chemicals Ltd
expression vector.
pETDuet-1 | ColEdbri, lacl, ApS; E. coli Merck Chemicals Ltd
expression vector.
pETDuet-1 | E. coliexpression vector Xhad andPad were used to remove C
GST encoding glutathion8 terminal S tag ORF from pETDuet-1,
transferase (GST). GST ORF sequence preceded by a
thrombin cleavage site then inserted
with the same sites. Created by Dr.
Fiona Brandie.
pGEX-3T-1 | pBR32ri, lacl, Ap™; E. coli | GE Healthcare Bio-Sciences Ltd
expression vector.
PGEX-4T-1 | pBR3220ri, lacl, ApT; E. coli | GE Healthcare Bio-Sciences Ltd
expression vector.
pGEX-6P-1 | pBR3220ri, lacl, ApT; E. coli | GE Healthcare Bio-Sciences Ltd
expression vector.
pQE- pUC ori, lacO, Ap~. E. coli Qiagen Ltd

TriSystem

expression vector.
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Table 2.6 Plasmids constructed / used in this study
Stock #| Plasmid Description Source
name
pCMDO001 | Fragment encoding PCR SOEing reaction using-G1
chimera containing Sx8| andSXN8cDNA was performed
residues 135 - 179 using external oligos 210 and 213
455 followed by Tlglp containingBamHI andEcadRl sites.
residues 166 - 244. These oligos were used in
Flanked byBanHl and | conjunction with internal oligos 211
EcoRl sites in pCR2.1- | and 212. Resulting PCR product
TOPC. wasTagtreated and sub-cloned int
pCR®2.1-TOPC.
pCMDO002 | E. coliexpression vector BanHI / EcaRI fragment sub-cloned
encoding an N- from pCMDOO01 into pET28a cut
456 terminally Hig-tagged | with the same enzymes.
version of the Sx8 /
Tlglp chimera.
pCMDO003 | E. coliexpression vector BanHI / EcoRI fragment sub-cloned
encoding an N- from pCMDO0O01 into pGEX-4T-1 cuf
457 terminally GST-tagged | with the same enzymes.
version of the Sx8 /
Tlglp chimera.
pCMDO004 | E. coliexpression vector (Struthers et al., 2009)
encoding an N-
458 terminally GST-tagged
version of the Sx8 /
Tlglp chimera.
pCMDO0O07 | E. coliexpression vector (Struthers et al., 2009)
encoding a C-terminally|
467 GST-tagged version of
cytosolic Tlg2p, residues
221 - 309.
pCMDO008 | E. coliexpression vector (Struthers et al., 2009)
480 encoding a C-terminally|
GST-tagged version of
cytosolic Tlg2p, residues
1 - 3009.
pCMDO009 Fragment encoding Sequence encoding GEdrwas
GFPRsestflanked byPad | PCR amplified from template
sites,in pCR2.1-TOP®. | pGO036 (Odorizzi et al., 2003)
481 using oligos 358 and 360 to
incorporatePad sites. Resulting
PCR product wa$agtreated and
sub-cloned into pC®2.1-TOPJ.
pCMDO11 | Yeast expression SDM was performed on pCMDO013
490 plasmid (21, URA3 using oligos 217 and 218.

driving production of
HA-TIg2proanioanzssa
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pCMDO013 | Yeast expression SDM was performed on pHA-TLG2
466 plasmid (21, URA3 using oligos 470 and 471.
driving production of
HA-TIg2pipssa.
pCMDO014 Fragment encoding Sequence encoding Vps45p was
Vps45p flanked bNcd | PCR amplified from template
andXhd sites,in pNB710 using oligos 328 and 474
493 pCR2.1-TOPG. incorporateNca andXhd sites.
Resulting PCR product wadsag
treated and sub-cloned into
pCR®2.1-TOPUG.
pCMDO015 | E. coliexpression vector Ncd / Xha fragment encoding full
494 encoding a C-terminally| length Vps45p from pCMDO014 was
Hiss-tagged version of | sub-cloned into pET28b cut with th
Vps45p. same enzymes.
pCMDO016 Yeast expression Pad fragment encoding GFgst
plasmid (31, TRPY) from pCMDO09 was sub-cloned int
495 driving expression of pCOGO085 cut with the same
Gal4p BD-cMyc- enzymes.
Vps45p-GFRest
pCMDO17 | Yeast expression Pad fragment encoding GFgst
plasmid (21, LEU2) from pCMDO009 was sub-cloned int
496 driving expression of pCOGO084 cut with the same
Galdp AD-HA-Vps45p- | enzymes.
GFPsgst.
pCMDO018 Fragment encoding Sequence encoding Tlg2pg,was
Tlg2p residues 37 - 192| PCR amplified from template pHA-
flanked byNcd and TLG2 using oligos 481 and 482 to
499 BanHlI sites,in incorporateNcd andBanHI sites.
pCR®2.1-TOPO. Resulting PCR product wascr
treated and sub-cloned into
pCR®2.1-TOPC.
pCMDO019 | Yeast expression Ncd / BanHl fragment encoding
plasmid (21, LEU2) Tlg2ps7-192Sub-cloned from
500 driving expression of pCMDO018 into pACT2 cut with the
Galdp AD-HA-TIg2p;. | Same enzymes.
192
pCMD020 | Yeast expression Ncd / BanHl fragment encoding
plasmid (21, TRP) Tlg2ps7-192Sub-cloned from
501 driving expression of pCMDO018 into pGBKT7-p53 cut
Gal4p BD-cMyc- with the same enzymes, to drop od
T192p37-192 pS3 gene.
pCMDO021 Fragment encoding Sequence encoding TIg2p3iswas
Tlg2p residues 221 - 318PCR amplified from template pHA-
flanked byNcd and TLG2 (Seron et al., 1998) using
503 BanHl sites,in oligos 479 and 480 to incorporate
pCR®2.1-TOPOC. Nco andBanH]| sites. Resulting

PCR product wa$agtreated and
sub-cloned into pC#2.1-TOPJ.
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pCMD022 | Yeast expression Ncd / BanHl| fragment encoding
plasmid (21, LEU2) TIg2p;21-318SUb-cloned from
504 driving expression of | pCMDO021 into pACT2 cut with the
Galdp AD-HA- same enzymes.
Tlg2p21-318
pCMDO023 Yeast expression Ncd / BanHl| fragment encoding
plasmid (2, TRPY) Tlg2p;21-318SUb-cloned from
505 driving expression of pCMDO021 into pGBKT7-p53 cut
Galdp BD-cMyc- with the same enzymes, to drop oy
Tlg2p221-318 pS3 gene.
pCOG002* | Fragment encoding Sequence encoding the cytosolic
cytosolic Snc2psgs domain of Snc2p was PCR amplified
flanked byEcdRl and from genomic DNA prepared from p
35 Hindlll sites,in 9Da strain using oligos 3 and 4 to
pCR°2.1-TOPG. incorporateEcaR| andHindlll sites.
Resulting PCR product wadsag
treated and sub-cloned into
pCR®2.1-TOPU.
pCOGO006* | E. coliexpression vector EcaRl / Hindlll fragment sub-cloned
encoding an N-terminal | from pCOG002 into pCAYCDuet-1
39 Hisg tagged version of | cut with the same enzymes.
cytosolic Snczp,
residues 1 - 88.
pCOGO025* | E. coliexpression vector (Carpp et al., 2006)
encoding a C-terminally|
87 PrA -tagged version of
the cytosolic domain of
Tlg2p, residues 1 - 309.
pCOGO045* | E. coliexpression vector Kpnl / Xhd fragment encoding
encoding a C-terminally| cytosolic domain from pCOG043
201 PrA -tagged version of | was sub-cloned into pCOGO022 cut
the cytosolic domain of | with the same enzymes.
Snc2p, residues 1 - 88.
pCOGO066* | Yeast expression SDM was performed on pHA-TLG2
297 plasmid (3, URA3 using oligos 217 and 218.
driving production of
HA-TIg2prga/L10a-
pCOGO067* | E. coliexpression vector (Carpp et al., 2006)
317 encoding Hig
VpS45p_117R.
pCOGO076* | E. coliexpression vector SDM was performed on pCOG025
encoding a C-terminally| using oligos 217 and 218.
357 PrA -tagged version of
cytosolic, (residues 1 -
309) Tlg2ea/L10a.
pCOGO077* | Fragment encoding Sequence encoding Snc2p was PCR
Snc2p flanked by amplified from template pCOG006
BanH| andNcd sites,in | using oligos 326 and 327 to
371 pCR2.1-TOPG. incorporateBantH| andNcd sites.

Resulting PCR product wasag
treated and sub-cloned into
pCR®2.1-TOPJ.
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pCOGO078* | Fragment encoding Sequence encoding Vps45p was
Vps45p flanked by PCR amplified from template
BanHI andNcd sites,in | pNB710 using oligos 328 and 329
372 pCR2.1-TOPG. incorporateBanHI andNcd sites.
Resulting PCR product wadsag
treated and sub-cloned into
pCR®2.1-TOPG.
pCOGO079* | Yeast expression BanHI / Ncd fragment encoding
385 plasmid (21, LEU2) full length Snc2p from pCOGO077
driving expression of | was sub-cloned into pACT2 cut wit
Gal4p AD-HA-Snc2p. | the same enzymes.
pCOGO080* | Yeast expression BanHI / Ncd fragment encoding
plasmid (31, TRPY) full length Snc2p from pCOGO77
386 driving expression of was sub-cloned into pGBKT7-p53
Gal4p BD-cMyc-Snc2p.| cut with the same enzymes, to dro
out p5S3 gene.
pCOGO081* | Yeast expression BanHI / Ncd fragment encoding
387 plasmid (21, LEU2) full length Vps45p from pCOGO078
driving expression of | was sub-cloned into pACT2 cut wit
Gal4p AD-HA-Vps45p. | the same enzymes.
pCOGO082* | Yeast expression BanHI / Ncd fragment encoding
plasmid (31, TRPJ) full length Vps45p from pCOGO078
388 driving expression of was sub-cloned into pGBKT7-p53
Gal4p BD-cMyc- cut with the same enzymes, to dro
Vps45p. out p53 gene.
pCOG084* | pCOGO081 with Rad SDM was performed on pCOGO081
393 site inserted immediatelyusing oligos 354 and 355.
after theVPS45gene.
pCOG085* | pCOG082 with Rad SDM was performed on pCOG082
412 site inserted immediatelyusing oligos 369 and 370.
after theVPS45gene.
pFB09 /2 | E. coliexpression vector Sequence encoding Sx4 cloned int
encoding a C-terminally] pGEX4T-1. Constructed by Dr.
N/A GST-tagged version of | Fiona Brandie.
the cytosolic domain of
Sx4.
pGBKT7- Yeast expression Clontech Laboratories Inc
LamC plasmid (21, TRP)
366 driving production of
Gal4p-BD-Lamin C
(residues 66 - 230).
pGBKT7- Yeast expression Clontech Laboratories Inc
p53 plasmid (21, TRPJ
365 driving production of
Gal4p-BD-p53 (residues
72 - 390).
pHA-TLG2 | Yeast expression (Seron et al., 1998)
50 plasmid (21, URA3

driving production of
HA-TIg2p.

o
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pJM081 E. coliexpression vector (McNew et al., 2000)
239 encoding a C-terminally|
Hiss-tagged version
Snc2p.
pJM132 E. coliexpression vector (Fukuda et al., 2000)
244 encoding an N-
terminally Hig-tagged
version of Vtilp.
pJM106 E. coliexpression vector Sequence encoding TIg2Re7
240 encoding an N- cloned into pET28a. Gift from Dr.
terminally Hig-tagged | James McNew.
version of Tlg2p,
residues 37 - 397.
pJM124 E. coliexpression vector (McNew et al., 2000)
242 encoding an N-
terminally Hig-tagged
version of TIglp.
pJM325 E. coliexpression vector Sequence encoding Tlg2gs cloned
246 encoding an N- into pET28a. Gift from Dr. James
terminally Hig-tagged | McNew.
version of Tlg2p,
residues 1 - 335.
pKIMO01 E. coliexpression vector Sequence encoding Muncl18c
encoding an N- flanked byBanH| andXhd sites
N/A terminally Hig-tagged | was PCR amplified and cloned
version of Tlg2p. directly into pQE-TriSystem cut
with the same enzymes. Performe
by Kim Boney
pMM472 E. coliexpression vector Sequence encoding Sng2pcloned
encoding an N-terminal| into pGEX3T-1. Gift from Dr. Mary
479 GST tagged version of | Munson.
cytosolic Snc2p,
residues 1 - 94.
pNB710 E. coliexpression vector (Carpp et al., 2006)
56 encoding a N-terminally|
Hiss-tagged version
Vps45p.
pTD1-1 Yeast expression Clontech Laboratories Inc
plasmid (21, LEU2) (Li and Fields, 1993)
368 driving production of
Gal4p-AD-SV40 Large
T antigen (residues 87 -
708).
pT-GroE E. coliexpression vector (Yasukawa et al., 1995)
N/A encoding GroEL and

GroES chaperone
proteins.

* All pCOG plasmids were constructed by Dr. Lind§zsarpp.

d



Chris MacDonald, 2009 Chapter lll, 91

Chapter Il

Regulatory mechanisms of
Vps45p and Tig2p
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3.1 Introduction

Regulation of SNARE complex assembly is integratdaatrolling membrane fusion events
within the eukaryotic cell (Jahn and Scheller, 200Bhe syntaxin and SM protein families
are essential for this process, but the mechartigmghich they confer regulation are not
fully understood (Jahn, 2000, Sudhof and Rothm@69p Structural studies on the
syntaxin family member responsible for neuronaloyxasis, Sx1a, have revealed that it
contains an autonomously folded Habc domain (Felezaet al., 1998), that can fold back
and form intramolecular interactions with the SNARRtif, thereby prohibiting its entry
into a SNARE complex (Dulubova et al., 1999). Thas been described as a closed
conformation (Dulubova et al., 1999), and syntdamily members from other systems
have been shown to regulate complex assembly,usaf, by adopting this conformation:
the yeast exocytotic Ssolp (Fiebig et al., 1998hblison et al., 1998); mammalian Sx4 in
adipocytes (Aran et al., 2009, D'Andrea-Merrinalet2007); and UNC-64 i@. elegans
(Johnson et al., 2009, Richmond et al., 2001).

SM proteins have been identified as essential eegrd of vesicle trafficking, but the exact
role of these highly conserved proteins remaingaan¢Sudhof and Rothman, 2009,
Toonen and Verhage, 2003). Failure to construgtifying hypothesis for the role of SM
proteins has largely been due to apparently caimitiaclata from studies on various
transport steps in different experimental systeha®fen and Verhage, 2003). The crystal
structure of the neuronal Sx1a in complex witlcdagnate SM protein Muncl18a revealed
that the SM protein has an arch shape, with a @ecdwity that cradles Sx1a in a closed
conformation (Misura et al., 2000). The closedfoonation of Sx1a is known to be
incompatible with complex assembly (Dulubova et #99). This structural data was
supported by a study that demonstrated bindingk@t$o its SNARE partners precluded
binding to Munc18a, andce versaYang et al., 2000). Binding of Sx1a in a closed
conformation to Muncl8a is perturbed if a doubldatian, that disrupts the closed
conformation (L165A, E166A), is introduced into tiveker region between Habc and
SNARE domains of Sxla (Dulubova et al., 1999). sehindings have been interpreted as
indicating that the SM protein has an inhibitorieron complex assembly by actively
prohibiting the syntaxin from entering into compi@isura et al., 2000, Yang et al.,
2000). However, deletion of Muncl18a in mice resulta complete lack of synaptic
neurotransmitter release (Verhage et al., 2000igtwis not what would be expected upon
removal of a negative regulator, and suggests diysole for the SM protein in

membrane fusion. These data taken together sutiggshe interaction of Munc18a with
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the closed conformation of Sxla is a necessaryasgy step that results in complex

formation and membrane fusion.

Understanding the exact mechanisms that controlbreme fusion events in the yeast
endosomal system has also been made difficult &bynsgly conflicting data. In
agreement with thim vivo Munc18a deletion experiments in mice (Verhagd.e2@00),
deletion of Vps45p in yeastgs4) has a profound affect on their ability to corhect
traffic the vacuolar hydrolase CPY (Cowles et 994, Piper et al., 1994). A model
whereby Vps45p facilitates a switch of Tlg2p frorolased (inactive) to an open
conformation that is able to form SNARE complexay] thus drive fusion, is supported
by the observation that the requirement of Vps4b@RY trafficking can be bypassed by
expressing a mutant version of Tlg2p; the mutargive of TIg2p lacks the N terminal
Habc domain, and is therefore unable to adopt ged@onformation (Bryant and James,
2001). However, the above model has been contegtBdMR studies that suggest Tlg2p
cannot form a closed conformation, and exclusibéhgds Vps45p via a distinct
mechanism (mode-2 binding) involving a small N tevah peptide of TIg2p (Dulubova et
al., 2002). This mode of binding is analogoush® yeast Golgi syntaxin Sed5p
interacting with cognate SM protein Slylp (Brached Weissenhorn, 2002, Yamaguchi et
al., 2002). The authors of this study suggestatldh unidentified inhibitory factor acting
on the N terminal portion of Tlg2p may accounttoe suppression afps4A trafficking
defects by the version of Tlg2p lacking the Habmédm, since this would not be able to
bind to any such inhibitory factor (Dulubova et &002). However, it could be argued
that the recombinant proteins used for NMR analgstsnot physiologically relevant due
to necessary truncations used to obtain suffi@ententrations of soluble protein for
analysis; it is possible that these missing resdue important for stabilising a closed
conformation. More experimental data is requikedistinguish between these two
models. Recently, support for a model of Vps4Spracting with Tig2p by a mode
distinct from mode-2 has been inferred from studiess mammalian homologue of Tlg2p,
Sx16. Although the short N terminal peptide of &xd sufficient for binding mVps45,
full length Sx16 has a greatly enhanced affinitytfee SM protein (Burkhardt et al., 2008).
This study also documented a refined crystal streadf the Sx1a-Muncl8a complex,
which demonstrated that Sx1a could in fact bind 84@a through its N terminal peptide
(mode-2) in addition to its well characterised mddainding (Burkhardt et al., 2008).
This refined crystal structure is in agreement wifbrevious report that used bathvivo
andin vitro techniques to demonstrate that Muncl18a could fairgk1la via mode-2

binding (Rickman et al., 2007). The originally éamnding discovery of the highly
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conserved family of SM proteins binding SNARE pmogeby multiple, structurally
disparate, binding modes is becoming more lucidumh demonstrations of individual SM
proteins binding via multiple modes. Convergemcexperimental data, such as these
examples, may ease the formulation of unifying hlgpses to describe SM protein

function.

3.2 Aims of this Chapter

We propose a model whereby TIg2p forms a closetbcaration incompatible with
complex assembly; this conformation then undergogsitch, facilitated by Vps45p, to
allow complex formation. To directly test the hyipesis that the presence of the Tig2p
Habc domain inhibits formation of SNARE complexieset out to use a simplifiad vitro
assay void of any additional regulatory factorg thay influence the process. Once this
technigue was established to assay complex formdtammed to add recombinant
Vps45p, to see if any direct effect could be detdty addition of the SM protein to the
system. Further to this, | aimed to use a yedsgktid technique to test whether an
intramolecular interaction between the Habc donaait the SNARE domain of Tlg2p
could be detected, in support of the syntaxin fagra closed conformation. Finally, using
mutant versions of Tlg2p in an vivo trafficking assay we set out to elucidate the
functional significance of Vps45p binding modegeS&fically we tested whether
abrogating the hypothetical mode-1 binding of Vgs#ba closed conformation of Tlg2p

has functional consequenaasvivo.

3.3 Results

3.3.1 Complex assembly assay

Tlg2p is unable to bind cognate SNARE partners plgad Vtilp in the absence of
Vps45pin vivo, but a mutant version of TIg2p lacking the N teraliHabc domain
overcomes this inability to form complexes (Bryant James, 2001). This led to our
hypothesis that Tlg2p forms a closed conformatitvene the Habc domain interacts with

the SNARE motif, thus rendering the protein incotiipe with complex formation.
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Furthermore, CPY trafficking is blocked in absen€&'ps45p, but this effect can be
relieved by using a version of Tlg2p lacking thebElalomain (Bryant and James, 2001).
This led us to propose that Vps45p facilitates ackwn the conformation of Tlg2p, thus
allowing it to enter into functional complexes. €Be observations can not exclude the
possibility that, in the absence of Vps45p, an enidied inhibitory factor binds to the N
terminus of TIg2p, restricting its ability to eniato SNARE complexn vivo (Dulubova et
al., 2002). To distinguish between these two nmdeé designed a GST pull down assay
to examine the ability of Tlg2p to form complexeshacognate SNAREs Vtilp, Tiglp and
Snc2pin vitro.

All the proteins for the GST pull down assay weredpiced recombinantly iB. coli. To
determine the effect the Tlg2p Habc domain hasoonptex assembly, two TIig2p-GST
fusion proteins were recombinantly produced. Tirst &€xpressing the entire cytosolic
domain, residues 1 - 309, from plasmid pCMDO0O08;sbeond expressing a version
lacking the Habc domainyancIlg2p), containing residues 221 - 309, from pCMDO007
Figure 3.1 shows samples analysed by SDS-PAGEnNetidoy Coomassie staining from
each step in the purification process of both TIgBmper panel) anghancl1g2p (lower
panel). The truncated version of Tlg2p lackingaoc domain expresses at a much
higher concentration than the full length versihijch is more susceptible to degradation
in vitro (Carpp et al., 2006). For this reason we usedgel culture (12 fold) dt. coli

cells expressing full length protein; more IPTG \aés0 used for a longer induction period
to raise concentration of full length TIg2p. Thesjustments resulted in similar

concentrations of the two TIg2p-GST fusion protensduced.
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Figure3.1  GST fusion proteins of Tlg2p for complex assembly assay

Recombinant cytosolic truncations of Tlg2p weredueed as GST fusions: plasmids pCMDO007 and
pCMDO008 were used to express Tlg2p residues 1 {f8ll9ength; upper panel) and residues 221 - 309
(aHabeTlg2p; lower panel), respectively; each with a @rimal GST tag. Full length Tlg2p-GST protein was
expressed from a 3 L culture; cells were inducetti WiM IPTG overnight at 2Z upon reaching Ofg, of
~0.8 cells. phanc T 1g2p-GST protein was expressed from a 250 ml cejtupon reaching Odgy of ~0.8, cells
were induced with 0.2 M IPTG at %7 for 1 hour. Each expressed GST fusion proteis puaified by
binding to 1 ml settled Glutathione Sepharose 481 GE Healthcare), as described in section 2.3.4.
Purity of proteins were analysed at various stdyeSDS-PAGE on a 12% gel followed by Coomassie
staining: samples of culture before and after IRAd&iction (Lanes 1 & 2; hl each); soluble protein
produced (Lane 4, upper panels& Lane 3, lower panel; fil) compared to protein lost as insoluble (Lane
3, upper panel; fl & Lane 4, lower panel; pl); protein not bound to beads (Lane 51k Finally an equal
volume 1x LSB was added to a sample of the wadhemtls before boiling to analyse protein bound talbe

by SDS-PAGE, 3 volumes were runpll 5 pl, and 10ul (Lanes 6 - 8; ful each). Molecular weight markers
are indicated.



Chris MacDonald, 2009 Chapter lll, 97

Next, we created versions of the Tig2p cognateibggartners: Vtilp, Tlglp and Snc2p.
A chimera, containing the N terminal portion of the8 SNARE motif and the C terminus
of Tlglp (subsequently labelled as Sx8 / Tiglp)swlosen in place of full length Tiglp,
which has been shown to require additional activeto fuse liposomes vitro (Paumet et
al., 2005; discussed in more detail in Chapteréétiens 5.4.1.2 & 5.4.5). We wanted to
eliminate this additional level of regulation irder to directly test the effects of the Habc
domain and Vps45p on complex assembly. Figurel3oivs SDS-PAGE analysis of
purified His-Vtilp (Lanes 1 - 3), untagged Sx8 / Tlglp (Laness¥ and Hig-Snc2p
(Lanes 7 - 9) samples.

Reactions were set up with 0.6 of either TIg2p-GST Ofnancl 1g2p-GST bound to
Glutathione Sepharose 4B beads (shown in Figuje Bé&ads were incubated for 20
minutes or 120 minutes in the presence or absefree 10 fold molar excess of the
cognate SNARE partners shown in Figure 3.2. Tlaelbevere then extensively washed in
reaction buffer, and the proteins bound to the beaste analysed by SDS-PAGE and
immunoblot analysis using anSnc2p antibody, shown in Figure /) lower panel.
Snc2p does not bind directly to Tlg2p, but can emt® an assembled SNARE complex in
the presence of the partner t-SNAREs Vtilp and gglarpp et al., 2006). Snc2p,
detected on the beads containing the Tlg2p fusiotems after washing, can therefore be
used as an indicator of assembled complexes. é&RB)3(A) upper panel shows that
approximately equal amounts of full length (Tlg2pd truncatedafiancI 192p) versions of
Tlg2p have been used in the assay. The lower stuoels that the version lacking the
Habc domainA4ancl1g2p) forms complexes more efficiently than thé length version at
the 20 minute time point (compare Lanes 4 & 5)e binding reactions carried out for 120
minutes show little difference in assembled comedeft.anes 6 & 7). This shows that the
full length version of Tlg2p is equally capablefofming SNARE complexes; it is just
doing so more slowly than the version lacking treéldomain. These experiments were
carried out four times, the average ability of fethgth TIg2p to form complexes compared
with the more efficientyancI lg2p version (taken as 100%), is presented astadram in
Figure 3.3(B). Since these experiments were performed witHipdrproteins produced in
E. coli, the inhibitory effect of the Habc domain is notdo the binding of another
unidentified factor, as suggested by Dulubova asi@agues (Dulubova et al., 2002).
These results support our model whereby the Habwadoof Tlg2p acts to inhibit

complex assembly.
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Figure 3.2 Recombinant input SNARE proteins for complex assembly assay

Plasmids pJM132 and pJM081 were respectively us@doduce versions of full length Vtilp and Snc2p,
each with an N terminal Hjsag. Proteins were purified as described in ea@i3.4.1. Plasmid pCMD004
was used to produce the Sx8 / Tlglp chimera withl aerminal GST tag, purified as described in secti
2.3.4.2. 0.04 unitsydl PreScission protease was used to cleave thaquuBix8 / Tlglp protein from beads.
All proteins were initially analysed by SDS-PAGHI|doved by Coomassie staining. Proteins were dilute
equal molar concentrations with reaction bufferQ@d1 KCI, 25 mM imidazole, 4% (w / v) Triton X-108,
mM B-mercaptoethanol). A serial dilution of each pioteas then analysed on a second 15% gek- His
Vtilp (Lanes 1 - 3), Sx8/ Tlglp (Lanes 4 - 6) &tid-Snc2p (Lanes 7 - 9), to ensure equal concentiation

Molecular weight markers are indicated.
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Figure3.3 Invitro SNARE complex assembly of Tlg2p and snancT192p

(A) 5 pl of beads containing TIg2p-GST fusions (showniguFe 3.1) were incubated in the presence of a
ten fold molar excess of the cognate SNARE protéiiig-Vtilp, Hise-Snc2p and untagged Sx8 / Tiglp
(shown in Figure 3.2). Reactions were incubatetf@ton a rotator for 20 and 120 minutes before untoun
protein was washed from beads 3x with reactiondsufBeads were then boiled in fl01x LSB buffer; 10

pl of each sample was run out on two 15% SDS-PAGQE dgehe first was Coomassie stained to show equal
loading of Tlg2p fusions (upper panel), the secgeldvas transferred to a nitrocellulose membramkthen
subjected to immunoblot analysis with@snc2p antibody (lower panel). Positions of molacweight
markers are indicatedB) The levels of Snc2p bound to full length TIig2p-G&mpared tQua, T 192p-GST
from four experiments were analysed by densitomesigg Image J software. The average Snc2p baund t
AHabel 192p-GST was taken as 100% (grey) and comparddavitrage Snc2p bound to full length Tlg2p-
GST (red). The standard deviation is indicate@hrror bar.
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To test whether the addition of the SM protein \gisfas any effect on the ability of
Tlg2p to form complexes in our system, Hig§s45p expressed from pNB710 (Carpp et
al., 2006) was purified as described in sectiord213 Figure 3.4A) shows purified
Vps45p used in the complex assembly assay. Tlagasgere set up as described
previously, this time also in the presence or abserf Vps45p. Figure 3) shows
protein samples from beads analysed by SDS-PAGEgehbeing Coomassie stained to
confirm that equal amounts of full length ahldabc Tlg2p-GST fusion proteins were used
(upper panel); the other being transferred to racélulose membrane for immunoblot
analysis with am-Snc2p antibody, to determine the extent of comfbemation in each
reaction (lower panel). Binding reactions were fmm20 minutes and proteins bound to
beads were analysed by SDS-PAGE and immunobloysisalAddition of Vps45p has no
effect on the rate at which complexes containingdatechyancIlg2p are assembled
(compare Lanes 1 & 3). However, Vps45p relieveskinetic delay of complex assembly
observed with full length Tlg2p (Lanes 2 & 4), résg in levels of assembly comparable
with the version of TIg2p lacking the Habc domasorfpare Lanes 3 & 4). These data
suggest that the Habc domain of TIg2p confers atineglevel of regulation upon SNARE
complex assembl vitro, which is alleviated by Vps45p. The simplest exgition for a
conformation that precludes complex assembly id@sed” conformation, previously
observed in TIg2p homologues Sxl1a and Ssolp (Dulubbal., 1999, Nicholson et al.,
1998). More recently Sx16, a mammalian homologuHg®p, has been proposed to also
form a closed conformation (Burkhardt et al., 2008he data presented here indicate that
like these syntaxin homologues, Tlg2p also fornakaed conformation, which regulates
its entry into SNARE complexes. Further to thisgd an agreement withn vivo CPY
trafficking studies (Bryant and James, 2001), atpasregulatory role for the SM protein
Vps45p in SNARE complex assembly has been demaedird hese experiments were
published, (Struthers et al., 2009; Appendix I11).
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Figure3.4  In vitro assay to assess complex assembly in presence of Vps45p

(A) Plasmid pNB710 was co-expressed with pT-GroE pld$émE coli strain BL21 (DE3) to produce
recombinant HigVVps45p in presence of GroEL and GroES chaperooipis, as described in section
2.4.3.1. Three separate dilutions of protein vearalysed on a 12% SDS-PAGE gel (Lanes 1 - 3) ieraxl
estimate protein concentratio(B) Thein vitro complex assembly assay was set up as describeidymsly.
5 ul beads containing either full length &Habc versions of Tlg2p were incubated in the preseri a 10
fold excess of the cognate SNARE partnergNislp, Hiss-Snc2p and untagged Sx8 / Tlglp. These
reaction mixtures were incubated for 20 minute#’@tin the presence of absence of an 8 fold (to tymate
SNARE inputs) excess recombinant §4ps45p. Protein was analysed, as before, by SRGH>(upper

panel) and immunoblot analysis usingeaf$nc2p antibody (lower panel).
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3.3.2 Yeast-2-hybrid assay

| set up a yeast-2-hybrid assay, a well charaetersystem to evaluate protein interactions
(McAlister-Henn et al., 1999), in attempt to dentoaite an intramolecular interaction
between the Habc domain and the SNARE domain &pligrhe yeast-2-hybrid technique
was developed 5. cerevisia@and is used to study protein-protein interactigfnslds and
Song, 1989). The assay takes advantage of theengdast protein Gal4p, which is a
transcriptional activator encoded by a member effimily of GAL genes, all of which
encode enzymes required for galactose utilizatiohriston, 1987). Gal4p is a large
protein of 881 residues which activates transaiptt specific upstream promoter DNA
sequences of ea€hAL gene (Laughon and Gesteland, 1984). A relatisktyrt N

terminal domain of the protein is required to attyuaind the upstream activating DNA
sequence (Keegan et al., 1986), and another daahéie distal C terminus is responsible
for the transcriptional activation of ti&AL genes (Ma and Ptashne, 1987). In order to use
the assay to test if two proteins interact, theymoduced as fusions with the individual
Gal4p domains responsible for DNA binding and tcaipsional activation, and then
subsequently expressed in a host yeast strainrf@ial., 1991). The host strain contains
a selective auxotrophic marker exclusively underdbntrol of &GAL promoter; if the
proteins interact, the reconstituted Gal4p domaidace transcription of the selective
reporter gene. Yeast transformants capable ofthrow selective media are then used to
identify protein partners that interact. The piphes of a yeast-2-hybrid assay are outlined
in Figure 3.5.
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Proteins of interest produced as hybrids with Galdp AD and BD

...then co-expressed in yeast

Proteins Xand Y Proteins X and Z do not
interact interact

Figure3.5  Principles of the yeast-2-hybrid assay
A yeast-2-hybrid assay that can detect possibégantions of protein X with either protein Y or pgm Z.

Protein X is expressed as a fusion with the DNAJlrig domain of Gal4p (blue), and proteins Y and& a
expressed as fusions with the Gal4p activation dioifnad) in host yeast strain (upper panel). Rma¥eBD
fusion is co-expressed with either Y-AD (left pgnai Z-AD (right panel) fusion proteins; in eactsea
protein X is localised to the upstream activatiaguence (UAS) of &AL promoter by the DNA binding
domain. If proteins interact, such as X and Yt fi@anel), the Galdp AD is in proximity of the proter
sequence, which induces transcription of a dowastreeporter gene (green arrow). This reporter gene
remains silent if proteins do not interact, as smavith X and Z (right panel). Yeast expressingfiigon

proteins are then grown in a selective environnmeaiscertain whether the reporter gene has besmatact.
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The yeast-2-hybrid parent vectors pACT2 and pGBKJeaigned by Clontech
Laboratories Inc, were used to produce a rangemsteucts for the assay. The former
vector encodes residues 768 - 881 of the activatimgain (AD) of the Gal4p protein, and
the latter encodes residues 1 - 147 of the Gal4p DiNding domain (BD). The coding
sequences of either the Habc domain or the SNAREadoof Tlg2p were incorporated
into the multiple cloning sites following the Galdpmains in each vector. This allowed
hybrid fusion proteins to be produced; fusionsafteTlg2p domain with both Gal4p
domains were created. The assay is based on #iseéSyecerevisia@xpressing two
fusions proteins at the same time, the first issfd® AD fusion, the second a Gal4p BD
fusion. The plasmids encoding these fusion preteiare co-expressed in yeast strain
AH109. Table 3.1 outlines the 8 co-transformatieactions carried out. Expression of
the fusion proteins was confirmed by immunoblotlgsia of all transformant cell lysates.
Plasmids encoding an AD fusion protein also congainfluenza viral protein HA epitope
sequence (YPYDVPDYA); Figure 3.6 shows all transfants expressing an AD fusion
protein through expression of the HA epitope. BBidn plasmids contain a cMyc epitope
sequence (EEQKLISEEDL), for easy identificatiorfudion protein expression. Figure
3.7 shows all transformants expressing a BD fuprotein.
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Transformant 1% Transformation 2" Transformation
# Plasmid Expressing Plasmid Expressing
1 pTD1-1 AD-HA-Large TAg pGBK7-Lam BD-myc-Lam C
2 pTD1-1 AD-HA-Large TAg pGBKT7-53 BD-myc-p53
3 pTD1-1 AD-HA-Large TAg pCMD020 BD-myc-Habc
4 pTD1-1 AD-HA-Large TAg pCMD023 BD-myc-SNARE
S) pCMDO019 AD-HA-Habc pGBKT7-53 BD-myc-p53
6 pCMDO019 AD-HA-Habc pCMD023 BD-myc-SNARE
7 pCMD022 AD-HA-SNARE pGBKT7-53 BD-myc-p53
8 pCMD022 AD-HA-SNARE pCMD020 BD-myc-Habc
Table 3.1 Table of transformants for yeast-2-hybrid assay

TheS. cerevisiadost strain AH109 was co-transformed with varioambinations of Gal4p activating

domain (AD) and DNA binding domain (BD) containiptasmids for the yeast-2-hybrid assay. The genetic

sequence for both the Habc (residues 37 - 192jJlen8NARE (residues 221 - 318) domains of Tlg2pewer
incorporated into both pACT2 and pGBKT?7 to giveifus of each domain with either an activating or
binding domain. The SNARE domain AD and BD fusiarese co-transformed with Habc AD and BD

fusions (transformants 16 & 18). Transformant @rignternal positive control containing plasmids@&ding

two proteins known to interact as fusions with filmectional Gal4p domains. The other combinatiors ar

controls to ensure random components of the assapdgive positive reporter gene activation.
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Figure3.6  Expression of yeast-2-hybrid Gal4p AD fusion proteins

S. cerevisiastrain AH109 was co-transformed with plasmids elivog the Gal4p activating domain (AD;

red) with our proteins of interest or control pinge(see Table 3.1), preceded by an HA tag. Equiadber

of cells from each transformant, equivalent to ODgqq, Were resuspended in 1Q02x Laemmli sample
buffer containing 8 M urea, then heated di@Gfr 10 minutes. 10l of each sample was separated by SDS-
PAGE on a 12% gel, transferred to a nitrocellulosembrane and then subjected to immunoblot andlysis
detect the fusion proteins using @HA antibody. (A) Upper panel shows transformants containing pTD1-1
(Clontech Laboratories Inc), used to express AD{&WMdge T antigen (residues 87 - 708) AD fusiortgiro

of predicted molecular weight 83.3 kDa (Lanes . -(8) Upper panel shows transformants containing
plasmids pCMD022 and pCMDO019, respectively expressiD-SNARE, of predicted molecular weight

24.7 kDa; and AD-Habc, of predicted molecular weigh31.2 kDa. Membranes were stripped and re-
probed with arm-Pgklp antibody to detect levels of the 44.7 kDasylic enzyme, 3-phosphoglycerate
kinase (Watson et al., 1982), as a loading congtawn in lower panels. The relative transformémsh

Table 3.1 are shown in the gray coloured boxes@leach loading control. Molecular weight markees a

indicated.
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Figure3.7  Expression of yeast-2-hybrid Gal4p BD fusion proteins
S. cerevisiastrain AH109 was co-transformed with plasmids elivog the Gal4p binding domain (BD; blue)

fusions with our proteins of interest or contrabf@ins (see Table 3.1), preceded by a cMyc tagiaEq

number of cells from each transformant, equivaleritOx OQy, were resuspended in 1Q02x Laemmli
sample buffer containing 8 M urea, and then heat&#'C for 10 minutes. 1Ql of each sample was
separated by SDS-PAGE on a 12% gel, transferrachttyocellulose membrane and then subjected to
immunoblot analysis to detect the fusion proteisieg ana-cMyc antibody. Upper panel shows
transformants containing plasmids pGBKT7-Lam C, G&B-53, pCMD023 and pCMD020, respectively
used to express BD fusions of: human lamin C (tesdb6 - 230), predicted molecular weight 35.7 kDa
(Lane 1); p53 (residues 72 - 390), predicted mdégoneight 52.8 kDa (Lanes 2, 5 & 7); Tlg2p SNARE
domain (residues 221 - 318), predicted moleculaghte28.2 kDa (Lanes 4 & 6); and Tlg2p Habc domain
(residues 37 - 192), predicted molecular weigh? ¥Da (Lanes 3 & 8). Membranes were stripped &Ad r
probed with arm-Pgklp antibody to detect levels of the 44.7 kDasylic enzyme, 3-phosphoglycerate
kinase (Watson et al., 1982), as a loading congtawn in lower panel. The relative transformdram
Table 3.1 are shown in the gray coloured box altlegdoading control. Molecular weight markers are

indicated.
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One important genotypic feature of strain AH109jclihis a derivative of PJ69-2A (James
et al., 1996), is that yeast cells cannot syntledsis amino acids leucine (leu) and
tryptophan (trp); due to mutations in thEU2 (leu2-3, 112 andTRP1(trp1-901) genes,
respectively. Successful transformants were ifledtby complementation of these
auxotrophic markers. Transformants containingrplds derived from pACT2 and
pGBKT7 have the ability to grow on leucine and toghan synthetic drop out plates (as
they carry the.EU2 andTRP1auxotrophic markers, respectively). Transformants
harbouring plasmids for both AD and BD fusion pnegsecan grow on media lacking both
these amino acids (SD -leu, -trp). Figure G\Bshows each transformant streaked out on
-leu, -trp plates. Figure 3(8) shows the same transformants streaked out orsdide
lacking histidine (SD -leu, -trp, -his). Interamti of the fusion proteins brings the two
Gal4p domains into close proximity and triggersvation of theGAL1regulated histidine
reporter geneH1S3). Yeast capable of growing on histidine deficiplates(B) display
intact Gal4p transcriptional activity, due to thB Bision protein localising to theAL1
upstream activating sequence and interacting WehAD fusion protein, which
subsequently triggers transcription of the genke positive control interaction between
p53 and the SV40 large T antigen results in sufglegsast growth on plates lacking
histidine (transformant 2). The combination of BDARE and AD-Habc did give
activation of the histidine reporter gene (transfant 16), but unfortunately the BD-
SNARE fusion also resulted in a positive reportgnal when co-expressed with the SV40
large T antigen (transformant 14). Taken togewhdr the fact that absolutely no growth
is detected with the opposite combination of AD-SANRAand BD-Habc on histidine
lacking plates (transformant 18), we assume theaa#isay is not sensitive enough to detect
an interaction between the domains, or that additicesidues are necessary to stabilise an
intramolecular Tlg2p interaction. It is worth nagithat the effective concentrations of the
two domainsn vivo, where they exist on the same polypeptide, arsiderably higher

than we could create in the yeast-2-hybrid system.
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Figure 3.8

Yeast-2-hybrid assay

Chapter I1l, 109

A single colony of each transformant (Table 3.1 wacubated in 10 ml liquid media lacking aminodsci

leucine and tryptophan (SD -leu, -trp) overnighB@&C. Cells were then diluted to 0.2 @gin fresh SD

-leu, -trp media and grown to mid log phase &C30An equivalent volume of 1 ml cells at 0.8 fwere

harvested by centrifugation at 1,09 a table top centrifuge. Cells were then resaded in 1 ml dbD;

10 ul of each culture was then streaked out on sekegtiates lacking leucine and tryptophan (upper pane

and onto plates lacking leucine, tryptophan antidiige (lower panel). All plates were then incudzhat

30°C and yeast growth was recorded after 5 days. sfeamants relative to Table 3.1 are labelled onegla

in white. Plates are representative of three iullial co-transformation reactions.
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3.3.3 Carboxypeptidase Y trafficking assay

The trafficking of newly synthesised CPY througk #R and Golgi to the vacuole is a
well characterised biosynthetic pathway (Steverad.e1982). CPY is synthesised with a
signal peptide that directs its translocation ®EHR before cleavage, leaving a core
glycosylated 67 kDa precursor protein (p1LCPY) renmg (Hasilik and Tanner, 1978).
p1CPY is modified by oligosaccharide trimming awldifion as it traverses the Golgi,
resulting in a 69 kDa p2CPY precursor of the acimeyme (Stevens et al., 1982, Trimble
et al., 1983). p2CPY is then transported to theugke where it is cleaved by resident
proteases to give the mature active 61 kDa enzym®Y (Hasilik and Tanner, 1978).
Perturbation of trafficking through the endosomaitem results in the missorting of CPY
and the subsequent secretion of p2CPY into thaesdtular media (Rothman and Stevens,
1986). The CPY pathway, and the missorting of @P¥psmutants, is outlined in Figure
3.9(A).

Deletion of either Vps45p or Tlg2p in yeast cedisults in an obvious CPY secretion
phenotype (Abeliovich et al., 1998, Cowles et H094, Piper et al., 1994). However, it
has been previously shown that abrogation of mobiedng between the hydrophobic
pocket of Vps45p and the N terminal peptide of Plgipes not perturb the trafficking of
CPY (Carpp et al., 2006), so we hypothesised thather binding mode between Tlg2p
and Vps45p may be required for CPY sorting. Asdbed earlier in this Chapter, a
closed conformation would explain why full lengtlgZp can form SNARE complexes
less readily than a version lacking the Habc dormaiitro, until Vps45p is added to
relieve the kinetic delay. The yeast-2-hybrid sl of the Habc and SNARE domains
alone did not reveal a closed conformation, so euglst ann vivo approach to test this
hypothesis.
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Figure3.9 The CPY pathway & principles of the CPY-invertase secretion assay

(A) The CPY pathway is shown by the black arrows. ihhetive enzyme precursor of CPY is synthesised
in the nucleus. The N terminal portion of CPY ttisasufficient for the correct trafficking of thecuolar
hydrolyase through the pathway, is shown in dade bICPY is translocated into the endoplasmic uktin
(ER), where is modified to a 67 kDa p1CPY versisimofvn in light blue). p1CPY is then traffickedahgh
the Golgi, where further post translational modifions generate the 69 kDa p2CPY (shown in re@CRY
is then transported through the endosomal systehetgacuole, where it is cleaved to its final €&lak
mature form, mCPY (shown in green). If traffickimgthe endosomal system is perturbed by mutatian o
key component in the pathwaypmutants), cells secrete the p2CPY version (shoptihé grey arrow).

(B) The CPY-invertase secretion assay utilises afusimtaining the N terminal portion of CPY respbiesi
for correct sorting of CPY (shown in dark blue) @hd active element of the enzyme invertase (shiawn
pink); which is expressed in & cerevisia¢hat cannot synthesise native invertase. Thetisibsucrose is
used to identify the enzymatic activity of invegasTotal invertase activity is compared with aityiv
exclusively in the extracellular fluid. Enzyma#ictivity of invertase in extracellular fluid is nesentative of

a trafficking defect that has caused the CPY-iras&tfusion protein to be missorted.
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Sxla is the best characterised example of a SNABtip in a closed conformation
(Dulubova et al., 1999). The isoleucine 233 residiithe SNARE domain of Sxla is
known to contact with the central cavity of Munci8&sura et al., 2000). Mutation of the
analogous isoleucine residue to alanine (1236A9xdfa inD. melanogastewas shown to
abolish affinity to its cognate SM protein, ROP (\&twual., 1999). This mutation is thought
to disrupt the closed conformation, thereby disaithg interaction with SM protein via
mode-1 binding (Misura et al., 2000). ITC affindglculations of mammalian Sxla
containing the isoleucine 233 to alanine (1233Axamt dramatically reduce affinity to
Muncl8a (Burkhardt et al., 2008). The analogousatran in TIg2p, I1285A, was created

in order to investigate further the hypothesis tig2p can form a closed conformation
akin to that of Sx1a (Dulubova et al., 1989Vivo. For this purpose Tlg24sa, along

with a mutant version unable to bind Vps45p via ex@dinding (TIg2poai10a) and a
version carrying all three mutations (TIg3RL10a/12854) Were created in a yeast expression
vector, each with an N terminal HA tag. To tesh#se mutant versions of Tlg2p
expressed in place of the wild-type prot®irvivo resulted in any observable phenotype, a

CPY-invertase assay was used (Darsow et al., 2000).

This assay uses a fusion of CPY and invertasa)gadalvantage of the cell’s ability to
correctly traffic the vacuolar hydrolase CPY andahgsnvertase enzymatic activity to
quantify any trafficking defects (Darsow et al.0R). If the CPY pathway is perturbed by
genetic mutation of a gene required for traffickifigos mutants; discussed in section
1.7.1), CPY is secreted from the cell as the pEmyp2CPY (Bowers and Stevens, 2005).
In cells lacking TIg2p,t{g24), about 20% of the total CPY synthesised is sedras the
p2CPY precursor (Abeliovich et al., 1998). Theibasd the assay, described by Darsow
and colleagues (Darsow et al., 2000), is to repéacgenous invertase with a fusion
protein containing the active element of invertasd the N terminal portion of CPY
containing the information that targets the proteithe vacuole (Johnson et al., 1987).
The enzymatic activity of invertase is measured #gtal fraction and compared to that of
the invertase secreted through its association th&hCPY signal peptide. The basis of the
assay is outlined in Figure 3(B). The enzymatic hydrolysis of sucrose by invertase
results in the production of glucose, which is tbardised by glucose oxidase. A by-
product of this reaction isJ@,, which can be used by peroxidase to oxidiskanisidine
resulting in a precipitate; absorbance of solutontaining precipitate ats), can be

indirectly used to quantitatively assess extenhedértase activity (Darsow et al., 2000).
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Figure 3.10(A) shows SDS-PAGE analysis of yeast cell lysates ftg8x] strain SGSY?2
expressing the relevant plasmids for wild-type pl@ad the mutants described above. An
equal number of cells from each transformant weea used in the CPY-invertase assay
as described in methods section 2.6; this expetimasa performed in collaboration with
Dr. Scott Shanks. The average invertase activigaoh transformant from four separate
experiments is presented in Figure 3(BPas a histogram. From this we observe a basal
level of ~5% CPY-invertase secretion from wild-tygadls (Lane 1), which is increased to
~25% when secretion is measured in a strain lackiggp (Lane 2). This is in accordance
with previously reported levels of CPY secretionlg24 cells being ~ 20% (Abeliovich et
al., 1998). Reintroduction of Tlg2p expressed frgasmid pHA-TIg2p (Seron et al.,
1998) intlg24 cells rescues the CPY-invertase secretion pheaptyph secretion of the
CPY-invertase fusion reduced to ~10% (Lane 3). fBEseued phenotype of ~10% CPY-
invertase secretion by expression of wild-type plg2thetlg24 strain is also observed by
introduction of mutant versions of Tig2p. Introtioa of mutant versions of TIg2p
harbouring either the I1285A mutation (abrogated eathinding) or the FOA/L10A
mutation (abrogated mode-2 binding) into the assaylts in the same levels of secretion
as observed with wild-type (compare Lanes 3 with3), this suggests that either binding
mode is sufficient for Tlg2p function. It is unpuising that the FOA/L10A mutant of
Tlg2p, that abrogates binding via mode-2, doedbiak CPY-invertase trafficking, as
previous experiments have demonstrated CPY collilthestcorrectly trafficked in cells
expressing a version of Vps45p incapable of intergavith TIg2p via mode-2 binding
(Carpp et al., 2006). Interestingly, when thelérimutant version of TIg2p
(FOA/L10A/1285A), which cannot bind to Vps45p visode-1 or mode-2, is expressed in
tlg24 cells, CPY is secreted at levels comparable vhigtlg24 strain alone (Lane 5). This
suggests that Tlg2p can facilitate traffickinghe tzacuole by binding to Vps45p by either
mode-1 or mode-2, but cannot function if both bigdmodes are perturbed. These

experiments were published, (Furgason et al., 2809endix IlI).
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Figure3.10 Carboxypeptidase Y- invertase trafficking assay
Wild-type (BHY10) andlg24 (SGSY2)S. cerevisiastrains were used to express a fusion proteiragung

the first 50 amino acids of CPY and residues 32 &flmature invertase. Both these strains laclogadous
invertase.(A) Thetlg24 strain was transformed with the following plasmipgslA-TLG2 to express wild-

type HA-tagged Tlg2p; pCMDO013, pCOG066 and pCMD@ tespectively express mutant HA-tagged
versions Tlg2pgsa, TIg2pea10a @aNd TIg2pssaroariion Protein expression was checked by SDS-PAGE

analysis of yeast cell lysates followed by immumblinalysis using an-Tlg2p antibody (upper panel). As
a loading control, membranes were stripped andabegu with aro-Pgklp antibody (lower panel)B)
Equal numbers of cells were collected from eachstiamant / strain, topped up to 4@0with sodium

acetate buffer. Each sample was split into twgualts, one of which was treated withul5Triton X-100 to
lyse the cells. 5QI 0.5 M sucrose solution was then added to eaclplsaamd incubated at 30 for 30
minutes. 30Ql 0.2 M K,PQ, pH 10.0 was added to each sample before boiling fainutes in a water
bath. Tubes were then chilled on ice before agiditif glucostat reagent (3.5 mMMHKPQO,, 80 units / ml
glucose oxidase, 1Q@y / ml Horse radish Peroxidase, 4 mM NEM, 6 mg brdianisidine), and a further
incubation at 3%C for 30 minutes. Reactions were then stoppectditian of 2 ml 6N HCI. The
absorbance at#ywas then measured and lysed samples used toeaptetal cellular invertase activity,
and unlysed samples to show secreted invertasatacti his experiment was performed by Dr. Scott

Shanks.
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3.4 Chapter summary

Using recombinantly produced SNARE proteins from yeast endosomal system we have
shown that a version of TIg2p lacking the Habc donfiegrms SNARE complexes more
readily than full length Tlg2p. Furthermore, wevba@emonstrated that the kinetic delay
on complex assembly experienced by full length plig2vitro can be relieved by addition
of recombinant Vps45p. This is in agreement wittvpusin vivo data suggesting
Vps45p facilitates a conformational change in Tlg2paccommodate SNARE complex
assembly (Bryant and James, 2001). Also, as #agseriments were performéuvitro

with purified proteins, we have excluded the pasgitihat the inhibitory effect of full
length TIg2p is not via an unidentified factor ieagt (Dulubova et al., 2002). To test
whether Tlg2p could form a closed conformation tvahibits complex formation, akin to
that of Sxl1a (Dulubova et al., 1999), we used t¥ffer@nt approaches. The first was a
yeast-2-hybrid assay, used in attempt to detedgZplintramolecular interaction. This
was done by expressing the Habc and SNARE domepaately as Gal4p fusion
proteins, and using their ability to reconstitute transcriptional machinery of a reporter
gene to signify an interaction. This assay wasnctusive as although a positive
interaction was detected between the Habc and SNaddR&ains of Tlg2p, there was also
reporter gene activation in a control transformdnts possible that the yeast-2-hybrid
technique is not sensitive enough to detect sucghteamolecular interaction, or that the
constructs we used did not have essential resioeynd the two domains that are
necessary to stabilise an interaction. The seappdoach we used to investigate a closed
conformation of Tlg2p was an vivo assay to determine the ability of wild-type and
mutant versions of Tlg2p to traffic a CPY-invertdigsion protein. To this assay we
introduced mutant versions of Tlg2p abrogated imead, mode-2 and both binding
modes. The basis of this assay is that sortingotietause the reporter fusion protein to be
secreted. Extracellular invertase activity was parad to total activity, revealing the
extent of CPY-invertase secretion in the varioaagformants. In #8924 strain, secretion
of the reporter protein was elevated to ~25%. Pphesnotype could be rescued by addition
of an HA-tagged version of wild-type Tlg2p, whidduced secretion to ~10%; these
levels are similar to a wild-type strain used asm@trol. Introduction of TIg2paL10a @
mutant known to abrogate mode-2 binding, resulteabi effect on this reduced CPY-
invertase secretion of ~10%. The same levels agai observed when Tlg2ga, a
mutant analogous to a Sxla mutant incapable ofrgnduncl8a via mode-1 binding,

was expressed in thig24 background. This suggests that abrogation oéeitiode-1 or
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mode-2 binding of Vps45p does not result in a ickiihg defect. Interestingly, when the
triple mutant TIg2poa/10am285a Was introduced into thidg24 strain, the CPY-invertase
secretion was elevated to ~25%, resembling leviedearetion observed in thig24 strain
alone. This suggests that Vps45p can bind Tlg2pdlosed conformation, in a manner
analogous to Sx1a, and that either this mode dafibbgnor mode-2 binding is sufficient to
facilitate proper trafficking through the cell. #ever, abrogation by mutation of both

binding modes results in complete loss of Tlg2pctiom.
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Chapter IV

Further Characterisation of the

Vps45p-Snc2p Interaction
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4.1 Introduction

Initial studies of SM proteins indicated that thesigulatory role was carried out through
interaction with the cognate syntaxin (Peng, 200B)e yeast syntaxin Sed5p, which
regulates ER-Golgi (Hardwick and Pelham, 1992)iatra-Golgi (Holthuis et al., 1998)
trafficking, binds its cognate SM protein Slylpdhgh the first identified example of
mode-2 binding, through a short N terminal peptti®ed5p (Yamaguchi et al., 2002).
X-ray crystallography studies on Slylp in compla#whe N terminal peptide of Sed5p
revealed that Slylp has an arch shaped structmikasio that of Munc18a, but the central
cavity plays no role in binding the Sed5p peptBrether and Weissenhorn, 2002). This
Is in stark contrast to mode-1 binding where the @btein Muncl18a cradles the closed
conformation of Sx1a in this cavity (Misura et &000). Instead, for mode-2 binding, as
defined by the Slylp / Sed5p crystal structuranalshydrophobic pocket on the exterior
of domain | of Slylp forms the sole point of intettan with the Sed5p N terminal peptide
(Bracher and Weissenhorn, 2002).

Further studies on Slylp revealed its capacityirid bhon-syntaxin SNARE proteins: GST
pulldown experiments were used to demonstrateSlydip could interact with the R-
SNARESs Betlp and Sftlp, as well as the non-synt@BNAREs Boslp and Goslp
(Peng and Gallwitz, 2004). The finding that SMtpmoes have the capacity to bind non-
syntaxin SNARE proteins adds a new dimension taitiresolved issue of explaining SM
protein function in membrane fusion. Like Slylipe syntaxin responsible for trafficking
through the yeast TGN / endosomal system, Tlg&p, lainds its cognate SM protein
Vps45p via a mode-2 interaction (Carpp et al., 2@8ubova et al., 2002). TIg2p forms
a functional SNARE complex with Vtilp, Tlglp anct-SNARE Snc2p (Bryant and
James, 2001, Paumet et al., 2001). Investigaimdaghe interaction of Vps45p with these
non-syntaxin SNARE proteins revealed that recomiilggroduced Histagged Vps45p
binds specifically to the cytosolic domain of SncBpt no interaction was detected
between Vps45p and either Vtilp or Tiglp (Carpplet2006). Furthermore, the short N
terminal domain of Snc2p preceding the SNARE donsamot required for its binding to
Vps45p since a version lacking the N terminal pp{iSnc2p:-19) can be pulled down by
Vps45p in a manner comparable to full length Sne¢i2ps Vps45p binds directly to the
SNARE motif of Snc2p (Carpp et al., 2006). Thdaselies also demonstrated that Snc2p
bound to Vps45p can be displaced by TIg2p, but Bra2not displace Tlg2p bound to
Vps45p, even at high concentrations (Carpp e2@06). Very little is known about the
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mechanism by which SM proteins interact with nontayin SNARESs, and the functional

relevance of these interactions remains to be ddied.

4.2 Aims of this Chapter

The initial aim of this Chapter was to further stute interaction originally described
between the SM protein Vps45p and the v-SNARE Sii€2ppp et al., 2006). | first set
out to use a yeast-2-hybrid assay to confirm agrattion between Vps45p and Snc2p.
The second approach used to confirm that Vps45@orama complex with Snc2p was the
more quantitative electrophoretic mobility shifsag (EMSA), which separates unbound
protein from species in complex through a gel.alyn we wanted to further investigate
the capabilities of TIg2p to displace Snc2p in ctarpvith Vps45p.

4.3 Results

4.3.1 Yeast-2-hybrid assay

The principles behind the yeast-2-hybrid technigreediscussed in detail in section 3.3.2
and outlined in Figure 3.5. The yeast-2-hybridepavectors pACT2 and pGBKT7
(Clontech Laboratories Inc), were utilised to proglthe necessary constructs and controls
to test for an interaction between Vps45p and Snd2@ddition to confirming a protein-
protein interaction between Snc2p and Vps45p, watedato design a reverse-2-hybrid
screen (Vidal et al., 1996a) which could then bedus identify mutant versions of
Vps45p that are unable to bind Snc2p, thereby atigws to map residues involved with
the interaction. To eliminate Vps45p mutants i téverse screen that do not bind Snc2p
due to the introduction of a premature stop cosmngreated a construct containing a
green fluorescent protein (GFP) sequence diretity theVPS45gene. The GFP
sequence encodes a 26.9 kDa protein originallytiitiesh in the jellyfishAequorea

Victoria (Prasher et al., 1992), which can be used to tigee expression and protein
location in living organisms (Chalfie et al., 19947 version of GFP containing a single
residue mutation, serine 65 to threonine (&&fP, was used; this mutation results in

increased fluorescence and photostability (Heial.etL995). Detection of the GERrtag
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would confirm that any mutant versions of Vps45gnitified in the reverse screen were

full length. For this reason AD and BD fusionsvifs45p containing a C terminal

GFPsgsttag were created during the course of this stadg Table 4.1).

Transformant 1% Transformation 2" Transformation
# Plasmid Expressing Plasmid Expressing
1 pTD1-1 AD-HA-Large TAg pGBK7-Lam BD-myc-Lam C
2 pTD1-1 AD-HA-Large TAg pGBKT7-53 BD-myc-p53
3 pTD1-1 AD-HA-Large TAg pCOGO080 BD-myc-Snc2p
4 pTD1-1 AD-HA-Large TAg pCOG082 BD-myc-Vps45p
5 pTD1-1 AD-HA-Large TAg pCMDO016 BD-myc-Vps45p-GFP
6 pCOG079 AD-HA-Snc2p pGBKT7-53 BD-myc-p53
7 pCOG079 AD-HA-Snc2p pCOG082 BD-myc-Vps45p
8 pCOG079 AD-HA-Snc2p pCMDO016 BD-myc-Vps45p-GFH
9 pCOG81 AD-HA-Vps45p pGBKT7-53 BD-myc-p53
10 pCOG081 AD-HA-Vps45p pCOG080 BD-myc-Snc2p
11 pCMDO017 | AD-HA-Vps45p-GFP pGBKT7-53 BD-myc-p53
12 pCMDO017 | AD-HA-Vps45p-GFP pCOG080 BD-myc-Snc2p
Table4.1 Transformations of Saccharomyces cerevisiae strain AH109

TheS. cerevisiadost strain AH109 was co-transformed with varioombinations of Gal4p activating

domain (AD) and DNA binding domain (BD) containiptasmids for the yeast-2-hybrid assay. There are 4

possible combinations for Snc2p expression withegiv/ps45p or a version containing a C terminal &P

tag (transformants 7, 8, 10 & 12). Transformarg &n internal positive control containing plasmids

encoding two proteins known to interact as fusiith the functional Gal4p domains. The other 7

combinations are controls to ensure non-specifiding events are not responsible for any positssag

results.
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4.3.1.1 Expression of Gal4p AD fusion proteins

The genetic sequences encoding the cytosolic doafig&@nc2p and full length Vps45p
were incorporated into the pACT2 vector (Clonteelbdaratories Inc) before
transformation intés. cerevisiageast strain AH109. A third construct was desigioed
place sequence encoding the GdsiPprotein in frame at the C terminus of Vps45p, as
discussed above. Expression of all fusion protgirygast was regulated by tA®H1
promoter. The pACT2 vector also contains an infageviral protein HA epitope sequence
(YPYDVPDYA) which was used to check the expressibrach fusion using anHA
antibody. Figure 4.1 shows yeast cell lysatesasfdformants expressin@) AD-HA-
Snc2p;(B) AD-HA-Vps45p and the fluorescently tagged versidb-HA-Vps45p-

GFPRsssT, (C) an AD-HA fusion with the Simian virus 40 (SV40yde T antigen (TAQ),

was included as an internal positive control fa dssay.

4.3.1.2 Expression of Gal4p BD fusion proteins

The complimentary vector pGBKT7 (Clontech Labora&®inc) containing the sequence
for the Gal4p binding domain (BD) was used to @eainstructs containing cytosolic
SNC2and full lengthvPS45genetic sequences. As with the pACT2 cloning @doce, we
created a construct that incorporates the §gffBequence at the 3’ end of ¥BS45gene.
Expression of all BD-containing fusion proteins veasin regulated by th&DH1
promoter. To allow easy detection of the expre$ssidns, the pGBKT7 parent vector
contains a&-mycproto-oncogene sequence, which encodes an epitopehe cMyc
transcription factor (EEQKLISEEDL), at the N termagof the protein encoded by the
inserted gene. Figure 4.2 shows yeast cell lys#tal transformants containing BD-
fusions that have been resolved by SDS-PAGE angaell to immunoblot analysis to
detect the cMyc peptide. Figure 4&) shows Snc2p and control BD fusion proteins. The
BD-p53 fusion protein is a positive control asiteiracts with the AD-SV40 large T
antigen (Tag). The BD-lam C fusion protein is uasd negative control, as it does not
bind to the SV40 large TAg. Figure 4B) shows BD-Vps45p and BD-Vps45p-GEr
fusion proteins being expressed.
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Figure4.1  Expression of AD fusion proteinsin yeast strain AH109

S. cerevisiastrain AH109 was transformed with plasmids encgdire Gal4p activating domain (AD)
fusion harbouring our proteins of interest or colst(see Table 4.1), preceded by an HA tag. Equiaber

of cells equivalent to 10x Qfgywere resuspended in 102x Laemmli sample buffer containing 8 M urea,
then heated at 66 for 10 minutes. 1Ql of each sample was separated by SDS-PABER.5%,(B) & (C)
10% gels), transferred to a nitrocellulose membthea subjected to immunoblot analysis to detext th
fusion proteins using anHA antibody. (A) Transformants containing pCOGO079 were used to ssph®-
Snc2p at molecular weight 26.8 kDa (upper panaigkal-3).(B) Upper panel shows transformants
containing plasmids pCOG081 and pCMDO017, respdgtegpressing AD-Vps45p of predicted molecular
weight 78.1 kDa (Lanes 1 & 2) and a Gkftagged version AD-Vps45p-GE&; of predicted molecular
weight 104.6 kDa (Lanes 3 & 4). Membranes wern@pséd and re-probed with anPgklp antibody(Q) &

(B) lower panels) to detect levels of the 44.7 kDa sgtic enzyme, 3-phosphoglycerate kinase (Watson et
al., 1982), as a loading contrdC) Transformants containing positive control plasmidf-1 (Clontech
Laboratories Inc) was used to express AD-SV40 largatigen (residues 87 - 708) fusion protein of
predicted molecular weight 83.3 kDa (upper panahds 1 - 5). The membrane was then stripped and re
probed using an-Vphlp antibody as a loading control showing expigs of the 95.5 kDa vacuolar integral
membrane protein Vphlp (Manolson et al., 1992) ¢iopanel). The relative transformants from Table 4

are shown in the gray coloured boxes above eacling@ontrol. Molecular weight markers are indézht
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Figure4.2  Expression of BD fusion proteinsin yeast strain AH109

Strain AH109 harbouring an AD fusion plasmids weubsequently transformed with plasmids encoding the
Gal4p BD fusion protein preceded by a cMyc epittage An equal number of cells equivalent to 10x63D
were resuspended in 1Q02x LSB containing 8 M urea, then heated &t@for 10 minutes. 1l of each
sample was resolved @A) 12%,(B) 10% gels by SDS-PAGE, before gels were transfaoed

nitrocellulose membrane and immunoblot analysis aita-cMyc antibody. (A) Control plasmids
pGBKT7-Lam C and pGBKT7-53 were respectively useaxpress BD fusions of human lamin C (residues
66 - 230), predicted molecular weight 35.7 kDa @.ah and p53 (residues 72 - 390), predicted madecul
weight 52.8 kDa (Lanes 2,4,5 & 7). Yeast expraggi@OG080 produced BD-Snc2p fusion protein of
predicted molecular weight 30.3 kDa (Lanes 3,6 &@) Transformants containing plasmids pCOG082 and
pCMDO016 produced proteins of 81.6 and 108.1 kDspeetively representing BD-Vps45p and BD-Vps45p-
GFPsgs7fusions. Membranes frofd\) & (B) were stripped and re-probed with@®Pgklp antibody,

showing expression of Pgklp at 45.7 kDa as a lgactimtrol. The relative transformants from Tahble dre

shown in the gray coloured boxes above each loaingol. Molecular weight markers are indicated.
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4.3.1.3 Yeast-2-hybrid assay in strain AH109

The various transformations (outlined in Table 4vé)e carried out in th®. cerevisiae
strain AH109. As described in Chapter I, thestestrain AH109 has mutations that
prevent it from growing in media lacking the amemds leucine, tryptophan and
histidine. This characteristic was used to isatatecessful transformations that contain
AD and BD fusion plasmids, conferring ability toogr on media lacking leucine and
tryptophan respectively. Figure 4.3, upper pahels that the 12 double transformations
required have been successful, as demonstratdeelability to grow on the leucine and
tryptophan deficient selective media (SD -leu-tg)en at/;o and/1q dilution.

Strain AH109 is incapable of producing histidinaedo thehis3-200mutation in theHIS3
gene, and therefore will not grow in media lackihig amino acid (-his). The strain does
however have a functional histidindI&3) reporter gene under the control of ALl
promoter, which is the basis for the assay. Tansénts grown on SD -leu -trp media
above were also spotted out in serial dilution Bn-Bu -trp -his selective plates. Growth
on these plates demonstrates that the expressed fusteins interact, thus reconstituting
the functional Gal4p transcriptional machineryreg tipstream activating sequence of the
GAL1promoter, resulting in activation of the histidirggporter gene. Figure 4.3, lower
panel shows the transformants ability to grow on-BD -trp -his selective media.
Transformant 2 (Lane 2), containing positive confiusions of AD-SV40 and BD-p53
shows growth at all dilutions, reflecting the sdnteraction of the fusions triggering
activation of the reporter gene. None of the nggatontrol transformants show any
growth on histidine selective plates (Lanes 1,,%,4, 9 & 11), showing that non-specific
binding between our proteins of interest and tiheiotomponents of the assay are not
responsible for activation of the histidine repogene. Vps45p and Snc2p can be seen to
interact with each other regardless of which Galdmain they are produced as fusions
with (Lanes 7 & 10). The addition of a C termitPsgsttag to Vps45p appears to
reduce the efficiency of the interaction somewbatr(pare Lane 7 with 8 & 10 with 12),
but a level of reporter gene activation is detdetaguggesting this would be a viable
system to use in a reverse screen for mutant vexsibVps45p that do not interact with
Snc2p.
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Figure4.3  Yeast-2-hybrid assay

A single colony of each transformant (Table 4.13Wwaubated in 10 ml liquid SD minimal media laakin
amino acids leucine and tryptophan (SD -leu, -oy®rnight at 38C. Cells were then diluted to 0.2 @Bin
fresh SD -leu, -trp media and grown up to mid Ibage at 3. An equivalent volume of 1 ml cells at 0.8
ODgoo Were harvested by centrifugation at 1,@0@ a table top centrifuge. Cells were then resodped in 1
ml dH,O and a ten-fold serial dilution was createdul 6f each dilution was then spotted out onto select
plates lacking leucine and tryptophan (upper paragld onto plates lacking leucine, tryptophan astidine
(lower panels). All plates were then incubate8@C and yeast growth was recorded after 5 days.e®lat
are representative of three individual co-transtmian reactions, each spotted multiple times oactisle

plates.

4.3.1.4 Expression of C terminal GFPsgst tag

The results presented in Figure 4.3 demonstratetharsion of Vps45p containing a
GFPsgsttag at the C terminus is capable of interactinip\8inc2p, as detected by the
yeast-2-hybrid technique. To check that this wersif Vps45p expresses the fluorescent
tag, all transformants containing the C terminaP&kr sequence were grown to mid-log
phase before being fixed and imaged under a miopascFigure 4.4 shows fluorescence
microscopy at 100x magnification of yeast transfanis expressing GkR+, both

brightfield (left panels) and fluorescent (rightets) images are shown. Figure ¢A4
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shows the transformants expressing AD-Vps45p-<4afBhow fluorescence with diffuse
GFPsestdetected throughout the cell, with most of the GEBumulated in a small
compartment in each cell. Figure 4B) shows images of cells expressing BD-Vps45p-
GFPsss; here both transformants display a similar distitn of GFRgstlabelled Vps45p

as with the AD fusions. As a control, cells frother transformants containing unlabelled
Vps45p (transformants 5, 7, 9 & 10) were imagedeunide same conditions, but no
fluorescence could be detected. These data deratm#tat both constructs can be used to

successfully produce versions of Vps45p expressidgtectable C terminal GERrtag.

A Transformant #5 Transformant #3

Brightfield Fluorescence Brightfield Fluarescence

BD-Vps45p-GFP

B Transformant #11
Brightfield Fluorescence

AD-Vps45p-GFP

Figured4.4  GFPgsst expression in strain AH109

Transformants expressing Vps45p with a C termirfdP@g (5, 8, 11 & 12) were grown to mid-log phase
before being fixed with 3% formaldehyde and imatfedugh an 100x oil immersion objective on a Zeiss
Axiomat fluorescence microscope (Carl Zeiss, GegphaBrightfield images were recorded at 15 ms
exposure (left panels) and fluorescent images2as {right panels). The fluorescence images wererded
(A) Transformants 5 and 8 expressing GFP fluorescieaneBD-Vps45p-GFEss+ (B) Transformants 11
and 12 expressing GFP fluorescence from AD-Vps4bps&r



Chris MacDonald, 2009 Chapter 1V, 127

4.3.2 Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA)ieslon the altered mobility of a
molecule through a gel upon binding with a partnetecule. It was originally developed
to identify DNA binding proteins (Fried and Croteel981, Garner and Revzin, 1981), but
has more recently been adapted to investigateipsptetein interactions (Park and

Raines, 1997). The protein of interest is labeltedllow its detection in a native gel.
Progress of unbound labelled protein is monitohedugh the gel and compared to the
progress of protein samples pre-incubated witlpthposed binding partner. If the

proteins form a complex there is a detectable ohamghe mobility of the labelled species.

We wanted to use this technique to investigatertteeaction between Vps45p and Snc2p.
The experimental design for these experimentsti;ned in Figure 4.5. Firstly, Vps45p
and the cytosolic domain of Snc2p were expresséd aoli and then extensively purified
in order to obtain pure and concentrated sampléss was achieved using 3 independent
chromatographic steps, separating our expresseeiqpsdrom impurities according to:
affinity for the specific resin, charge (ion excgahand size (gel filtration). Finally,
samples were concentrated using centrifugal fitiratlevices. To account for the loss of
protein during each of these steps, initial culitokimes were increased appropriately. A
ninhydrin assay (Rosen, 1957) was used to giveamate estimate of final protein
concentrations before the labelling and bindingtieas were calculated. We chose the
Alexa 488 fluorophore to label the cytosolic domairSnc2p, to allow us to detect its

progress through a gel.
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7_/ <+ Vps45p-Snc2p complex
I

<4+— Unbound Snc2p

Native Gel

Figure4.5  Schematic diagram of experimental design for the EM SA assay

(A) Full length Snc2p protein (blue), containing cyliisN terminal residues 1 - 95, including the SNAR
motif. The additional C terminal residues, (96l51 make up the hydrophobic transmembrane donm{&h.
Production of a truncated Snc2p protein, contairiytgsolic residues 1 - 94. Note that thé' édsidue of
Snc2p is the protein’s only native cysteine residBac2p.o4 incubated with the thiol-reactive Alexa 488
fluorophore (green) which covalently binds to tlysteine residues of Sncgq. Labelled species is then
isolated from excess Alexa 488 fluorophore by sizelusion chromatography(C) Labelled Snc2pq, is

then incubated with Vps45p to allow them to bindrying concentrations of proteins can be useddche
reaction. A control reaction containing no Vps4$plso prepared.D Binding reactions are then analysed
by native gel electrophoresis followed by scannimg phosphorimager to detect Alexa 488 fluoresegnc
only labelled protein will be detected. On thentigand side of the gel the mobility of the contedction
containing only Sncy, bound to Alexa 488 is shown. If the binding réaticontaining Vps45p and
labelled Snc2pg, results in formation of a complex, it will have altered mobility in the gel compared to
the control reaction containing only labelled Sncgp Consequently, complexes can be identified biy the

slower mobility through the gel, where they runhgg as shown on the left hand side of the gel.
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4.3.2.1 Expression and purification of Vps45p

Vps45p containing an N terminal Hitag was expressed in BL21 (DE3)coli cells from
the plasmid pNB710 (Carpp et al., 2006). Co-preidncof the chaperone proteins GroEL
and GroES was induced at the same time from th€E plasmid (Yasukawa et al.,
1995; described in more detail in Chapter V, sechal.1.4). Proteins were induced with
IPTG overnight at a reduced temperature §C15A sample taken from each step in the
purification process was analysed by SDS-PAGE asuhlised by Coomassie staining, as
shown in Figure 4.6. The single band product ef\ps45p purification runs at its
predicted molecular weight of 67.0 kDa.

4.3.2.2 Expression and purification of Snc2pj.g4

A truncated version of Snc2p lacking the transmemérdomain was expressed as a GST
fusion protein from plasmid pMM472. Residues Bv8re expressed, to allow the native
cysteine at position 94 to be utilised in the sgoeat application of labelling. The protein
was expressed in BL21 (DEB) colicells and purified as outlined in section 2.3.4.2.
Figure 4.7 shows a Coomassie stained gel of sarfrpl@seach step in the purification
process after analysis by SDS-PAGE. The Snc2g#tion was cleaved from the N
terminal GST tag after the affinity purificatioreptusing an optimal concentration of
Factor X, determined by a trial cleavage with ayeaaf protease concentrations, shown in
Figure 4.8(A). A 1:500 dilution (Lane 8) was deemed the optiomdcentration; although

a large proportion of Snc2psGST is not cleaved at this dilution, the protdiattresults
from cleavage has a single band product. Fig@¢B).shows a Coomassie stained gel of
the final concentrated sample after the cleavedymbhad been further purified by ion

exchange and gel filtration chromatography.
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Figure4.6  Expression and purification of Vps45p

Plasmid pNB710 was used to produce a recombinagtétiged version of Vps45p; the plasmid was
transformed into BL21 (DE3) cells already contagnplasmid pT-GroE, which expresses Ehecoli
chaperone proteins GroEL and GroES. Purity ofginotvas analysed at various stages by SDS-PAGE on a
10% gel followed by Coomassie staining (left pan&yotein expression was induced overnight &€ 1%y
addition of 0.5 M IPTG (Lanes 1 & 2; 7.5 pl eacl®rotein was expressed and purified from 10 L diuce

as outlined in methods section (2.3.4.1). Solphbteein (Lane 3; 7.5 pl) was bound to 5 ml of wakNg*-
NTA beads for 1 hour. The amount of protein Isstresoluble protein (Lane 4; 7.5 pl) and not botend
column (Lane 5; 7.5 ul) is shown. Protein bount¢ads (Lane 6; 7.5 pl) was eluted from column with
buffer containing 250 mM imidazole. Eluted proteias then bound to a Mono Q (10 / 10) ion exchange
column and eluted with an increasing NaCl concéoimggradient. There were 3 absorbance peaksggt A
fractions containing Vps45p were identified by SPAGE then pooled and concentrated to approximétely
mls. Concentrated protein was then loaded ontopei®lex 200 (16 / 60) gel filtration column. Again
fractions of interest were analysed by SDS-PAGER 2% gel and fractions containing purest samgfies o
Vps45p (right panel; 10 ul) were pooled and cormatatl, before snap freezing in liquid nitrogen.siBons

of molecular weight markers are indicated.
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Figure4.7  Expression and purification of Snc2p;.g4

Plasmid pMM472 was used to recombinantly produtrerecated version of Snc2p containing the first\b4
terminal residues. The protein was expressed é&8Taf@ion protein, and then purified from 10 L oftare

as outlined in methods section (2.3.4.2). Purityrotein was analysed at various stages by SDS#PaGa
15% gel followed by Coomassie staining. Proteipregsion was induced by addition of 1 M IPTG for 2
hours at 37TC (Lanes 1 & 2; 7.5 ul of each). Soluble protéiar(e 3; 7.5 pl) was bound to 5 ml Glutathione
Sepharose 4B beads for 1 hour. The amounts lassalsible protein (Lane 4; 7.5 pl) and not boumd t
column (Lane 5; 7.5 ul,) are shown. Protein waseel from beads with buffer containing 25 mM redlice

glutathione, the elution was then dilutedXyg, 1/4 andl/g (Lanes 7 - 9; 5 pl each), before SDS-PAGE

analysis. Positions of molecular weight markeesiadicated.
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Figure4.8  Further purification of Snc2p;.o4

(A) A trial cleavage of GST from Snc2p was set up ®ithul of eluted protein and 2 ul of Factor X (or a
serial dilution thereof) and allowed to cleave 4 for 18 hours. 5 pl of each dilution was thenlgsed by
SDS-PAGE on a 15% gel (Lanes 1 - §il®ach), including a sample incubated in same ¢wmdi with no
factor X (Lane 9; qul). A 1:500 dilution of Factor X was estimateda® the optimal concentration for
cleavage and used to cleave Snc2p from GST in refeabf sample. Protein was then bound to a Mono S
(57 5) ion exchange column and eluted with andasing NaCl concentration gradient. Fractionsaiairg
Snc2p ,were identified by SDS-PAGE then pooled and correéed to approximately 3 mis. Protein was
then loaded onto a Superdex 75 (16 / 60) gelfittracolumn. (B) Fractions displaying high absorbance
peaks at &gowere analysed by SDS-PAGE on 15% gel and elutionsaining purest samples of Snggp
(right panel; 15 pl) were pooled and concentraifdite snap freezing in liquid nitrogen. Positiofis

molecular weight markers are indicated.
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4.3.2.3 Labelling Snc2p1-94 with Alexa 488 fluorophore

| took advantage of the unique native cysteindaedytosolic Snc2p, found at residue 94,
to covalently bind the thiol-reactive Alexa Fl(iot88 C5 maleimide (Invitrogen) label.
Cysteine contains the nucleophillic thiol side chgiioup, which is easily oxidized and
ideal for this application. A binding reaction wset up with purified Snc2psand a 15
fold molar excess of the Alexa 488 fluorophorel RAlffers used in the labelling
procedure contained TCEP as a reducing agentagef DTT, as it does not interfere
with the attachment of thiol-reactive probes (Gadtal., 1999). The reaction mixture was
left for 3 hours at room temperature to allow tHexa 488 fluorophore to bind the reduced
cysteine residues of the cytosolic version of Snt&fore being passed over a gel
filtration column. This process allows the labél@nc2p.o4to be separated from the
excess fluorophore and TCEP, shown in FigurgA)9 The fractions collected from the
gel filtration column were analysed on a 15% geBDS-PAGE and then viewed in a
phosphorimager under a blue laser at 433 nm. ddnsonstrates that Alexa 488 labelled
Snc2p-g94 can be visualised from the gel, shown in FigugB) lower panel. After
imaging, the SDS-PAGE gel was stained with Cooneasisie, shown in Figure 4(8)
upper panel. Snczpafractions that have been successfully labelled wldxa 488 are
seen to run at a higher molecular weight than tiiaelelled sample of purified Snc2p

(compare Lane 1 with Lanes 4,5, 6 & 7).



Chris MacDonald, 2009 Chapter 1V, 134

Gel fitration of Snc2p, ., labeling reaction
0
E a0
=0
mo
150
100
L]
i}
,-'.QJ 1 17 20 25 3n 35
0.5 mi edution fractions:
n - -
B o Gel filtration fractions
=
kDa n 12 125 13 135 14 145 15 18
200 —
[y -
| e—
A —
H o=
H o
— S ——— «+ 5nc2p-
14 —L"— < Snc2p
[
1 2 3 4 h B Fi ] 9
— s D e + 5nc2p-

Figure4.9  Labelling of Snc2p;.o4 With Alexa 488 fluorophore

A sample of purified Snc2pswas diluted in phosphate buffer containing 1 mM PCind left for 1 hour at
room temperature to reduce cysteine residues. #l@iGmolar excess of Alexa 488 was then added-drop
wise to the meniscus of Sng2p sample. The labelling reaction was then sealea fxternal light and
allowed to run for 3 hours. Samples were thenddamhto a Superdex75 (130) gel filtration column and
0.5 ml fractions were collecte(®) Chromatograph showing absorbance a}&om all fractions from the
gel filtration column.(B) Fractions of interest were analysed by SDS-PAGE &6% gel. The gel was
scanned using a phosphorimager with a single Esé&83 nm to detect fluorescence of Alexa 488 (fowe
panel) before Coomassie staining (upper panelBample of unlabelled Snc2p was run (Lane 1; 10 pl),
followed by fractions of interest (Lanes 2 - 9;3.Rl each). Fractions of Snc2p containing detdetab

concentrations of bound Alexa 488 were collatedsitions of molecular weight markers are indicated.
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4.3.2.4 Mobility of Alexa 488 labelled Snc2p1-94 in native gel conditions

Before attempting to quantify binding of labelledc8p.q4 to Vps45p, we wanted to
optimise the conditions of the protein moving thgbwa native gel. The choice of the gel
matrix can amplify or attenuate the mobility expeged by a particular protein (Ryder et
al., 2008). Preliminary gels were run in ordeidtentify the overall charge of the protein
at several pH values; this was uncertain as théigissl isoelectric point of full length
Snc2p is 9.28 and the Alexa 488 fluorophore caaresverall negative charge. Once |
had established that the protein would move towHresnode when an electric potential
was applied across the field, we set out to opérthe native gel conditions. We predicted
that the electrophoretic separation of labelled2png, from a Vps45p bound version
would be best at an alkaline pH, so native slab gelre prepared with TBE at pH 8.4 and
pH 9.0. Vps45p was incubated with labelled Sne2@Bfhours to allow complex
formation, before loading on the gels. A samplamiound labelled Snc2p, was also
loaded before the gels were run. As shown inweright hand columns of Figure 4.10,
distinct bands could not be detected at 1 or 2 lime points and the protein had
significantly diffused into the gel by the 4 hoimé point. In an attempt to better resolve
the unbound Snc2p, from protein in complex with Vps45p, a native geHEPES /
imidazole at physiological pH 7.4 was prepared ramdas previously described. The
proteins moved slower through the gel, but distbarids were better observed, as shown
in the left column of Figure 4.8. We deemed thetimd most suitable for the gel shift
assay.
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Figure4.10 Optimisation of conditionsfor gel shift assay

Binding reactions were prepared containing 2 uMxAld88 labelled Snc2p with or without 10 uM Vps45p,
made up to 60 pl in potassium phosphate bufferatointy 1 mM TCEP and 0.1% NP-40. The reactions
were allowed to bind for 3 hours at room temperatarthe dark. A 6% native HEPES / imidazole gel a
two 6% TBE gels of pH 8.4 and pH 9.0 were prepandlimmersed in appropriate cold running bufferfor
hour prior to loading. 6 pl of 30% glycerol comiiaig 0.01% (W v) bromocresol dye was added to each

binding reaction before 50 pl of sample was loanletd each of the gels. Gels were each run avaRs at

4°C and imaged at the 1 hour (top row), 2 hour (nd@ddw), and 4 hour (bottom row) time points. For
images, gels were scanned in a phosphorimageravB8 nm laser at each of the time points to detect

fluorescence of Alexa 488. Bands detected showldigk and white arrows.

4.3.2.5 Complex determination by gel shift assay

Binding reactions of Snc2j, at a concentration of 10 uM were set up with aeksing
concentration gradient of Vps45p, beginning at 6 |[The exact concentrations of
Vps45p in each binding reaction are shown in Chidpt@&able 2.1. The reactions were
left to bind for 3 hours before being prepareddi@ctrophoresis as described in section
2.1.3.4. All 10 reactions were loaded onto a lagple HEPES / imidazole native gel at
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pH 7.4, and then run at constant voltage. Therpssgof labelled Sncz2p, was monitored
by scanning in a phosphorimager. After the gellmaeh run for 2 hours, different bands
representing unbound and complexed Snedmuld not be detected, as shown in the
upper panel of Figure 4.11. It does appear tlreasmples pre-incubated with highest
concentrations of Vps45p migrate out of wells mgloavly than samples containing more
dilute, or completely lacking, Vps45p. After 2 msiupper panel) the samples containing
most bound Snc3p4 (Lanes 1 - 4) had not migrated far from the weldter the gel had
been run for 4 hours a band shift could be deteatéigh Vps45p concentrations, shown
in Figure 4.11 lower panel. The first 5 Lanes shw distinct bands, the concentration of
Snc2p-g4in the higher band appears to be proportionaiéoconcentration of Vps45p. It
is important to note that even the binding reactiontaining the highest concentration of
Vps45p (Lane 1) did not achieve 100% complex foromatas two bands can still be
detected. Samples pre-incubated with lowest cdratgoms of Vps45p (Lanes 6 - 9)
migrate through the gel similarly to the unboun@Z&ncontrol sample (Lane 10),
suggesting that the concentration was too lowltwadletectable complex formation. As
the highest concentration of Vps45p was insufficterachieve 100% binding to Sng2p,
theKq4 of the interaction could not be accurately calmda However, ~50% binding could
be observed between Vps45p concentrations of 1§Lake 1) and 5.76 uM (Lane 3).

We therefore estimate tig of the Vps45p-Snc2p interaction to be approxinyat® puM.

The EMSA technique has also been used to investtbatbinding affinity between TIlg2p
and Vps45p. Reactions were set up as describea dboinvestigating the Vps45p-Snc2p
interaction, but an Alexa 488 labelled versionytbsolic TIg2p lacking the first 36 N
terminal residues (Tlg3ps19 was incubated with Vps45p. A full range of bimgliwas
achieved; the calculated affinity of the interantfoom this assay is 280 nM (Furgason et
al., 2009). Unlabelled full length cytosolic TIgZplg2p;-319 Was also added to a reaction
as described above; this allowed the competitiadwéen the unlabelled Tlg2pisand the
labelled Tlg2ps-318t0 be assessed. The binding competency, anddhetée apparent
affinity, of the unlabelled molecule can then bkgkated (Furgason et al., 2009). From
these experiments the full length molecule was shimahave &y of 190 nM (Furgason et
al., 2009). Both these experiments demonstratehkaaffinity of Vps45p for Tlg2p is
significantly greater than its affinity for Snc2phese experiments were published,

(Furgason et al., 2009; Appendix IlI).
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Figure4.11 Gel shift assay with concentration gradient of Vps45p

A concentration gradient of Vps45p was added taksamples of Snc2gsto produce 10 individual

binding reactions. 10 pl Alexa 488 labelled SncRa eoncentration of 10 uM in binding buffer contag
1mM TCEP and 0.1% NP-40 was added to 10 wells3ff eell plate. Vps45p at a concentration of 16 uM
was used to create a 9 poihtserial dilution from 16 uM to 161 nM (exact contrations shown in Table
2.1). 40 pl of each of these dilutions were adueithe wells containing labelled Snc2p, no Vps4ss w
added to the final well (Lane 10). The reactiomseneft to bind in the dark for 3 hours and thqul 6f

30% glycerol containing 0.01% (w / v) bromocresgé dvas added to each binding reaction. A 6% HEPES
imidazole native gel was prepared and chilled imimg buffer at 2C for 1 hour before 50 pl of each sample
was loaded onto the gel, which was then run atvtl®s for 4 hours. Gels were scanned in a
phosphorimager with a 433 nm laser at 2 (upperljpane 4 (lower panel) hour time points to detect

fluorescence of Alexa 488.

4.3.3 Competition binding experiments

It has been previously shown usingiawitro pull down assay that Tlg2p can displace the
cytosolic domain of Snc2p (Snc2g) from Vps45p (Carpp et al., 2006). The reverse of
this is not true, and even high concentrationsraf2f .gs will not displace Tlg2p in
complex with Vps45p (Carpp et al., 2006). Thismsurprising given that we have
previously shown in this Chapter that the inte@ctetween Vps45p and Sng3pto be

in the micromolar range (~3@M), which is relatively weak compared to its affinwith
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the cytosolic domain of Tlg2p (190 nM; Furgasomlet2009; discussed in section
4.4.1.5). These experiments were repeated wittttartdefined concentration gradient of
Tlg2p. We also used mutant versions of Vps45pTdgap unable to bind via mode-2, to
test if the ability of Tlg2p to displace Sng2gin complex with Vps45p was mediated
through this binding mode.

The experiment was set up as previously descriGadpp et al., 2006). Briefly, a His
tagged version of wild-type Vps45p was bound t&NITA agarose beads. An identical
binding reaction was set up with Eisgged mutant Vps45p that cannot interact via mode
2 (Vps45p117r). Unbound protein was then washed from the bbaftye each set of
reactions were incubated with a Protein A taggedion of Snc2pgs. The complexes
bound to beads were then washed again to removeraenxoyynplexed Snc2p. The proteins
used to form complexes of wild-type Vps45p andrthgant Vps45p 17r are shown in
Figure 4.12A) and(B) respectively. 50 ul of settled beads containioigglexes were
added to a series of tubes, to which the compgtiotgins were added. Figure 42
shows SDS-PAGE analyses of the competing protewdused irE. coli. wild-type TIg2p
(Lanes 1 & 2); a version of Tlg2p containing a deuldanine mutation (Tlg2pa/L10a)
which disrupts mode-2 binding (Lanes 3 & 4); and Sxmammalian syntaxin that does
not bind Vps45p (Struthers et al., 2009), used hsra negative control (Lanes 5 & 6).
These proteins were normalised so that they wéd atjual molar concentrations (22.8
nM). 300ul of competing protein, or dilutions thereof, waklad to each tube containing
beads bound to wild-type or mutant Vps45p in commlgh Snc2p.gs. 300 ul of Tlg2p
and Tlg2poear10a SamMples were added undiluted or at a 1:2 or diludon. Reactions
were made up to 1 ml with reaction buffer. As colst tubes were set up and incubated
with either 1 ml reaction buffer alone or 30025 uM mammalian Sx4; 70d reaction
buffer was also added to this control reactionlbecdume were equal. The competing
proteins were incubated for 3 hours on a rotatdl@f before being washed 3x with PBS
containing 20 mM imidazole. The proteins bountdéads were resolved by SDS-PAGE
followed by immunoblot analysis using arVps45p antibody, which also detects the IgG

domain of the protein A tag.

The competition analysis of SngZy-PrA bound to either wild-type or mutant Vps45p is
shown in Figure 4.18A) and(B) respectively. In each case, addition of readbioffier
alone or Sx4 does not result in any displacemeBinalp.gs bound to versions of Vps45p
(Lanes 1 & 2 in botlfA) & (B)). In contrast, addition of Tlg2p to either Vps4Spc2p.-ss

or Vps45p117rSnc2p-gs complexes displaces Snc2p in a concentration digpemanner
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(Lanes 3 - 5 in botfA) & (B) respectively). This suggests that mode-2 bingingpt
involved with the ability of Tlg2p to displace Sma2sin complex with Vps45p. This is
corroborated by the fact that addition of Tlgg4a 10a, Which cannot interact via mode-2
binding, displaces Snc2ps from Vps45p similarly to wild-type Tlg2p (compdtanes 3 -
5& 6 -8in Figure 4.18A)). There is also no detectable difference betvekgplacement
from Vps45p117r bound to Snc2pss with wild-type Tlg2p and TIg2@an10a, @gain
demonstrating that mode-2 is not important for pl¢@ bind Vps45p and displace Sng2p
gg (Carpp et al., 2006).
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Figure4.12 Proteinsfor competition binding assay

For the binding reactions, plasmids pNB710 and pG&@Qwere respectively used to produce wild-type
Vps45p and a version containing the single residutation, Vps45p,-,r Both versions of Vps45p were
co-expressed with chaperone proteins GroEL and §(eE described in section 3.4.4) then purified as
described in section 2.3.4.1. Left panel¢A)f& (B) show samples from each 1 ml elution of both versio
of Vps45p running at 68 kDa (Lanes Jlleach). Plasmid pCOGO045 was used to expressytheatic
domain of Snc2p with two IgG-binding domains of Rat‘the C terminus, as described in section 2.3.4.3
Two separate preparations are showgAnand(B) right panels (Lanes 2;|8 each). The input proteins for
the experiment were also produced with a doublebg@ing domains PrA tag for Tlg2p, the mutant
TIg2peoarL1oa and the mammalian Sx4 with a C terminal GST wage all produced in BL21 (DE®. coli
from plasmids pCOG025, pCOGO076 and pFB09 / 2 ras@de. (C) shows samples from the 1 ml first and
second elutions from input protein purificationsfles 1 - 6; %l each). All proteins were dialysed against
4 L 1x PBS before stored aiGl
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Figure4.13 Competition binding studies

Recombinant proteins, shown in Figure 4.12, weeglus prepare the binding experiments. @DOf either
wild-type His-Vps45 or Hig-Vps45p 117 Was added to 500 settled Nf*-NTA agarose beads (Qiagen) and
left to rotate at &C for 1 hour. Beads were then washed 3x with PB containing 20 mM imidazole. 900
pl of cytosolic Snc2p-PrA was then added to eack tiflbeads containing version of Vps45p and left to
incubate on a rotator overnight &C4 Beads were again washed 3x with PBS contai®mM imidazole,
before 50ul of settled beads containing Vps45p-Snc2p complevas then added to separate tubes. Before
input proteins were added to beads they were nigathso that they were of equal concentrationgul25
100l and 300ul of both Tlg2p and TIg2paL10a Were added to separate tubes containing beads. As
controls, 30Qul of PBS or Sx4 was also added to different tubBsbes were left to incubate &Cifor ~16
hours, before another 3x washes with PBS ISk LSB was then added to each sample of beadbaifet!

at 95C for 5 minutes. Samples were resolved on a 12%y8DS-PAGE followed by transfer to a
nitrocellulose membrane and immunoblot analysisgiana-Vps45p antibody to detect the Vps45p protein
or the IgG binding domain of the double PrA tagimiunoblot analysis from competition experiments of
Vps45p-Snc2p and VpsdhprSnc2p are presented () & (B) respectively.
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4.4 Chapter summary

The data presented in this Chapter confirm therghsens that the yeast SM protein
Vps45p interacts directly with the v-SNARE Snc2@i@p et al., 2006). The protein-
protein interaction can be detected through a y2dmtbrid assay. Further to this, we have
created two plasmids that express Vps45p with er@ihal GFRgsttag and shown it to
also interact via the yeast-2-hybrid techniquee Tthl length fusion protein is identifiable
through expression of the G§dsrtag; we plan to utilise this characteristic inui
experiments to screen a library of randomly mutapsd5p proteins, and then assay their
ability to form a complex with Snc2p. The secordt®n of this Chapter has used a
complimentary technique, an electrophoretic mopdhift assay, to demonstrate the
Vps45p-Snc2p interaction. The advantage of thig@ach, that involves determining the
ability of Snc2p to bind a concentration gradiehVps45p, is that estimations of affinity
can be calculated from the results. Unfortunatelyurate calculations could not be
performed in this instance, because the concemiatiequired to achieve a complete
range of binding were unattainable. We did howeleserve more than 50% binding, and
a rough estimation of the dissociation const&g} feveals the interaction to be very weak,
approximately 10 puM. Another more sensitive apphomaay be required to make accurate
affinity estimations of the Vps45p-Snc2p interactidiacore surface plasmon resonance
(SPR) and isothermal titration calorimetry (ITCg &wo such techniques discussed in
Chapter VI. Finally, Snc2p that is bound to Vps4ap be displaced by Tlg2p in a
concentration dependent manner. Further to treshave eliminated this displacement
occurring via mode-2 binding using mutant versiohboth Vps45p and Tlg2p. The
ability of Tlg2p to displace Snc2p from Vps45p nimyindicative of a sequential binding
model, (a bridging role of the SM protein, discusseChapter ). The respective
affinities of Tlg2p and Snc2p for Vps45p also supaomodel whereby Vps45p is carried
to the site of action with a weak interaction wttle v-SNARE, and then binds to the

syntaxin through a higher affinity interaction tdfil its role.



Chris MacDonald, 2009 Chapter VI, 144

Chapter V

In vitro fusion of yeast

endosomal SNARE proteins
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5.1 Introduction

In vitro protein based assays, such as those describdpteZs 11l and IV, are conducive
to understanding simplistic factors of SNARE meeliainembrane fusion events; however,
they may not accurately represent intracellulad@ons. On the other hand, it can be
difficult to identify factors responsible for anydividual event in the complex series of
membrane fusion steps from studies of whole celis/ar organisms. A variety of
simplified assays have been developed, using gitially intact cellular components or
completely synthetic membranes, in order to brithgegap (Avery et al., 1999). One

such system, designed in the early 1980’s by Stamckcolleagues, monitors the rate of
fusion using fluorescence resonance energy tra(iSREET) (Struck et al., 1981). The
FRET pair used in the assay are two fluorophor&D KN-(7-nitro-2,1,3-benzoxadizol-4-
yl) and rhodamine (N-(lissamine rhodamine B sulfp(Struck et al., 1981). The

emission band of NBD, which acts as the energy dan@rlaps with the excitation band

of the acceptor rhodamine; when the two probesnackse proximity the NBD
fluorescence is quenched by rhodamine (Fung ary@1$Stt978). These probes are used to
label the polar headgroups of phosphatidylethanioleniefore the lipid is used to
generate liposomes, which can contain other lipid¢ésdesired (Struck et al., 1981). The
basis of the assay is to mix a vesicle populatartaining these labelled lipids with an
unlabelled vesicle population. If the vesiclessfube labelled probes will be distanced
spatially as the unlabelled membrane dilutes thellad membrane, resulting in a decrease
in rhodamine quenching, and an increase in NBDrélscence (Struck et al., 1981). The
principles of than vitro fusion assay are outlined in Figure 5.1
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Figure5.1  Principlesof thein vitro fusion assay

Schematic diagram of the vitro fusion assay. Fluorescently labelled lipids amnstituted into the
phospholipid bilayer of donor vesicles. The flu@esce resonance energy transfer (FRET) pair NRDit(li
spheres) and rhodamine (dark spheres) are reegadtiit a concentration in which NBD fluorescersce i
guenched by rhodamine through FRET. When dondchessfuse with acceptor vesicles the fluorescently
labelled lipids are diluted in the membrane andréiscence quenching by FRET is decreased. Thiamsu
increase in NBD fluorescence over time can be asash indicator of the rate of fusion. Taken fi&uwott

et al., 2003).

This simplifiedin vitro fusion assay was further developed to allow inctapon of

SNARE proteins into generated vesicle populatiddslfer et al., 1998). SNARE proteins
that contain hydrophobic transmembrane domaindegurified in the presence of
detergent then added to a lipid mixture. Liposoarescreated by diluting the detergent
below its critical micelle concentration (CMC), ttiegeshold at which the detergent can no
longer maintain the lipids in solution. Dilutioaesults in spontaneous formation of
liposomes composed from the lipid mixtures, withAR¥E proteins integrated into the
membrane through their transmembrane domains (Watlar, 1998). Resultant
proteoliposomes are then used to investigate thagknic properties of the reconstituted
SNARE proteins in this simplified system that, iamy ways, mimics biological
membranes. This study was used to support thethgpis that SNARE proteins alone are
sufficient to drive fusion of opposing lipid memhes (Weber et al., 1998). The fusion
observed was confirmed as SNARE dependent by tesion of a negative control in

which the t-SNARE containing liposomes are pre-bated with the cytosolic domain of
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the v-SNARE (Weber et al., 1998). These t-SNARBgl@xes are then unable to form
functional SNARE complexes when the v-SNARE contgiiposomes are added, and
fusion is thus inhibited (Weber et al., 1998).

Thisin vitro fusion assay has been widely used to study SNAR&ated membrane
fusion, and can be used to investigate the regulati this process. The regulatory role of
SM proteins on SNARE mediated membrane fusion kag lkexamined using this assay.
The first example of this involved the additiontloé yeast SM protein Seclp to the
exocytotic t-SNARE complex of Ssolp / Sec9p befemmnstitution into liposomes (Scott
et al., 2004). Seclp addition enhances the rdiesain recorded with liposomes
harbouring v-SNARE Snc2p approximately three foldrdusion lacking Seclp (Scott et
al., 2004). A similar effect is observed with lgmmes reconstituted with the neuronal
exocytotic t- and v-SNARE proteins, Sx1la / SNAPa?s VAMP respectively (Shen et
al., 2007). In this study, proteoliposomes weeqocked at low temperature’@,

which prohibits fusion but allows complex formati@®arlati et al., 1999); subsequent
addition of cognate SM protein Munc18a to dockeddomes enhances the rate of
liposome fusion upon incubation at°87(Shen et al., 2007). A third study reported that
SM protein Muncl18c has an inhibitory effect on tag of liposome fusion of its cognate
SNARE proteins responsible for exocytosis at thenmalian plasma membrane, Sx4 /
SNAP-23 and VAMPZ2; this system likely has additiomgulatory requirements to
promote fusionn vitro (Brandie et al., 2008).

The yeast endosomal syntaxin Tlg2p interacts witthp/and Tlglp to form a ternary t-
SNARE complex capable of forming a functional SNA&iplex with v-SNARE Snc2p
(Bryant and James, 2001, Coe et al., 1999). Thexeins have been shown to facilitate
fusion of synthetic liposomes in tihevitro fusion assay described (Paumet et al., 2001).
Vps45p is required for formation of functional Tjg2ontaining complexds vivo, which
suggests that the SM protein has a positive regylable on complex assembly and fusion
(Bryant and James, 2001).
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5.2 Aims of this Chapter

The aim of this Chapter was to establish the lippsdusion assay using the SNARES
responsible for endosomal trafficking in the yeasterevisiaeTlg2p, Vtilp, Tlglp and
Snc2p. Further to this, | planned to examine the of Vps45p on membrane fusion
mediated by this SNARE complex

5.3 Results

5.3.1 Producing protein components of in vitro lipo some assay

Recombinant SNARE proteins were produce#.iwoli, and then purified by affinity
chromatography. To allow reconstitution into swtit lipid membranes it was necessary
that the proteins produced contained their C teairtiansmembrane domain. To stop
these hydrophobic residues causing aggregatiopr@auipitation of protein, all SNARE
protein purifications were carried out in the preseof the detergent Oct@HD-
glucopyranoside (OG), which solubilises the transioine domain. This particular
detergent was chosen on account of its small sizesh allows easy removal by dialysis

after proteoliposome production (Weber et al., 2998

Where possible full length SNARE proteins were wddor the assay, however, this was
not possible for Tlg2p and TIglp, so alternativesians of these proteins were used,
discussed in the following sections. Plasmids dmgpTIg2p and truncations thereof,
Vtilp, Tlglp and Snc2p were kind gifts from Dr. JsMcNew, Rice University, Texas,
USA.

5.3.1.1 Expression and purification of TIg2p

Tlg2p contains a C terminal luminal domain thata$ essential for its membrane
trafficking function (Abeliovich et al., 1998); @mid pJM135 was used to produce agHis
tagged version of Tlg2p lacking this region, Tlg2g, which expresses better than the full
length protein (Paumet et al., 2001). In agreemattt Paumet and colleagues, our
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attempts to optimise the purification of this protdid not result in sufficient
concentrations to allow reconstitution (Paumet.e2801); this was unsurprising, as
degradation of Tlg2n vitro has been previously documented (Carpp et al.,)200ér
this reason a version of Tlg2p lacking the firstN8G&rminal residues (Tlg2ps97), a
truncation known to significantly enhance protexpression, was produced n coli from
plasmid pJM325 (Paumet et al., 2001). Figure Bd&ws SDS-PAGE analysis of TIig2p

397 Samples from each step in the purification process
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Figure5.2  Expression and purification of Tlg2ps7-3g7

(A) Schematic diagram of Tlg2psez (B) Plasmid pJM106 was used to recombinantly produicencated
version of Tlg2p lacking the first 36 N terminaki@ues in BL21 (DE3E. colicells. The Higtagged

protein was expressed and purified from 12 L ofurel, as outlined in methods section (2.3.4.1)ity?af
protein was analysed at various stages by SDS-P&G&E12% gel followed by Coomassie staining. Lesat
after 4 hour induction with 1 mM IPTG (Lane 1; 0100); examples of the 5 ml washes with 20 mM
imidazole (Lanes 2 - 4; 0.1% of each); protein eads before elution (Lane 5u§; 1 ml elutions with 250
mM imidazole (Lanes 6 - 8; [ of each); protein on beads after elutions (Lan20ul). Positions of

molecular weight markers are indicated.
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5.3.1.2 Expression and purification of Vtilp and Tlglp

Hiss tagged versions of Vtilp and Tlglp were expres$sed plasmids pJM132 (Fukuda
et al., 2000) and pJM124 (McNew et al., 2000) respely; both proteins expressed well
and resulted in large quantities of purified pnoteis shown in Figures 5.3 and 5.4. The
reason full length Tlglp was not used for ith@itro fusion assay is that it has previously
been shown to require additional activation to fexgathetic vesiclem vitro (Paumet et

al., 2001). The additional activation requirethis presence of a short C terminal peptide
of the v-SNARE motif of Snc2p which reversibly bgthe t-SNARE complex,

structurally priming it for entry into SNARE comples (Melia et al., 2002). The SNARE
domain of Tlglp alone reconstituted into this systeith cognate t-SNARES also requires
this activation (Paumet et al., 2004). This featppears not to be conserved through
evolution, as the SNARE domain of Sx8, the mammati@amologue of Tlglp, functions

to fuse liposomes in place of Tlglp without requyrany activation (Paumet et al., 2005).
Paumet and colleagues identified the N termindi@oiof the Tlglp SNARE domain to be
responsible for this additional regulatory requiesinof complexes containing the entire
Tlglp SNARE domain; by demonstrating that chimgacsions of the Tlglp and Sx8
SNARE domains would only facilitate fusion if theté&fminus of Tlglp was replaced by
that of Sx8 (Paumet et al., 2005). Given thatgumary aim was to investigate any
regulatory role Vps45p may have on SNARE fusiomwas therefore preferable to
eliminate this second level of regulation from experiments. For this reason, a chimeric
protein containing the N terminus of Sx8 SNARE rhaftid the C terminus of Tlglp was
created, (depicted in Figure 5.5). The expresamahpurification of the Sx8 / Tlglp
chimera required considerable optimisation to yaefthal sample of sufficient

concentration to reconstitute into liposomes.
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Figure5.3  Expression and purification of full length Vtilp

(A) Schematic diagram of Vti1gB) Plasmid pJM132 was used to produce full lengtiomginant Vtilp.
The protein was expressed with an N terminaj lig in BL21 (DE3E. coli cells, and then purified from 12
L of culture as outlined in methods section (2B.4 Purity of protein was analysed at various esagy
SDS-PAGE on a 12% gel followed by Coomassie stginitysate after 4 hour induction with 1 mM IPTG
(Lane 1; 0.001%); examples of the 5 ml washes @@imM imidazole (Lanes 2 - 4; 0.1% of each); protei
on beads before elution (Lane §%% 1 ml elutions with 250 mM imidazole (Lanes 8;-5pl of each);

protein on beads after elutions (Lane 9P0 Molecular weight markers are indicated.
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Figure5.4  Expression and purification of full length Tlglp

(A) Schematic diagram of Tlg1(B) Plasmid pJM124 was used to recombinantly produltéehgth Tlglp

in BL21 (DE3)E. colicells. The Higtagged protein was expressed and purified frorh @Pculture as
outlined in methods section (2.3.4.1). Purity mitpin was analysed at various stages by SDS-PAGE o
12% gel followed by Coomassie staining. Lysateradthour induction with 1 mM IPTG (Lane 1; 0.001%)
examples of the 5 ml washes with 20 mM imidazolen@s 2 - 4; 0.1% of each); protein on beads before
elution (Lane 5; ful); 1 ml elutions with 250 mM imidazole (Lanes 8;-5ul of each); protein on beads

after elutions (Lane 9; 20l). Positions of molecular weight markers are dadiéd.
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Figure5.5  Syntaxin 8/ Tlglp chimera

Schematic representaions of mammalian Syntaxirelofy) and Tlglp (grey) are depicted. The hatched

Predicted molecular
weight = 13.8 kDa

boxes represent each SNARE domain. The chimemsiatsrof the N terminal residues of the Sx8 SNARE
domain (residues 135 - 179), directly followed HgTlp residues from the zero layer to the end of the
transmembrane domain (residues 165 - 224). Addpted (Paumet et al., 2005).

Initial attempts to purify a Histagged version were unsuccessful, with very ljtiatein
being expressed. For this reason | constructedP@M3, which was used to express a
version of the Sx8 / Tlglp chimera harbouring ateiinal GST tag; an approach which
sometimes increases yield of expression and sdlubflrecombinant proteins (Smith and
Johnson, 1988). The parent vector, pGEX4T-1 (GBltHeare) is designed to encode a
thrombin cleavage site (Leu-Val-Pro-Arg-Gly-Ser@ltow the GST tag to be removed
from recombinant proteins after purification, aswh in Figure 5.A). The low final
concentration of cleaved protein was partially thuéhe instability of the protein at room
temperature (the optimal temperature for thromkeawvage is 2%; Chang, 1985).
Utilisation of filtration devices to concentrateetBx8 / Tlglp chimera was reasonably
effective at increasing the concentration, showRigure 5.6B). This was a time
consuming exercise involving protein being puriffeain 4 separate 12 L cultures being
concentrated to give less than 1 ml of protein8gtM; giving enough material for 4
liposome reconstitutions. For this reason | soaghalternative method, and created
pCMDO004 based on parent vector pGEX6P-1 (GE Heal#)cto produce another GST
fusion of the Sx8 / Tlg1lp chimera, which contairRraScission protease cleavage site
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(Leu-Glu-Val-Leu-Phe-GIn / Gly-Pro) to assist witmoval of the GST tag (Walker et al.,
1994). This protease optimally cleaves %@ @Walker et al., 1994), which overcame the
degradation problem encountered with thrombin @dgavand allowed sufficient protein
concentration for 4 reconstitution procedures tolb@ined from a single 6 L culture.
Figure 5.6(C) compares the yield obtained from these two vectdte only fundamental
difference between these two systems was theyabflihe different proteases to cleave
protein from the GST tag at different temperatuties;stability of protein at°€ results in

substantially higher concentrations of protein oise.
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Figure5.6  Optimisation of expression and purification of Sx8/ Tlglp chimera

The Sx8 / Tlglp chimera was produced as a GSTrysiotein from two vectors: pCMDO003, which
contains a thrombin cleavage site; and pCMDO00O4¢kwhbntains a PreScission protease cleavage site.
Proteins were expressed in Rosétta (DE3)E. colicells and purified onto Glutathione Sepharose d&ds
(GE Healthcare), as described in section 2.3.%H respective proteases were used to cleave pifoben
beads, following the manufacturer’s instruction& (Bealthcare), before samples were separated on 15%
SDS-PAGE gels then stained with Coomassie B(#9.Sx8 / Tlglp chimera produced from pCMD003 was
cleaved from beads using 0.05 unitd thrombin, 5ul was resolved on gelB) Protein produced from
pCMDO003 was concentrated using a centrifugal filtradevice (Millipore) with a molecular weight coff

of 3 kDa. Samples were centrifuged at 3,§36r 15 minutes at%C; this centrifugation step was repeated
until ~8 ml of the Sx8 / Tlglp sample had been oedito ~1 ml. Panel shows filtrate (left Lane,|pgnd
final product (right Lane, fl) from concentration proces¢C) A sample of Sx8 / Tlglp produced from
pCMDO004 and cleaved from beads using 0.04 unitfeScission protease (right Langilbwas compared
with the~8 fold concentrated sample from pCMDO003 (left Lampl). Positions of molecular weight

markers are shown.
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5.3.1.3 Expression and purification of Snc2p

For reconstitution of labelled donor liposomes atefninally Hig tagged version of full
length Snc2p was expressed from plasmid pJMO081 @cht al., 2000). Purified Snc2p
runs significantly higher than its predicted molecweight of 12.9 kDa, as shown in
Figure 5.8; this is consistent with a previous réferotopopov et al., 1993). In order to
create a negative control that could block theyeatithis full length v-SNARE into
SNARE complexes, a cytosolic version of Snc2p, @oimig only residues 1 - 88 and
harbouring an N terminal Hjsag, was produced from plasmid pCOG006, showngarg
5.7 (B). Protein was snap frozen in liquid nitrogen atwdexl at -86C in aliquots of 100

pl.

Predicted molecular
weight =12.9 kDa
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Figure5.7  Expression and purification cytosolic Snc2p;.ss

(A) Schematic diagram of Snc2®) Plasmid pCOG006 was used to recombinantly produegsaon of
Snc2p lacking the transmembrane domain, expressityyesidues 1 - 88. The Higagged protein was
expressed and purified from 6 L of culture as oaetli in methods section (2.3.1.4). Expression waisded
with 1 mM IPTG for 4 hours at 8C. Protein was then bound to 2 ml settled"NNTA beads and eluted
with buffer containing 250 mM imidazole after sealavashes. 5 pl of elution was run on a 15% SDS-

PAGE gel, and visualized by Coomassie staining.lelldar weight markers are indicated.
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Figure5.8  Expression and purification of full length Snc2p

Plasmid pJM081 was used to recombinantly produtésfugth Snc2p with an N terminal Hisag. The
protein was expressed in BL21 (DES3)coli cells and purified from 12 L of culture as outlin@ methods
section (2.3.4.1). Purity of protein was analyatdarious stages by SDS-PAGE on a 12% gel follolwed
Coomassie staining (upper panel). Lysate aftesut mduction with 1 mM IPTG (Lane 1; 0.001%);
examples of the 5 ml washes with 20 mM imidazolen@s 2 - 4; 0.1% of each); protein on beads before
elution (Lane 5; 20l); 1 ml elutions with 250 mM imidazole (Lanes 8;-5 ul of each); protein on beads
after elutions (Lane 9; fl). The same samples were run on a second SDS-REGENd subsequently
transferred to a nitrocellulose membrane for imnioibanalysis withu-Snc2p antibody (lower panel).

Molecular weight markers are indicated.

5.3.1.4 Expression and purification of Vps45p

Production of recombinant proteinkh coli often results in large amounts of insoluble
aggregates due to improper protein folding. Adaiamily of chaperone proteins function
in vivo by stabilising partially folded protein intermettia allowing correct conformation
to be achieved (Gething and Sambrook, 1992). Cesralmer of the chaperone family
found in bacteria is the oligomer GroEL, which faranfunctional complex with its
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regulator oligomer GroES (Chandrasekhar et al.6)19®artially folded proteins are
bound and released by the GroESL complex in a seiglieycle (Martin et al., 1993,
Weissman et al., 1994), which allows progressivé Alependent folding of the protein
(Azem et al., 1994). The GroEL and GroES chapepoateins were used to increase the
concentration of soluble Vps45p achieved from &ffipurification.

Recombinant production of the SM protein Seclpgnasiously been shown to be
enhanced by co-expression with the bacterial cloayegprotein GroEL and its regulator
GroES (Scott et al., 2004). Protein yield fromifications of Vps45p with and without
GroEL and GroES co-expression were compared, kgepimther parameters in the
process identical. The pT-GroE plasmid (Yasukaina.e1995) was used to produce both
GroEL and GroES. This plasmid was co-expresséd ooli with pNB710 (Carpp et al.,
2006), which encodes a version of Vps45p with aerwinal Hig tag. Proteins were
purified as described in methods section (2.3.4l3pund that inducing production of
proteins with 0.2 mM IPTG overnight att5was the best method to obtain highest levels
of soluble Vps45p. Figure 5(8) shows samples of protein eluted from each putitica
Vps45p concentrations obtained are much greaten wbhexpressed with GroEL and
GroES (compare - and + Lanes for each elution, E4)- Vps45p of predicted molecular
weight 68.0 kDa can be more easily identified aftestern blot analysis, shown in Figure
5.9(B).

To ensure that any observed effects of Vps45p iatdid the system were not due to the N
terminal affinity tag, | created plasmid pCMDO01%ieh was used to express a version of
Vps45p with a C terminal Higdag. Both the N and C terminally Hisgged versions of
Vps45p were purified under exactly the same conwltj to ensure they were added to the
assay in equal concentrations. Both proteins Wene concentrated using centrifugal
filtration devices until there was visible signspoécipitation. Figure 5.10 shows samples
of N and C tagged Vps45p both before and afterifegal filtration. The protein
concentration of Vps45p alone, and not that of ehape proteins and impurities, was
estimated by analysing samples on an 8.5% SDS-PgegE&longside BSA standards,
followed by Coomassie staining. The relative conicgion of each band was determined
by densitometry using Image J software. The camagon of samples was estimated from
the equation derived from a calibration curve gldtbf the BSA standards. The
concentrations of Vps45p are very similar regasit#fswvhich side the tag is on; example
preparations shown in Figure 5.10 were calculased germinally tagged Vps45p being
31.9uM and C terminally tagged 30 AM.
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Figure59  Co-expression of Vps45p with GroEL and GroES

Plasmid pNB710 was used to recombinantly produds tarminally tagged version of Vps45p into BL21
(DE3)E. colicells. The same construct was also used to expressin in BL21 (DE3) cells harbouring
plasmid pT-GroE, which expresses thecoli chaperone proteins GroEL and GroES. 6 L cultofesach
transformation were grown to Q§3 ~0.6 before expression of proteins was induce@.ByM IPTG
overnight at 15C. Proteins from each culture were purified inatlathe same manner, as outlined in
methods section (2.3.4.1). Both purified lysatesenbound to 2 ml settled RiNTA beads for 1 hour
before 4x 1 ml elutions in buffer containing 250 midre carried ou{A) 5 ul of each elution (E1 - E4),
with (+) and without (-) co-expression of chaperpneteins, was boiled in 2x LSB and then analysed b
SDS-PAGE on a 12% gel before Coomassie stainims49p and GroEL, predicted molecular weights 68
and 58 kDa respectively, are indicatésl) 5 pl of sample co-expressed with GroEL and Grdethé 1) was
also run on a 12% gel then transferred to a nithWose membrane and subjected to immunoblot aiglys

using am-Vps45p antibody. Positions of molecular weightkeas are indicated.
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Figure5.10 Comparison of N and C terminally Hiss tagged Vps45p

Plasmids pNB710 and pCMDO015 were respectively tis@kpress versions of Vps45p containing either an
N or C terminal Higtag inE. colicells as described above. Purifications of batiigins were carried out as
before (described above); all parameters and donditvere identical. Samples were then concemtrate
using centrifugal filtration devices with a moleaulveight cut off of 30 kDa. All samples were aisald on

an 8.5% SDS-PAGE gel followed by Coomassie stainiBgth N and C terminally tagged versions before
(Lane 1 & 3; 5 pl each) and after (Lane 2 & 4; Bath) centrifugal concentration are analysed. tidosiof

molecular weight markers are indicated.

5.3.2 Reconstitution of recombinant SNARE proteins into

liposomes

To produce unlabelled acceptor liposomes, the tBEAroteins were added to a lipid
mixture consisting of 85 mol% 1-palmitoyl-2-olegtosphatidylcholine (POPC) and 15
mol% 1,2-dioleoylphosphatidylserine (DOPS). Toduce donor liposomes a lipid
mixture of 82 mol% POPC and 15 mol% DOPS was usél,fluorescent probes NBD
and rhodamine added as head group labels of 1#nrdijeyl phosphatidylethanolamine
(DPPE), at 1.5 mol% each. POPC was chosen by Rutlamd colleagues to be the main
constituent of the synthetic lipid membrane for SNEAprotein incorporation as it is

relatively inert, the addition of DOPS was duehe hegative charge of
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phosphatidylserine, which appears to assist witthegn reconstitution (Liu et al., 2007,
Scott et al., 2003, Weber et al., 1998).

In order to reconstitute the t-SNARE proteins iredsembled ternary complex, Tlg2p
397, Vtilp and Sx8 / Tlglp proteins were pre-incubatedrnight at AC; these proteins
were added at an equal molar ratio (reactions #yfgicontained ~25@I TIg2ps7.397at ~21
UM; ~150pl Vtilp at ~37uM; and ~10Qul Sx8 / Tlglp chimera at ~48M). The
overnight t-SNARE sample was then added to theddtavn lipid mixture of 85% POPC
and 15% DOPS to create an acceptor liposome paogulathe stock solution of Snc2p
was thawed from storage at °80) subjected to centrifugation at 18,apat £C to remove
any precipitate, and then transferred to the dbpimt mix containing 15% DOPS and a
slightly reduced concentration of 82% POPC, to awoodate addition of the
fluorescently labelled lipids (1.5% DPPE-NBD an8%.DPPE-rhodamine).
Proteoliposome populations of both t- and v-SNARIESse created by diluting the OG
concentration below its CMC (19 - 25 mM; le Maiteag, 2000) to form liposome
populations. The detergent was removed by diabganst Ag buffer after production of
proteoliposomes to ensure it did not interfere \vartly subsequent applications.
Proteoliposomes were then separated from solublteiprby floatation on a gradient of
Nycodenz (Sigma-Aldrich Ltd).

To determine success of reconstitution, samples aealysed by SDS-PAGE both before
and after the procedure. Figure 5.11 shows th@esnof premixed Tlg2p.395 Viilp,

Sx8 / Tlglp and Snc2p before (Lanes 1 & 3) and &éftenes 2 & 4) the reconstitution
process. This demonstrates that all proteins bhaea successfully incorporated into their
respective vesicles. The additional protein bdrma the affinity purification seen on the
gel before reconstitution are not reconstitutedspmably because they do not contain a

transmembrane domain to facilitate incorporatidno the lipid membrane.
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Figure5.11 Reconstitution of yeast endosomal SNARESs into liposomes

Purified t-SNARESs Tlg2§ 397 Vtilp and Sx8 / Tlglp chimera were mixed togetioea total volume of 500
ul at a molar ratio of 1:1:1 on a rotator overnight’C, to allow ternary complex formation in preparatio
for acceptor liposome reconstitution. 100 pl ofified Snc2p stock was thawed for reconstitutioio idonor
liposomes, and added to 4QDA oo buffer containing 1% OG. 100 pl of 15 mM accepioid mixtures and
500 ul of 3 mM donor lipid mixtures, stored in atdform, were dried down under a stream of nitrogas
before vacuum desiccation. Purified t- and v-SNAREere added to lipids respectively, and then
thoroughly mixed by vortexing. The 500 pl solutimireach lipid-protein mixture was then diluted,thg
addition of 1 ml Agg buffer (200 mM KCI, 25 mM HEPES), below the CMCQ@G, to allow spontaneous
formation of liposomes. The lipid mixture of eaetaction was then dialysed against 4 L gf/duffer
containing 4 g BioBeads (BioRad Laboratories Ludas$sist with removal of detergent. Dialysed @ an
SNARE populations were then mixed with 1.5 ml 8% () Nycodenz (Sigma-Aldrich Ltd) in £, buffer
in a SW60 tube (Beckman Coulter Ltd, London, UK 1 ml layer of 30 % (w / v) Nycodenz in 4 buffer
was then carefully overlaid onto each mixture, bef 250 ul layer of g buffer was finally overlaid on
top. Formed proteoliposomes were separated thrthegyNycodenz gradient by centrifugation in a Beakhm
Coulter SW60 rotor at 46,000 rpm for 4 hours‘@.4t and v-SNARE populations were harvested froen t
top layer and the interface between the 30% lag@rul of each population was then analysed by SDS-
PAGE (Lanes 2 & 4) and compared with dlGsamples from before the reconstitution (Lanes 3)&

Molecular weight markers are indicated.
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5.3.3 Characterisation of proteoliposomes

In addition to checking SNARE proteins had beercsssfully reconstituted into

liposomes by SDS-PAGE analysis, it was importardharacterise the liposomes. This is
necessary to gauge how accurately fusion obseppmdsents the biological system we
have based our investigations on. Firstly, | wdrniteknow the protein and lipid content of
each liposome population. Size determination atlar important factor, as if the
liposome sizes vary dramatically then the resuitaioed from the dequenching assay may
not represent the actual rate of fusion. | alsshetl to investigate the orientation of the
proteins in the reconstituted liposomes, as a largeunt of internally orientated proteins
may result in misinterpretation of any fusion assssults correlated to the total protein

concentrations.

5.3.3.1 Estimation of protein and lipid content

The total protein concentration in reconstitut@béomes was determined by amido black
protein assay (Schaffner and Weissmann, 1973),haias previously been used to
accurately determine protein content in presenchigh lipid concentrations (Kaplan and
Pedersen, 1989), described in methods section2233.The molar concentrations of
Snc2p in donor liposomes were generally 6 - 10 fp&hter than t-SNARE proteins in
acceptor liposomes. The calculated molar concemtiafor Snc2p and the t-SNARE
complex samples shown in Figure 5.11 were 3®1%nd 5.6uM respectively. The lipid
recovery was calculated by addition of trace ameohtritiated 1,2-dipalmitoyl
phosphatidylcholine {H]DPPC) to the lipid stocks. Samples from bothlipiel stocks

and the harvested liposomes were compared by megsadioactivity from equivalent

volumes in a scintillation counter.

5.3.3.2 Estimating size of proteoliposomes

A dynamic light scattering (DLS) technique was ugedstimate the size of reconstituted
proteoliposomes containing either t- or v-SNARH#is technique relies on the scattering

experienced by light when it collides with partglef smaller wavelength (Rayleigh
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scattering). The Brownian motion experienced astiples in solution causes fluctuations
in the scattered light; a digital correlator canused to determine the intensity auto-
correlation function, which can be used to calathe hydrodynamic radii of the
liposomes (Kinuta and Takei, 2002). The DynaL®atgm (DynaPro; Wyatt Technology
Corp.) was used to invert the correlation functofind the best fitting size distribution.
Measurements of both populations of proteoliposowsre made; Figure 5.X2) shows

the range of hydrodynamic radii for the donor patioh containing Snc2p. The
measurements for this v-SNARE proteoliposome pdjmavere used to estimate an
average size of 4386.42 nm. Figure 5.1B) shows the size distribution of the acceptor
liposomes containing TIg2psg7 Vtilp and the Sx8 / TIglp chimera. The scattgrin
measurements for this population were more vanmeddisallowed an accurate estimate to
be achieved. From the graph we can see that tige 1af liposome sizes was between 10-
90 nm, which is the same range as our donor lipespmhich we would expect, although
we cannot accurately estimate their size from thesasurements. The raw data from the

dynamic light scattering measurements are displayagpendix I.

To complement the dynamic light scattering sizeéregtions, and with the hope of getting
a better approximation of the t-SNARE liposome siEmnsmission electron microscopy
was used to image the liposomes and measure ireidisectly. The samples were diluted
1,0 before being imaged at 16,000x magnification.ufégs.13(A) and(B) shows

examples of images taken from liposomes contaitting/east endosomal t-SNAREs and
v-SNARES respectively. Proteoliposome diametemsfseveral preparations of each
population were estimated from the images using'BEM software (Olympus). The
range of diameters from each population is presesm$ea percentage of the total, shown in
Figure 5.13C) and(D). This data shows that the liposomes ranged atstween 10 and
100 nm, with the majority measuring between 40 Zhdm in size, which is in agreement

with the dynamic light scattering results previguséscribed in this section.

Both our dynamic light scattering and electron mwscopy results correlate well with other
examples of reconstituted yeast SNARE proteingpmsbmes composed of 85% POPC
and 15% DOPS (Scott et al., 2003).
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Figure5.12 Determination of proteoliposome size by dynamic light scattering

Each population of donor and acceptor liposomesditated /o with Ay buffer and then centrifuged at
18,000qg for 10 minutes. Samples were applied throughGarf2f filter into a DynaPro 801 Dynamic light
scattering instrument (Wyatt Technology Corp.). dsierements were taken at €G7 The laser power was
adjusted to keep the intensity between 500,000tsaamd 2,000,000 counts. The results were then
processed with the program Dynamics V2 softwaregifVjyechnology Corporation). The hydrodynamic
radii of each population were calculated with tegularisation algorithm provided by this software.
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Figure5.13 Determination of proteoliposome size by electron microscopy

Recovered acceptor and donor proteoliposomes viletedf'/,, before 1Qul of each sample was applied to a
glow discharged copper grid. 1% aqueous methylamémadate was then applied as a negative stainebef
samples were imaged with a LEO 912 energy filtetiagsmission electron microscope at 120 kV.
Representative images of both acceptor liposomessicong TIg2p;.307 Viilp and Sx8 Tlglp chimergA)
and donor lipsomes containing Snd®) are shown. Scale bars indicated. Liposome diensetere
measured directly from images produced from sedifferent grids from each sample using SIS iTENt so
imaging software (Olympus). Data presented ageepeage of total liposome population in histogrdars

acceptor(C) and donoKD) liposomes.
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5.3.3.3 Estimating orientation of reconstituted SNARE proteins

The external orientation of SNARE proteins is califor their ability to interact with
cognate partners and facilitate fusion. For teaspn | designed a technique to allow the
percentage of technically redundant, internallgotated, SNARE proteins to be
estimated. Trypsin was used to digest the extgoion of the SNARE proteins; this
was compared to a trypsin digest where the inte8hBARES were also made accessible to
the protease by addition of detergent to disruptifosomes. Figure 5.1A) shows an
example of a trypsin digest to estimate the oriémtaof proteins. Proteoliposomes were
incubated at 3T as a control (Lanes 1 & 4), external SNARES veigested with trypsin
and compared with total SNARE digestion, when Tri¥3100 was also added (compare
Lanes 2 with 3 & 5 with 6). Figure 5.1B) shows average external orientation of
SNAREs from at least 5 separate reconstitutiorigee Ix8 / Tlglp chimera is not
represented; it resolved poorly on the gel duéstsmall size; the resultant images were

not suitable for densitometry analysis.
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Figure5.14 Orientation determination of reconstituted proteinsin liposomes

(A) Example of an SDS-PAGE gel used to determine tiemi@tion of SNARE proteins reconstituted into
acceptor and donor liposomes. 10 pl of liposome® Wweubated at 3T for 3 hours in the presence of
trypsin either with or without Triton X-100. v-SNARliposomes contain Snc2p, and t-SNARE liposomes
contain Tlg2p, Vtilp and Sx8Tlglp chimera. Each reaction was then analyse8h$-PAGE followed by
Coomassie staining. As a control a 10 pl sample feach population was also incubated with nosiryp
(Lanes 1 & 4). Molecular weight markers indicat€B) Histogram displaying average externally orientated
SNARE proteins from at least 5 separate reconigtitst The standard deviation of each externally

orientated SNARE protein is indicated by error bars
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5.3.4 In vitro fusion of liposomes containing the y east endosomal
SNAREs

Reconstituted acceptor and donor liposomes werm tosget up aim vitro fusion assay.
Two reactions were prepared, each withu#tbf the acceptor liposome population
containing Tlg2pr.397 Vtilp and Sx8 / Tlglp chimera atG To the first reaction fl of
Ao buffer was added, to the second reactigh & cytosolic Snc2pgs was added as a
negative control, to ensure that any increaseuimréiscence was due to SNARE mediated
membrane fusion. Reactions were then incubatd®Cafor 1 hour to allow the binding of
Snc2p-gsto the ternary t-SNARE complex. pgbof donor liposomes containing
reconstituted Snc2p were then added to each reaclibe reason an excess of t-SNARE
liposomes are added to the reaction is to accaurih& higher concentration of v-
SNARESs per liposome, at these volumes the ratteSMARE complexes to v-SNARE is
approximately 1:1 (Parlati et al., 1999). Sinceréhis a ~10 fold excess of Snc2p proteins
per liposome in the donor population, each vesiale undergo fusion with multiple
acceptor liposomes mediated via different t-SNAREplexes. Once the v-SNARES had
been added to the reaction and thoroughly mixedirticrotitre plates containing the
reactions were transferred to the spectrophotonpe¢eheated to 3T. Following a 5
minute incubation, NBD fluorescence was measuré&dnainute intervals for 2 hours.
Maximal fluorescence was then determined by thdétiaddf n-dodecylmaltoside to each
reaction and fluorescence measurements recordedftiother 40 minutes. Figure 5.15
shows the data normalised to the maximal fluoress@measurements for each reaction.
The gradual increase in NBD fluorescence measuwredalthe decrease in rhodamine
guenching as the acceptor liposomes dilute therdgusomes, thus represents fusion
(solid blue line). The fusion of liposome popubais is due to the formation of SNARE
complexes, demonstrated by the inability of theesg@pulations to fuse in the control
reaction pre-incubated with cytosolic Snc2p (rettatbline). The cytosolic Snc2ps
competitively interacts with t-SNARE complexes rendg them inaccessible to Snc2p

carried by the donor vesicles. The raw fluoreseatata recorded is shown in appendix Il.



Chris MacDonald, 2009 Chapter V, 169

—T+V
W o 5

control I

% Maximal fluorescence
N

-20 0 20 40 60 80 100 120
Time (minutes)

Figure5.15 Reconstituted endosomal yeast SNARESs form a functional complex

Fusion assays were set up withid@cceptor t-SNARE and @ v-SNARE liposomes. Populations were
mixed in a 96 well plate before transfer to a FLtHD©Optima spectrophotometer af@7 Samples were
incubated for 10 minutes before NBD fluorescencs maasured at 2 minute intervals for 2 hours, thiéh
excitation set to 460 nm and the emission set foré8. 10ul 2.5% (w / v) n-dodecylmaltoside detergent
was then added to each reaction, and fluoresceasengasured for a subsequent 40 minutes. The mbaxim
fluorescence was determined by this addition oédeint, raw fluorescence measurements were then
normalised to this maximum. Graph shows normaldsgd for t-SNARES containing Tlg2pe; Viilp, Sx8

/ Tlglp and v-SNARE Snc2p (blue line, filled cirs)e As a control, a replica reaction was set up tie t-
SNARES previously incubated for 1 hour witluBsoluble Snc2pgg before mixing with donor liposomes

(red dotted line). The raw fluorescence measurésrfenthis experiment are presented in Appendix Il
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5.3.5 Tlglp SNARE complexes cannot facilitate fusio  n of vesicles

in vitro

It has previously been shown that the N terminsilduges of the Tlglp SNARE motif
contain a regulatory element that inhibits its itb facilitate fusion of vesicles vitro
(Paumet et al., 2005). To confirm that TIglp caubd fuse vesicles in our system we
compared acceptor liposomes reconstituted with ASE complexes containing TIgzp
sg7 and Vtilp with either Tlglp or the Sx8 / Tlglp mi@ra. Fusion assays containingid5
of the two populations of acceptor liposomes contg either TIglp or Sx8 / Tiglp were
set up with 54l of the same population of donor liposomes comagisnc2p. Control
reactions were again prepared in which the cytostdimain of Snc2psgwas pre-
incubated with t-SNARE complexes for an hour @ % block fusion. Figure 5.16 shows
the NBD fluorescence results normalised againstimabXfluorescence determined by
liposome disruption with detergent. Successfuldiu®f Snc2p donor liposomes with
acceptor liposomes containing t-SNARE complexeh thie Sx8 / Tiglp chimera is
observed, as previously described (solid blue lim&)ceptor lipsomes containing Tlglp
do not fuse with the donor vesicles, indicated byntrease in NBD fluorescence above
controls (solid red line compared with blue anddetted lines). This confirms the
previously reported observation that Tiglp is reggable of facilitating fusion of vesicles
in vitro whereas a chimeric version, replacing the N teahmesidues of the SNARE motif
with those of mammalian Sx8, results in fusionyftietic liposomes (Paumet et al.,
2005).
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Figure5.16 N terminal domain of TIglp SNARE motif inhibits fusion

Fusion assays were set up as described previaltisiy.t-SNARE populations containing Tlg24ses Vtilp,
and either Tlglp (red) or SX8Tlglp (blue) were mixed with Snc2p containing dolposomes. NBD
fluorescence at 535 nm was measured at 2 mingevals, data was normalised to a percentage ofmadxi
fluorescence, determined by addition of n-dodecitivsade after 2 hours. Control reactions wereupewith
the addition of cytosolic Snc2p for 1 hour with Tigand Sx8 TIglp containing acceptor liposomes (red
and blue dotted lines respectively). The raw fisgence measurements for this experiment are peesien

Appendix 1.
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5.3.6 Inhibition of SNARE mediated membrane fusion

The addition of cytosolic v-SNARE to competitivehteract with t-SNARE complexes,
thus inhibiting fusion of liposomes containing taésSNARES, is a necessary control to
demonstrate that the fusion observed is SNARE diper(\Weber et al., 1998). A small
gradual increase in fluorescence in these congaaitions is still detected (dotted lines in
Figure 5.15 and 5.16). | wanted to ensure thatimamx inhibition was being achieved in
these reactions. In order to do this, | wantetds$b if varying concentrations of Sng2p
resulted in a concentration dependent inhibitiés.we had previously been usinglb
Snc2p.gg at 38.4uM to inhibit fusion, we chose to add 1 pl and 1®fuEnc2p.gs at 38.4
UM to the t-SNARE liposomes prior to mixing with \W8RE liposomes. If the §l
Snc2p.gg we were using previously was only partially inhithg fusion, we should see
more inhibition with 1Qul and less with fil. As with previous experiments, Sngzp
samples were added to 45 pl t-SNARE containingstypees and incubated for 1 hour at
4°C. Ao buffer was added to ensure reactions containedaime volume. [l v-

SNARE liposomes were then added to each reactimhtlee rate of fusion was measured
as before and normalised to the maximal fluoress@cbieved by addition of detergent.
Figure 5.17 shows that 1 pl of Sng3pis sufficient to block fusion to the levels that |
have previously documented from the in ith@itro fusion assay, approximately 2% after
2 hours (solid red line). Increasing the volumé&at2p.gg incubated with 45 pl of the
same t-SNARE populations to 10 pl results in nataavhl inhibition of fusion (solid blue

line).

An intrinsic property of the fluorescently labelligids in the donor population at 37

(e.g. induction of liposome disruption by an unkmoi&ctor) may account for this basal
increase in fluorescence detected in the contipdements. To test this explanation, a
control reaction containing only 5 pul of the Sne@mtaining donor liposomes was
prepared, and again& buffer was added to make all volumes equal. Déiposomes
alone do not result in any fluorescence (Figur&@ Bblack dotted line), so we can exclude
liposome lysis or any artefact associated withdiweor liposomes alone causing this basal

level of fusion observed.
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Figure5.17 Optimising cytosolic Snc2p;.gs control reactions

Fusion assays were set up as described previodSlyl of liposomes containing reconstituted Tlg2g-

Vitilp, Sx8/ Tlglp were incubated with {dl or 10 pl cytosolic Snc2pgs for 1 hour at 2C to inhibit complex
assembly. 5 pl of Snc2p containing donor liposomas then added to each reaction. A third reaction
containing only 5 pl Snc2p liposomes and 55 phhAuffer was also prepared in a separate well. NBD
fluorescence at 535 nm was measured. Graph shoeasd$cence data normalised to a maximum determined
by addition of detergent to achieve maximum fluoese. Blue and red lines represent fusion oftyeas
SNARE liposomes previously inhibited with 1 pl dF il Snc2pgg respectively. Black dotted line depicts
fluorescence of donor liposomes alone over 2 hau8’C. The raw fluorescence measurements for this

experiment are presented in Appendix Il.

In order to ascertain if this basal level of fusabyserved in control reactions occurred
through some non-SNARE mediated fusion event, fug@ctions mixing
proteoliposomes and empty liposomes were prepatggl of either t-SNARE (T) or
empty (T*) acceptor liposomes were incubated witht 6f both v-SNARE (V) and empty
(V*) donor liposomes. Assays were run as previpdsiscribed. Figure 5.18 shows no
fusion occurs between Tlg2se7 Vtilp, Sx8 / Tlglp and empty donor liposomes éblu
line) or Snc2p and empty acceptor liposomes (reg).li Both empty liposome controls
show a basal rate of fusion which correlates withdontrol reaction previously incubated
with Snc2p-gg to inhibit fusion (black dotted line). We thersame the basal rate is
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representative of maximum inhibition achieved im control reaction and is an
unavoidable artefact from the assay conditions. cdfesequently assume SNARE
inhibition is maximised by addition of cytosolic & .gg in our previous experiments, and

fusion above this level represents the fusogerigctsf of the SNARE proteins.

......... T+ V control
T+
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% Maximal fluorescence

=20 0 20 40 60 BO 100 120

Time {minutes)

Figure5.18 Control fusion assay with liposomes lacking SNARE proteins

Fusion assays were set up as described previodSlyl of liposomes containing reconstituted Tlg2g-
Vitilp, Sx8/ Tlglp were incubated with |3l cytosolic Snc2pgg for 1 hour at 2C as a negative control.
Fusion reactions containing 4bt-SNARE with 5ul empty donor liposomes (V*) or 48 empty acceptor
(T*) and 5ul Snc2p donor liposomes were incubated 4C3NBD fluorescence at 535 nm was measured.
Graph shows fluorescence data normalised to a memidetermined by addition of detergent to achieve
maximum fluorescence. The black dotted line dedlabrescence of control reaction previously iretell
with Snc2p.gs. Blue and red lines represent fusion of yeast REAposomes with empty donor and
acceptor liposomes respectively. The raw fluoneseaneasurements for this experiment are presented

Appendix 1.
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5.3.7 Addition of Vps45p to in vitro fusion assay

Firstly, to introduce the SM protein Vps45p inte flusion assay directly, we set up
reactions (including controls) as previously ddsexi 45ul of t-SNARE liposomes pre-
incubated with 5ul v-SNARE liposomes overnight af@, to allow complex formation.
Reactions were then incubated in the presencesanab of 8Qul C terminally Hig tagged
Vps45p at a concentration of 3Quil. The rate of fusion was measured as described
previously, and compared to the maximal signalrd@teed by liposome disruption with
detergent. Figure 5.19 shows the NBD fluorescemeasurements. Unfortunately the
fusion reaction lacking SM protein showed no fusiwove that of the cytosolic control
(compare solid and dotted red lines). This has lodserved previously, but we have not
ascertained the exact cause. Certainly liposomoesdsat 4C for more than several days
appear to lose their fusogenic capabilities, pdgsibe to degradation of proteins
reconstituted in the liposomes; there are possitilgr contributory factors that result in no
fusion that we have yet to identify. All reactieolumes for fusion assays are identical;
this suggests that dilution of the liposomes dagsaffect their ability to fuse. The
reaction containing Vps45p does show elevated $evelusion (solid blue line), that may
suggest fusion has been stimulated above the taeah these reaction conditions, but

without a control reaction resulting in fusion wanoot make these assumptions.

A second approach was also used to incorporateSgpisdo the fusion assay. 4bt-
SNARE liposomes were incubated with |@0C terminally Hig tagged Vps45p or
Munc18c for 24 hours af@. We thought it necessary to include a contrattien
containing a non-cognate SM protein, so a C terltyilrlisg tagged version of Munc18c
was expressed from pKIM0O01 and purified as desdribesection 2.3.4.1. This was
primarily because it is known that Vps45p can iatedirectly with cytosolic Snc2p

vitro (Carpp et al., 2006). Since this was likely dgram overnight incubation, we feared
this would invalidate the control reaction. Asdref a control was set up incubating5
t-SNARESs with cytosolic Snc2ps before the 24 hour incubation stepzodbuffer was
added to reactions not containing SM proteinshabdll reactions contained an equal
volume. Each reaction was then heated f€3xefore addition of Hil v-SNARE
liposomes. NBD fluorescence was measured as bafateompared to the maximum
signal, determined by addition of detergent. Fegbhu20 shows these results. There
appears to be no difference in the fusion reactommsaining only buffer (red solid line) or

Vps45p (blue solid line). The control reactiorgieater than we have observed for
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previous cytosolic control reactions (red dottee)i possibly fusion has not been inhibited

to its maximum in this reaction. Addition of thentrol SM protein also appears to have
no effect (green solid line); it is slightly lessh the reactions containing Vps45p and
buffer. These experiments would have to be repeatascertain if this reduction in rate

of fusion is significant or not.
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Figure5.19 Addition of Vps45p toin vitro fusion assay

Fusion assay reactions were prepared consistidg plft-SNARE liposomes containing Tlg2psq7 Vtilp,
Sx8/ Tlglp and 5u v-SNARE liposomes containing Snc2p. Liposomeuydafions were incubated
overnight at 4C to allow complex formation. The reaction mixtsingere then incubated with either |80
Vps45p (at concentration 26.M) or 80l Ao buffer; reactions were then incubated 2 for a further 3
hours. As for previous experiments, identical conteactions were prepared, in whiclusytosolic
Snc2p.gg Was incubated with the t-SNARE liposomes for 1reti#C, before addition of v-SNARE
liposomes. Liposomes were then incubated &€ 3@r 10 minutes, before NBD fluorescence at 535was
measured every 2 minutes. Graph shows fluoresaateenormalised to a maximum determined by
addition of detergent. Reactions containing onlffdr are shown in red, those pre-incubated irptlesence
of Vps45p are shown in blue. The control reactioihsach assay are presented as dotted linesravhe

fluorescence measurements for this experimentrasepted in Appendix 1.
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Figure5.20 Addition of Vps45p and Muncl8c to fusion assay

Fusion assay reactions were prepared consistidg plft-SNARE liposomes containing Tlg2psq7 Vtilp,
Sx8/ Tlglp, a control reaction containingdbcytosolic Snc2pgs was incubated with 4fl t-SNARE
liposomes for 1 hour af@. 80l of either A, buffer, Vps45p (2M) or Munc18c (25uM) was added to
each reaction (7al A,qq buffer was added to the cytosolic control reagtemall volumes were equal), and
incubated for 24 hours at@. Fusion reactions were heated t8GBefore 5ul of v-SNARE liposomes was
added to each reaction. Fusion reactions wereitiveibated at 3 and NBD fluorescence at 535 nm was
measured every 2 minutes. Graph shows fluoresaateenormalised to a maximum determined by
addition of detergent. The reaction lacking SMteiro (solid line), and its control pre-incubatedtwi
cytosolic Snc2pgg (dotted line) are shown in red. The reactionsipcebated with Vps45p and Munc18c
are shown in blue and green respectively. Thefl@wescence measurements for this experiment are

presented in Appendix II.
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5.4 Chapter summary

This Chapter has discussed the development of aitro fusion assay, which has been
successfully used to demonstrate that versionseoSNARE proteins localised to the
TGN / endosomal system 6f cerevisia€Tlg2ps7.393 Vtilp, Sx8 / Tlglp chimera) are
capable of fusing synthetic liposomes. In additomthis, we have confirmed the finding
that t-SNARE complexes containing full length TIgdne incapable of facilitating fusion
of synthetic membranes (Paumet et al., 2005). pteliminary attempts to incorporate
Vps45p into the fusion assay have not revealedamgtional role the SM protein may
have. Addition of Vps45p to the t-SNARE liposone@ernight was seen to have no effect
on fusion. A stimulatory effect was observed whgs45p was added to liposomes that
had already been pre-incubated to allow complexé&ion, but this result was
inconclusive as the standard reaction did not tésdusion. It is possibly that we need to
optimise the conditions of Vps45p addition to tip@$ome fusion assay. Also, itis
important to note that the version of Tlg2p we weseng did not contain the first 36 N
terminal residues, so it is unable to bind to V¥ mode-2 binding. An obvious next
step would be to reconstitute Vps45p pre-boundd@f, or indeed to Snc2p, into

liposomes.
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Chapter VI

Discussion
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The work presented in this thesis was aimed atrnstafeding the regulation of SNARE
dependent membrane fusion, using the yeast endbsgstam as a model. To this end, |
have demonstrated several key features of the>aprftamologue Tlg2p, and the SM

protein Vps45p, which are important for fusion.

6.1 Discussion of results

In Chapter Ill, | presented data in support of leypothesis that Tlg2p forms a closed
conformation which is inhibitory to complex formati. This is contentious, as it disagrees
with NMR data demonstrating that no intramolcutgeractions were observed in Tlg2p,
suggesting that it can not adopt a closed confaom&bDulubova et al., 2002). One
restriction of the recombinantly produced fragmergsd in the NMR analysis is that due
to the insolubility of the full length protein, moated versions of Tlg2p were used
(Dulubova et al., 2002). NMR analysis of TIg2pdin@ents containing residues 60 - 283
(representing the entire cytosolic domain) anddiess 65 - 192 (representing the Habc
domain) were compared to see if any differencdrurcture could imply an intramolecular
interaction (Dulubova et al., 2002). Unfortunatehese fragments lack more than half the
SNARE motif and the carboxy-terminal residues pdétg the transmembrane domain,
which may be important for the stabilisation ofl@sed conformation. Existing evidence
for the N terminal domain of Tlg2p playing an inivdoy role include the finding that
removal of the Habc domain alleviates the requirgnfe SM protein Vps45p to allow
complex formation (Bryant and James, 2001). Mwydae in agreement with this, as
versions of TIg2p lacking the Habc domain form céerps more readily than the full
length versionn vitro (Figure 3.3), suggesting theisevivo observations (Bryant and
James, 2001) are directly due to the lack of thiecHtbomain.

The most obvious explanation for a conformatiolglp that has an inhibitory effect on
complex formation, is that Tlg2p forms a closedfoomation, akin to that of its
homologues Sx1a (Dulubova et al., 1999, Misurd.e2@00) and Ssolp (Carr et al., 1999,
Munson et al., 2000), as outlined in our hypothe€sir attempts to identify a direct
interaction between the Habc domain and the SNA&®adn of Tlg2p using a yeast-2-
hybrid assay proved unsuccessful; this could béaggd by the fragments used not being
sufficient to stabilise a closed conformation. d\lthe concentrations of each domain

produced in the yeast-2-hybrid assay may be toddogetect an interaction, as the
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effective concentration of the two domains situaitedhe same polypeptide (as it ocaurs

Vivo), is much greater than can be achieved when tieegraduced individually.

The closed conformation of Sx1a is intrinsicallykied to the SM protein, Munc18a, which
interacts directly with Sx1a in this conformati¢rat is incompatible with SNARE
complex assembly (Dulubova et al., 1999, Misural @2000). Studies investigating the
inhibitory domain of TIg2p must therefore also exaents interaction with the SM
protein, Vps45p. A study looking at the interaotaf Sx16, a mammalian homologue of
Tlg2p, with mammalian Vps45 concluded that Sx16 adopt a closed conformation
which interacts with Vps45 (Burkhardt et al., 2008his study used ITC to demonstrate
that the apparent affinity of the entire cytosalamain of Sx16 is greater than that of the
N terminal peptide alone (the portion that faciBsamode-2 binding) (Burkhardt et al.,
2008). A similar effect was observed in quantatanalysis of yeast-2-hybrid results
testing the affinity of Vps45p for various trunaats of Tlg2p, where a stronger reporter
signal is detected for the full length cytosoliawin than that of the N terminal peptide

alone; this observation was not commented on bytitieors (Dulubova et al., 2002).

More direct evidence for a Tlg2p closed conformatias produced using size exclusion
chromatography, demonstrating that Vps45p canantevith a Tlg2p fragment lacking

the N terminal peptide, through an interactionidgtfrom mode-2 binding (Furgason et
al., 2009). This study went on to further charaseethe affinity of this other binding

mode with Vps45p, using a quantitative competitdiSA technique. These experiments
estimated the affinity of the N terminal domainTa§2p (residues 1 - 33) for Vps45p to be
35+ 3 nM and that of the C terminal binding site to28®+ 4 nM (Furgason et al., 2009).
Mutant versions of TIg2p, predicted to either dironode-1 binding (1285A) or to

produce a version of TIg2p that cannot adopt aecla®nformation
(K134A/K137A/K163A), were created based on homoltmgther known mutants,
(Burkhardt et al., 2008, Wu et al., 1999) and (Mamst al., 2000, Munson and Hughson,
2002), respectively (Furgason et al., 2009). Wiheise mutants were combined with the
N terminal truncation (Tlg2f2-33), no apparent affinity was observed, suggestiagttie
second C terminal binding site of TIg2p correspaiods closed conformation (Furgason et
al., 2009). Interestingly, the N terminal bindimgpde of TIg2p competes with the closed
conformation for Vps45p binding (Furgason et a@00%2), the exact functional relevance of

this remains to be understood.
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Understanding the significance of Vps45p bindinglgp by these two distinct
mechanisms may be advantageous to understand S&inpfanction in general.
Abrogation of Vps45p binding through either a mddieteraction with the closed
conformation, or a mode-2 interaction with the Mtmal peptide had no effect on the
cell’s ability to correctly sort the vacuolar hythee CPY (Figure 3.10). However, an
essential role of Vps45p was shown when both bgndiodes were abolished, which
resulted in defects in the trafficking pathway &#YC(Figure 3.10). The finding that
Vps45p relieves the kinetic delay on complex assgmperienced by full length Tlg2p
in vitro (Figure 3.4), suggests that Vps45p has a diréetind(SNARE complex assembly
preceding fusion: priming SNARESs for assembly biyvating Tlg2p. This supports our
hypothesis that Vps45p facilitates a conformati@wetch in Tig2p, whereupon the Habc
domain disengages with the SNARE domain, rendetiagcessible to the cognate
SNARE partners.

Chapter IV details my analysis of Vps45p’s intei@ciwvith the v-SNARE Snc2p (Carpp

et al., 2006). | used a yeast-2-hybrid systenotdiom the interaction, shown in Figure
4.3, and further developed this assay to servetasl dr mapping the binding sites of
Vps45p to the Snc2p SNARE motif (discussed in saddl.2). It is noteworthy that
addition of the C terminal GFP tag to Vps45p reduite levels of reporter gene activation
in the assay, suggesting a weaker interaction thégged Vps45p (Figure 4.3). This may
be due to the proximity of the GFP tag to the SnmRging site of Vps45p. Introducing
mutation in this area first may be the fastest sewf action to determine the essential

residues for the interaction.

The interaction between Vps45p and Snc2p was aisfirmed using an EMSA assay
(Figures 4.10 & 4.11). The EMSA assay was prepaiddthe aim of accurately
determining the affinity of the interaction betwe®nc2p and Vps45p, as demonstrated for
Tlg2p binding to Vps45p (Furgason et al., 2009hisTwas not possible, as we were
unable to obtain the high concentrations of recoauti protein required to accurately
measure this low affinity interaction. We can hgereestimate th&y of the interaction to
be approximately 10 uM. This is a weaker inteacthan either of the two binding
modes between TIg2p and Vps45p (Furgason et &9)20This is consistent with our
model: Vps45p travels to the site of membrane fusio the transport vesicle through its
interaction with Snc2p and is then transferredIg2p in a closed conformation (discussed
in section 6.3). This model predicts that Vps45uld have a greater affinity for Tig2p
than Snc2p.
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In conjunction with the EMSA assay, | attempteduarfescence polarisation (FP) assay
(Park and Raines, 2004), using similar binding ootk as described in the preparation
of the EMSA (Chapter IV). The FP assay is moresgime than the EMSA, and has the
advantage of being able to record measurementdutian. This would eliminate any
factor the gel matrix has on protein-protein iné#&i@s or protein mobility. The principle
of the assay is to distinguish unbound labelledgandrom that which is in complex with
another protein (Heyduk et al., 1996). This camti@eved by measuring the fluorescence
anisotropy of the samples in solution; the Vps48p2Zp complex will have a detectably
slower rotational motion value than uncoupled SncPpe size difference between the two
proteins is favourable for these measurementsortinfately, these results were
inconclusive, but the method could potentially Bediin the future to accurately measure
theKy of the Vps45p-Snc2p interaction. Other possibigraies of investigation to

achieve this goal are discussed in section 6.2.

As competition experiments could not be used inBRESA assay, we used vitro
competition binding studies to investigate thetreéaaffinities of Vps45p for Tlg2p and
Snc2p. In agreement with a previous report, Tig@p displace binding of Snc2p to
Vps45p (Carpp et al., 2006). Further to this,hmdeastrated that the displacement of
Snc2p occurs in a concentration dependent mannethat the mode-2 interaction is
dispensable for this displacement (Figure 4.13)is Ts also in agreement with a model
whereby Vps45p is transferred from Snc2p to théadngffinity binding of the closed
conformation of Tlg2p (mode-1).

My final results Chapter deals with developingm@nitro fusion assay. | have
successfully incorporated the SNARE proteins ofyis&st endosomal system into
synthetic liposomes, and demonstrated that thegapable of fusing the liposomes
(Figure 5.15). Further to this, in agreement waitbrevious report (Paumet et al., 2005), |
have shown that the N terminal portion of the TIGIYWARE domain imposes a level of
negative regulation on fusion (Figure 5.16). Usanghimeric protein, that replaces the N
terminus of the Tlglp SNARE domain with that of thammalian homologue, Sx8,
relieves this inhibition (Figure 5.16).

| spent considerable time and effort trying to opsie then vitro assay, so that it can be
used to investigate the role of Vps45p in membfas®n. | have extensively
characterised the proteoliposomes produced inrbeeps, so that we can assess their lipid

and protein content, and what orientation the pmetare in (discussed in section 5.3.3).
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In addition to this we have estimated the sizénefliposomes; ensuring populations are of
similar size distribution to each other. This vailbo aide any “rounds of fusion”
calculations, a physical parameter used to dematediine extent of fusion in donor
vesicles (Parlati et al., 1999), which can now dlewated more accurately. | also had
some trouble maximising the inhibition of the cyilis control, but my observation that
liposomes lacking SNARE proteins results in a simallease in fluorescence that can not
be reduced any further in the control fusion reaGtsuggests this is unavoidable (Figure
5.18).

My attempts to incorporate Vps45p into the assax @ yet been unsuccessful in
yielding any functional data on its SNARE interaos. Addition of Vps45p to liposomes
incorporated with SNARE proteins that had previgumen allowed to form complexes at
4°C was unsuccessful, but this may be have beenodihe fluorescence equilibration |
detect as the temperature is increased. Therhighdluorescence at the start of the
assays, as the temperature is changed ff@het37C (Vicogne and Pessin, 2008). The
neuronal Sxl1a binds Muncl18a via mode-2 duringdtage, and enhances the rate of
fusion (Shen et al., 2007). If Vps45p is havingeffiect on fusion at this stage, it will only
do so for the first round of liposome fusion frane fpre-docked samples. The first round
of pre-docked liposomes containing the neuronal REAvroteins occurs most
significantly in the first 20 minutes (Shen et @DO7). If this is the also the case in our
system, the effect will be drowned out by the Higlbrescence background experienced at
the start of the assay. This is unavoidable, adiposomes cannot be left to dock through

SNARE interaction at 3T, as fusion will also occur.

Alternatively, as we are using a version of TlgBattcannot interact with Vps45p via a
mode-2 interaction, maybe it cannot exert influeocehe process. Or, possibly, our
system differs from the exocytotic systems thuscharacterised using the vitro fusion
assay (Scott et al., 2004, Shen et al., 200Madtbeen shown previously that Vps45p
dissociates fronrans SNARE complexes and then re-associates witltii8NARE
complex after fusion (Bryant and James, 2003),as3iply the interaction between
Vps45p and the SNARE complex by a mode distinehfroode-2 observeia vitro

(Carpp et al., 2006) represents tecomplex, and Vps45p has no direct role on fusion
per se Functional analysis of the full length Tlg2p f&io is required to differentiate

between these possibilities.
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Interestingly, the reaction that was prepared @sence of Vps45p resulted in fusion
(Figure 5.19). We cannot say that this is an eocbadeffect, as the standard reaction did
not work; it may be standard fusion observed inrdaetion containing Vps45p, and the

basal fusion reaction did not work for some unknoeason.

| also attempted to incorporate Vps45p into theysefore complex formation. This did
not result in any observable difference in the adtiision (Figure 5.20), but it is worth
noting that addition of yeast Seclp had a very malgffect on increasing the rate of
fusion, and it was only when the SM protein wa®nstituted with the t-SNARE complex
(Ssolp and Sec9p), that a 3 fold increase in tieeofdiposome fusion was observed
(Scott et al., 2004). My initial attempts to restitute Vps45p with the t-SNARE
complex, or that of the v-SNARE Snc2p, resulteddst amounts of precipitation and no
detectable protein reconstitution. Also, it isiagaossible that the full length Tlg2p
protein will have to be used in this manner to thsteffect of Vps45p. These difficulties

may require considerable work to overcome.

The physiological relevance of thisvitro fusion assay has been questioned, primarily due
to its inability to replicate fusion at rates anyesh near those which must occur in the
neuronal synapse (Chernomordik and Melikov, 20080 Rnd Sudhof, 2002). Also, it has
been suggested that the number of reconstitutedREN#¥oteins per liposome may not
represent physiological conditions (Chernomordié Bfelikov, 2006), however estimates
of this number for the neuronal system are notejtgpon (Brunger, 2005, Dennison et
al., 2006). Characterisation of proteoliposomashsas those described in section 5.3.3,
allows this information to be known prior to anion assays, so the results can be
directly correlated, for example, to the amoungxternally facing v-SNARESs in a donor
liposome. Also, the protein to lipid content canduljusted at the preparation stage, to
increase or decrease the number of SNARES penlipes It has also been assumed that
additional regulatory factors are required to alfosion to occur at a faster rate (Weber et
al., 1998), as there are manyvivo factors, such as the Rab and tethering proteirliésn
(discussed in sections 1.5.5 & 1.5.6) that are@ptesented in this system. This has been
supported by one study that successfully incorpodréte Rab-SNARE machinery
necessary for mammalian endosomal traffic intodgroes, and demonstrated that fusion
is more efficient with the entire complement of RBIKARE machinery than SNAREs
alone (Ohya et al., 2009). Although thevitro fusion assay is a simplified system, it does
mimic both proteins and lipids involved with memtegusion. This reductionist

approach remains a useful tool to reveal datagelet function of the factors involved.
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6.2 Future work

In the light of a confirmed TIg2p closed conforneatiFurgason et al., 2009), it might be
useful to repeat the competition binding experira€rtgure 4.13) with the mutants
abrogated for mode-1 binding used in this studgZmbssa and TIg2R134ak137A/K1634)s

both alone and in combination with the mutants useabrogate mode-2 binding
(Vps45p117r and TIg2poan104). This would allow us to test if the mode-1 iatetion of
Tlg2p is necessary to displace Snc2p, as we knoderds not important (Figure 4.13).
These studies could reveal more about the impaetaheach binding mode, and would
confirm our hypothesis that the Vps45p binding tieZp precedes its interaction with the
closed conformation of Tlg2p.

We would also like to further characterise the $nisidding mode. As the EMSA proved
an inappropriate technique to estimate the affioftihe interaction, the more sensitive
Biacore SPR may be a better technique. One regaireof this method is to bind protein
of interest to a chip, which is subsequently flukigth the interacting protein partner
(Fivash et al., 1998). The native cysteine in $ned residue 94, would be ideal to
immobilise the protein on a chip (O'Shannessy.etl8P2) via a thiol reaction similar to
the Alexa 488 labelling reaction we carried outtfoeg EMSA technique (Section 4.3.2.3).
Competition binding experiments could also be ditweugh the Biacore technique. We
hope to carry out these experiments in collabanatith Dr. Sharon Kelly, University of
Glasgow, UK. My initial attempts to purify Vps4®ither without GroEL, or to separate
the GroEL by more extensive purification, proveduecessful. Optimisation of the ion
exchange chromatography could result in relativafyd production of the necessary
proteins for these Biacore experiments. ITC iglagomore sensitive technique that has
been recently used to estimate the affinity of Sbtgin binding (Burkhardt et al., 2008),

which could be used to investigate the relativendif of the Vps45p-Snc2p interaction.

The yeast-2-hybrid assay discussed in Chapter hows ready to be moved into a
different host strain that will allow a reverseesgion to identify binding partners that do
not interact. Several reverse-2-hybrid technidwese been developed, the most common
of which usedJRA3as a positive selection forward assay, then unetokic 5-fluororotic
acid (5-FOA) drug to positively select for mutatitat no longer interact (Vidal et al.,
1996b). We attempted to do this with the yeastistrMaV103 and Mav203 (Vidal et al.,
1996a), and use the reconstitution of the transonpl machinery to activate théRA3

gene in these strains. 5-FOA is toxic to cellthepresence of uracil, as it converts uracil
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to 5-fluro-deoxyuracil, which is toxic to yeastlsg|Boeke et al., 1987). Therefore, 5-FOA
can be used to counter select yeast harbouringomersf Vps45p unable to interact with
Snc2p. Truncation mutants can be avoided by gdogening for the C terminal GFP tag
that ensures the entixd?S45gene has been translated. UnfortunatelyJR&3selection

in the forward assay did not work consistentlywsoare in search of a new reverse screen.
Other systems involve using different agents tHhatvacounter selection, such as 3-
aminotriazole (3-AT): a drug which competitivelytenacts with a critical enzyme in the
biosynthetic pathway of histidine (Walhout and Wjd201). The best course of action for
us is to use a yeast strain that allows selectigerporation of our constructs based on
parent vectors pACT2 and pGBKT7. This would bedent as the forward assay has been
shown to work well and consistently (Figure 4.33pathe full length mutants will be
easily identifiable by the C terminal G§ggrtag, that has been successfully incorporated
into both AD and BD versions of Vps45p and showexpress well (Figure 4.4).
Alterations of selective markers or genetic modificns to a yeast strain genome are both
difficult and time consuming tasks which could veided by choice of strain. We have
recently identified a model which could work witbresystem, the strain CY770 that
contains a mutargdyh2gene (which is resistant to cyclohexamide), cdddised in
conjunction with a plasmid that confers sensitiv@ythe drug through @AL activated
promoter (GALUASEYH2 (Young et al., 1998). Resistance to this drugi@llow us

to isolate hybrid combinations that no longer iateér Sequence analysis of a library of
mutants that can no longer interact should indieag¢@s of the Vps45p molecule that are
important for this interaction. Further, site sfiecmutations would then allow us to
produce recombinant protein that was abrogatethfermode of binding. We could then
use this mutant, in conjunction with other mutamit@ins abrogated for other binding
modes, in various assays (including iteitro fusion assay; discussed in Chapter V) to
help us appreciate the significance of Vps45p mgd@NAREs by multiple, distinct

binding modes.

We would like to do several things with timevitro fusion assay, primarily to incorporate
Vps45p in some way that will reveal its functiosanificance. Our attempts thus far to
do so have been unsuccessful, but sufficient tiagertot been spent to optimise conditions
to a satisfactorily degree; further investigatiawld still prove fruitful. Addition of

Vps45p that has been more extensively purifieddagcessary for Biacore SPR analysis)
could also be beneficial to these studies. Alptinasation of the purification and
reconstitution of full length version of Tlg2p (daming the first 36 residues), allowing its
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incorporation into liposomes, would allow us toeditly test if Vps45p binding via mode-2

has any effect on membrane fusion.

Taking the arguments against the physiologicalvegiee of then vitro fusion assay into
account (section 6.1), we still consider it a valeaool to reveal the functional relevance
of certain aspects of our model system. The ussioéxisting mutant proteins versions
could still reveal the importance of the variouss¥pp binding modes. Testing the ability
of versions of Tlg2p both with the Habc domain trated and a constitutively open protein
could show us if the N terminal Habc domain / ctbeenformation has a reduced rate of
fusion. Also, versions of Vps45p abrogated for Bxdgd mode-2 and the ill-defined Snc2p
binding modes would allow us to test the role afremode in the actual fusion event. If
experiments are correctly controlled internally, se& no reason why this type of data

would not contribute to our overall understandifigr@mbrane fusion.

6.3 Proposed model

A model for the proposed series of events resultirfgsion of trafficked vesicles at the
yeast TGN / early endosome is outlined in Figufie 8-he novel interaction between
Vps45p and Snc2p (Carpp et al., 2006; Chapter Ig)va the transportation of the SM
protein to the target membrane harbouring the t-BNAroteins. To ensure non-
functional SNARE complexes are not formed, the Plgiblecule is in its closed
conformation, with the Habc domain folded back amdracting with the SNARE motif
(Chapter lll; Furgason et al., 2009). As Vps45p hdareater affinity for the closed
conformation of Tlg2pKq = ~ 280 nM; Furgason et al., 2009) than Sndp=~1,000
nM; Chapter 1V), the SM protein is transferredhe Tlg2p molecule. Mode-2 binding of
Tlg2p is not required for it to displace Snc2p (ptea IV), so presumably Vps45p
interacts with Tlg2p through a mode-1 interactidss Vps45p cannot bind to Tlg2p and
Snc2p at the same time (Carpp et al., 2006), asdvmupredicted for the simplest
bridging hypothesis (Peng and Gallwitz, 2004), wecsilate additionah vivo factors may
work in concert with the proteins to allow the tséar. It seems likely other proteins
would be involved at this step, the GARP complaxeicample (Oka and Krieger, 2005),
due to the temporal and spatial regulatory requargshof these distinct binding modes.
Upon binding, Vps45p then facilitates a conformadilcchange in Tlg2p, relieving the

inhibitory effect of the Habc domain on that of ®8ARE domain and allowing it to form
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a ternary complex with Vtilp and Tlglp (Bryant alaimes, 2001). We are unsure of the
fate of Vps45p at this juncture, but based on thlEaSViunc18a model, we propose that
Vps45p interacts with the SNARE partners at thisip@hrough a mode-2 interactioli

= ~35 nM), possibly enhancing the rate of fusiéw. the N terminal binding site and the
binding site of the closed conformation competdriteraction (Furgason et al., 2009), we
must assume there are additional factors that atewinding to the closed conformation
to be favourable in the first instance. TIg2p &iff from Sx1a in that its SM protein
competes for these two binding modes (Furgasoh, &099); we plan to use the vitro
fusion assay to test if Vps45p has an effect orfuki®n rate, which would be suggestive
of an interaction at this stage. Mutant versiomsld then be used to test if, like Sx1a
(Shen et al., 2007), Tlg2p binds via mode-2 atploisit. As the vesicle containing Snc2p,
that delivered Vps45p to the inactive Tlg2p molegis in close proximity, tans

SNARE complex is then favourable; this allows tlesigle to dock at the target membrane
site. At this point Vps45p dissociates from thenptex (Bryant and James, 2003). After
this, thetrans-complex facilitates fusion of the opposing memiesanVps45p re-
associates with the membrane through an intera@iossible mode-3 binding) with the
cisscomplex (Bryant and James, 2003); which may haenlthen vivo scenario

replicated by thén vitro binding experiments demonstrating that Vps45p@ates to
SNARE complexes via a mode distinct from mode-2@at al., 2006). This interaction
may be associated with a distinct role from théieagvents in the fusion process, possibly
associated with the disassembly process, whicbtther yeast SM protein, Slylp, has been

implicated in (Kosodo et al., 2003).

The production of Vps45p mutants abrogated in Sie@ging (as discussed for the yeast-
2-hybrid reverse screen) would allow us to checkig bindingin vivofunctions to
correctly traffic vesicles to the endosomal membsanAlso, | have not discussed the role
Vps45p plays in stabilising endogenous levels g2pl by protecting it from proteasomal
degradation (Bryant and James, 2001, Carpp €2@07). | have hinted at additional
regulatory factors having roles in this model, sneh example could be phosphorylation.
It has been showin vitro that TIg2p can be phosphorylated, which prohiigt&ntry into
SNARE complexes (Gurunathan et al., 2002). It migghthat this is a sublevel of
regulation, which works in concert with Vps45p égulate both Tlg2p levels and its

proclivity to form SNARE complexes.
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Figure6.1  Proposed model

(A) The weak affinity interaction between Vps45p (pey@nd Snc2p (blue) anchored to a transport \&sicl
localises the SM protein to target membrane. Tigéd) is in a closed conformation at the targetmimene,
with the Habc domain interacting with the SNARE ihiilack); and not interacting with cognate t-SNER
Vtilp and Tlglp (both in green)B) Upon its arrival at the target destination, Vpsdigpaches from Snc2p
and interacts with Tlg2p via a mode-1 interactidris binding results in a conformational switchTilg2p,
releasing the Habc domain from the SNARE dom@n.The Tlg2p SNARE domain is free to form a ternary
complex with Vtilp and Tlglp; Vps45p binds Tlg2@wnode-2 interactiorfD) trans SNARE complex
formation, docking the vesicle at then target meambr Vps45p dissociates at this po{&) SNARE

complex facilitates fusion of opposing membranegasing cargo (turquoisefF) Vps45p interacts with
thecissSNARE complex through a mode distinct from modg@d@&ssibly mode-3). Complex is disassembled;
SNARES are recycled and ready for another rourfdsion (A).
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7.1 Appendix I: Dynamic light scattering raw data
Data readout from the DynaPro 801 Dynamic lighttecag instrument was analysed

using dynamics V2 software (Wyatt Technology Corgreadout from hydrodynamic

radii estimations made on t-SNARE acceptor liposoare v-SNARE donor liposomes.

Dynamic light scattering measurements for
TIg2p4;.997, Vi1 p, Sx8MTlg1p liposomes

Mstst T""U[SL TempiC) | Count Rate | Amgl | D#f Coelf | Radusirm)  Polydlom) | Pobwdinds | MwiKDa) | %Mass | Baseine | Ses Evor |
™ 43 1262193 1149 658 461 141 009 37304004 1000 2006 610
o 530 343 1247888 1123 678 447 18 007 290004 1000 2002 £42
ko 1070 341 1217924 1.156 E7.3 448 gn 004 293e-004 1000 2005 293
o 1620 343 1209813 1.169 BE6 455 129 oos 305e+004 1000 1.9%4 573
L 2160 343 1203717 1.167 662 458 no 006 209e+004 1000 2005 417
[ 20 343 1161284 1,155 EE6 442 152 a2 2B83e+004 1000 1499 516
i 230 M3 1185647 1.152 EEQ 459 165 013 2MMe«004 1000 200% 418
Aves
Mono ao 0 0000 Q000 0.000 0.000 ooo Qoo 1000 Q060 0,000
Bi1 111} ] 0o Q000 0.000 - - 0000 0o Q.000 0000
Br2 0000 0000 0,000 0.000 00

Figure7.1  DLSraw data for t-SNARE liposome size estimations
Data print out from the dynamic light scatteringasgrements made to calculate the hydrodynamic othi
SNARE acceptor liposomes.
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Dynamic light scattering measurements for
SncZp liposomes

[ ..mm. gm. Courd Rate | M_J_Qﬁm .&m ..mm} ...ﬂmﬂ ,_zmm wﬂ.. HMass Lam.. j%ﬁgm
1 14 o
2 330 342 33‘6?32 s:ms F!:LIJ uz 798 no3 268004 10&0 1 -m 1.10
3 £1.0 343 FENea7 073z 7i6 4.2 667 003 2389004 1000 093 0.753
4 &80 343 ] 0752 4.7 406 00284 000 Z2.30e+004 1000 1.006 1.681
5 56.0 342 5050 D748 724 4.8 947 nos 247e+004 1000 0997 357
3 B4.0 .2 e 0753 a5 441 E22 002 283004 1000 0994 0.544
7 120 34 793847 0760 ne 425 oo2ar 000 257004 1000 10T 1.28
] 790 343 796243 0.758 728 416 288 oo Z450+004 1000 1.m2 (1]
] 870 343 25623 o7 EE B 454 41 om 302e+004 1000 (G992 1.37
10 %0 343 793380 0.768 T 4.7 iz nom Z246=+004 1000 1.002 1.04
1 1020 343 785870 0750 678 447 641 ooz 292e+004 1000 0993 410
12 1Moo 342 7R84 0755 a7 434 1.2 nor 27T1e«004 1000 0992 117
13 10 42 TENS 0res 78 421 D02 000 252e+004 1000 1.006 210
14 1250 343 T5ame (L] g7.2 451 1no 006 298e+004 1000 0987 1.65
15 1330 M2 T18N4 0732 = 444 15 nor ZH7e«004 1000 1.000 1.2
16 1410 343 0800 0783 703 431 473 om 267e+004 1000 1,003 0.216
17 1500 343 BISEES 0784 B85 442 227 0.00 Z204e<004 1000 0938 0513
18 1580 343 BR027E 0767 B33 437 122 nos 276e+004 1000 1.002 163
13 1670 34 ER2NE o n.r 424 0.0297 0.00 256a«004 1000 1.007 1.54
20 1760 342 E51473 078 48 433 102 0.06 270e.004 1000 0996 1.46
A 1850 343 B307R2 0750 (=4 442 916 nn 283004 1000 71.004 4.08
22 1340 Az B2 0780 07 428 154 013 262e+004 1000 1.002 224
23 2030 M3 B16342 0733 B7.2 451 706 noz 297s-004 1000 D936 237
24 210 35 el ] 0730 67.3 453 R 004 300e-004 1000 1.007 0.e5
[aves
Mono M3 795303 0766 mo 433 E42 no3 2Tine(34 1000 1.000 1.6
Bi1 on ] 0.000 0000 Q000 - (HRLE 1) 0o 0000 0.000
Bi-2 0.000 0.000 0,000 0.000 00

Figure7.2  DLSraw data for v-SNARE liposome size estimations
Data print out from the dynamic light scatteringasgrements made to calculate the hydrodynamic o&dii

v- SNARE donor liposomes.
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7.2 Appendix II: Fusion assay raw fluorescence data
NBD fluorescence measured from fusion assays iteticédoth tables of data and a graph

depicting the fluorescence from the dequenchingyassfore and after the addition of

detergent to achieve a maximal signal, which isegbently used to normalize data.

Time Raw Fluorescence Time Raw Fluorescence
{minutes) T+V T+ V control (minutes) T+V T+ V control
o 11706 10703 zi E:?: :gqﬂz
2 11607 10404 a8 12498 10868
4 11442 10345 a5 19808 10535
B 11345 10234 o 12457 10726
8 11283 10204 - 12887 10700
10 11342 10097 o3 12500 10790
12 11250 10107 o 12810 10814
14 113355 10115 i 1280 10306
15 11385 10116 100 12616 10847
13 11435 10170 102 12704 10829
20 11340 10147 104 19805 10869
22 11458 10102 106 12786 10830
24 11537 10207 108 12762 10850
26 11524 10246 110 12788 10865
b 116249 10215 "2 12877 10919
30 11652 10221 114 1283 11004
12 11582 10182 118 12863 10928
34 11675 10250 118 45034 47410
38 11694 10265 120 45509 47937
33 11724 10326 122 44656 47514
40 11827 10231 424 44354 45789
42 11862 106308 128 43726 Ahcae
44 11945 10306 128 43843 48302
45 11852 10406 130 43365 45414
43 11908 10322 132 43590 45381
&0 11897 10445 134 43702 45462
52 11872 10372 1386 43452 455172
54 12071 10427 138 43609 45354
56 12040 10445 140 43679 45308
55 12064 10384 142 45431 44958
&0 12085 10465 144 45291 45370
62 12230 10467 146 45388 45371
64 12188 10592 148 45401 45357
65 12251 10606 150 45328 45122
68 12180 10502 152 45361 45499
70 12314 10584 154 45248 4519
72 12303 10611 158 45410 45544
74 1237 10815 158 45538 45175
76 12356 10660
78 12334 10641
a0 12500 10585

Figure7.3  Raw fluorescence data from Figure 5.15

Fluorescence measurements (arbitrary units) tadoen $tandard reaction (T+V) and control reactiorereh
t-SNARE liposomes are pre-incubated with cytosShec2p.gs every 2 minutes for 160 minutes. After the 2
hour time point, 10 pl n-dodecylmaltoside was adplefdre final 40 minutes of measurements were
recorded. The maximal fluorescence measured adigition of detergent was used to normalise data as

percentage of this maximum.
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—T+V
—— T+ V control
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Figure7.4  Normalisation of data from Figure 5.15
Data from Figure 7.3 presented as a graph aftenal@ation to the maximal fluorescence determingd b

addition of detergent.
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Time Raw Fluorescence Time Raw Fluorescence

T T T T T T
(minutes) (Tigip) T (Thyipt  (Sx8Tigip}  (Sx8Tlgrip) (minutes) (Tigip) TiTigdp) (SxBTigip)  (Sx8Tiglip)
+V +V

‘v control “V +\ control sV control v +V control

0 16878 16299 17169 16186 82 16047 15571 18160 16193
2 16341 15770 16990 16081 84 16091 15547 18162 16282
4 16003 15272 16888 15891 86 16123 15504 18205 16333
5 15629 15048 16761 15771 88 16133 13507 18251 16268
8 15529 14847 16753 15701 S0 16118 15522 18251 16364
10 15460 14730 16683 15588 92 16069 15630 18199 16323
14 1594 14778 16564 15863 56 16155 15649 18410 16348
18 15319 14733 16611 15539 98 16240 15604 18499 16330
18 {5306 14788 {6780 45525 100 16210 15613 18515 16418
20 15265 14747 16698 15502 10z 16180 15686 18530 16401
2 15350 14858 16765 {5570 104 16273 15642 18573 16361
24 15341 14958 16862 15672 108 18224 15629 18554 16533
26 15310 14983 16916 15742 106 16300 15651 18611 16511
25 15361 14945 16992 15802 10 16364 15648 18564 16388
30 15433 15074 17000 15788 12 16361 15818 18630 16407
39 15459 15085 1138 15829 114 16368 1573 18789 16435
3 15508 15080 1743 15053 16 16328 15806 18815 16479
36 15523 15110 17285 15881 18 33350 57205 59257 35463
38 15532 15147 17258 15982 120 S72E 34765 58172 53049
40 15595 15100 17431 15910 12 54983 52513 55738 52528
42 15618 15224 17397 15955 124 53283 30729 55438 51250
44 15587 15189 17361 15995 126 1861 43631 54658 50360
46 15684 15147 17457 18018 128 50857 45806 54203 49508
48 15668 15145 17424 15921 130 50523 dg2a2 S3577 4351
50 S 1A us? 04 132 sose2 43174 53448 48972
52 15787 15160 17550 16061 134 30202 48075 snA 45860
54 15649 15147 17641 16016 136 30270 47563 52926 4859
& faik e RS p 138 o100 47574 52591 48579
53 15604 15965 17660 16088 140 S0152 47572 52944 48387
&0 15800 15308 17704 15112 142 49548 47474 52733 46267
52 15830 15323 17830 16133 g S0025  477S7 52941 48760
54 15831 15329 17504 16131 146 49885  474% 52776 48526
56 15852 15402 17912 16137 149 3033 HEB Sape2 46s52
68 15075 15344 17999 16206 i Sy e S0 4200
70 15982 15428 17747 16149 152 4:d  w76T 52029 46233
72 15911 1541 18047 16208 154 9090  476M 52785 48531
4 15043 15488 17974 18202 156 S0066 47707 53211 48575
% 15964 15364 17906 15208 156 B0315 47682 5303 48622
78 16060 15465 18133 16211

a0 15998 15501 18123 16248

Figure7.5 Raw fluorescence data from Figure 5.16

Fluorescence measurements (arbitrary units) anf2®ere measured for 2 hours for all reactionsctieas
of Tlglp or Sx& Tlglp containing t-SNARE complexes with v-SNAREBngside a negative control for
each where samples were pre-incubated in the presdrtytosolic Snc2ps. After this, 10 pl of detergent
n-dodecylmaltoside was added to each reaction aasunements were taken for a further 40 minutdége T
maximal fluorescence measured after addition afrgent was used to normalise data as a percenitdigis o

maximum.
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Figure7.6  Normalisation of data from Figure 5.16

200

Data from figure 7.5 presented as a graph aftenalisation to the maximal fluorescence determingd b

addition of detergent.
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Time Raw Fluorescence Time Raw Fluorescence

(minutes) 1 Hlcytosolic 10 pl cytosolic ") (minutes) 1 Hlcytosolic 10l cytosolic v
0 15485 15428 10940 82 14859 15053 10444
2 15047 15020 10768 84 15023 14867 10411
4 14830 14669 10561 85 14971 14976 10438
& 14420 1433 10487 83 14928 14991 10419
& 14375 14271 10381 90 15052 15046 10410
10 14260 14244 10349 a2 15108 15031 10435
12 14135 14041 10386 o4 14989 15125 10473
14 14232 14137 10416 96 15145 15142 10393
16 14143 14061 10328 %3 15117 15140 10426
18 14188 14058 10344 100 15202 15183 10419
20 14173 14477 10300 oz 13189 15220 10465
2 14785 14200 10387 104 15189 15148 10402
24 14200 14193 10573 106 15179 15181 10458
2% 14230 14248 16337 108 15213 15261 10453
28 14279 14282 10329 1o 15208 1533 10433
30 14312 14262 10373 112 15385 15303 10488
12 14331 14207 10417 114 15245 15295 10437
T} 14381 14344 10410 116 15303 15345 10518
2% 14366 14370 10365 118 53778 63144 65000
] 14436 14376 10426 120 64806 54833 5000
40 14458 14375 10390 122 53785 64279 62423
42 14423 14484 10408 124 82336 62497 59053
44 14483 14445 10362 15 EOE7S 60670 57037
46 14503 14510 10334 128 59104 58479 55610
48 14566 14452 10342 130 57912 55344 54631
a0 14667 14507 10307 132 57195 57778 54081
52 14552 14512 10383 13 56811 57286 53549
54 14587 14588 10443 136 58424 see82 53108
=5 14832 14532 10428 138 S6132 56552 52933
53 14552 14665 10411 190 e 56549 52712
&0 14747 14761 10391 142 56243 56519 52978
&2 14692 14748 10373 144 SE0M 6518 52710
64 14737 14730 10407 148 56054 56258 52653
86 14549 14770 10426 148 55085 55257 52802
8 14803 14824 10379 150 S6001 6242 s2rm
70 14501 14812 10410 152 55832 56235 52733
2 14668 14795 10425 154 55749 56263 52651
74 14823 14851 10446 136 se178 se3s7 52800
7% 14852 — 10387 158 56478 55192 57658
78 14916 14945 10377
80 15021 14809 10416

Figure7.7  Raw fluorescence data from Figure 5.17

Fluorescence measurements (arbitrary units) frofiows control reactions were taken every 2 mintdes
160 minutes. The first two reactions incubat&NARE liposomes with eitherdl or 10l cytosolic
Snc2p.gs before addition of v-SNARE liposomes. The finahtrol reaction contained only donor v-
SNARE liposomes. After the 2 hour time point, 1thdodecylmaltoside was added before final 40 rt@su
of measurements were recorded. The maximal fleeree measured after addition of detergent wastased

normalise data as a percentage of this maximum.
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Figure7.8  Normalisation of data from Figure5.17

150

200

Data from Figure 7.7 presented as a graph aftenal@ation to the maximal fluorescence determingd b

addition of detergent.
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Time Raw Fluorescence Time Raw Fluorescence
(minutes) T+V T+ T +V (minutes) T+V T+ T +V
Control Control

g 17 anen irita 82 16591 13073 16748
£ 17322 are Trar 4 16690 13058 16773
4 16754 12914 18527 6 16732 13057 16744
B 16329 12757 16616 88 16636 13104 16768
8 18173 12585 18375 a0 16745 13118 16829
10 16142 12606 15264 o 18838 13015 16705
12 16078 12447 16120 o4 6706 4818 16815
14 16001 12423 16107 o — - —
16 15302 12469 16147 o8 8800 3185 (R
18 15928 12447 18200 100 16762 13155 16832
20 15958 12400 16039 102 16780 13237 16672
22 15868 12442 16285 104 16773 13277 16308
24 15892 12423 15085 108 18823 13217 16700
26 16019 12418 16035 108 18781 13112 16914
28 16043 12490 18271 110 16859 13224 16514
30 16058 12458 165264 112 16895 13336 16822
32 15106 12541 18272 114 16872 13288 16798
34 16165 12829 15344 118 16899 13222 16305
38 16267 12848 15369 118 £5000 £5000 £5000
38 16260 12640 16300 120 £4853 £5000 £5000
40 16233 12558 18378 122 £4269 E4535 Fd597
42 16231 12857 16387 124 £2837 £2959 54194
44 16225 12640 16559 128 B1564 g2579 §3072
48 16253 12691 15431 128 60835 61841 §2259
48 16331 12708 18375 130 E0258 1113 1745
=0 18277 12742 18815 132 58855 EOB0G B1404
52 16334 127439 18554 134 58320 60295 g0a54
54 16433 12785 18533 138 SOB5E Bi251 BO77E
58 16437 12785 15436 138 55344 60294 B0SES
58 16453 12928 16632 140 53169 0010 B0552
&0 16483 12874 18887 142 58556 sa@s52 BDE0S
B2 16497 12884 18392 144 58265 58849 B0E29
B4 16538 12835 18578 148 59438 58642 B055S
BB 16400 12853 16719 148 58332 g0248 E0S14
&a 16547 13012 16585 150 58574 53991 0773
o 16602 12365 16779 152 58459 60213 B0456
2 16497 12898 167352 154 58353 58093 0797
bl 16826 13017 16760 158 58677 60343 60853
[ 16565 12378 16742 158 5a777 59865 B0240
78 16555 13022 16677
&0 16610 13066 16675

Figure7.9  Raw fluorescence data from Figure 5.18

Fluorescence measurements (arbitrary units) fromrobreactions were taken every 2 minutes for 160
minutes. The first reaction is the standard adntthere 1Qul cytosolic Snc2pggis added to t-SNARESs
prior to incubation with v-SNARE liposomes. Thexh&wvo control reactions contained either t- or v-
SNARE liposomes incubated with empty donor (V*) @audeptor liposomes (T*) respectively. The final
control reaction contained only donor v-SNARE lipogs. After the 2 hour time point, 10 pl n-
dodecylmaltoside was added before final 40 minafeseasurements were recorded. The maximal
fluorescence measured after addition of detergastwged to normalise data as a percentage of this

maximum.
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Figure7.10 Normalisation of data from Figure 5.18
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Time Raw Fluorescence Time Raw Fluorescence
{minutes) T+V¥ T+V T+V T+¥ {minutes) T+V T+V T+V T+V
control + Wpsdhp + Vpsdhp contiol + Wpsdsp + Vpsdsp
control control
Q 12786 12592 8093 9251 82 12869 12654 8434 34138
2 12704 12488 7999 9248 a4 12916 1 2666 8424 457
4 12551 12285 7928 9160 o6 12924 12583 a402 9425
B 12551 12347 7868 qo72 a8 12996 12710 8482 9369
E:] 12538 12283 7838 B066 90 12926 12704 o471 9379
10 12514 12349 7855 an32 a2 13015 12639 2465 2415
12 12510 12288 7809 9048 94 13000 12789 5528 9454
14 12571 12254 7am 0a7 9B 13005 12781 85249 9473
16 12472 12285 7873 006 93 13054 12761 5578 9450
18 12455 12299 7&E0 Q0583 100 13132 12837 8565 9474
20 12570 12268 a7 =LK 102 13112 12792 3581 9441
22 12565 12271 7886 9104 104 13106 12807 8621 9482
24 12591 12313 7923 ans2 108 13023 12634 8603 9450
26 12592 12331 7893 2913 108 13091 12837 5640 9426
28 12644 12375 7958 &7 110 13075 12853 SE25 0304
30 12558 12313 7966 9111 112 13091 129 8614 9466
32 12620 12340 79939 26 114 13100 12798 8640 9454
34 12560 12400 G029 9135 116 13136 12796 8670 9503
36 12675 12273 000 2MET 118 E3820 E1259 35979 42577
38 12554 12367 006 9224 120 52354 B0554 34387 411835
40 1261 12363 a0 9262 122 60580 58370 32591 39246
42 12653 12414 8123 Q277 124 58275 56542 3255 380439
44 12664 12414 ane3 9268 126 SE309 55131 30228 3652
48 12763 12435 G0E3 9294 128 24700 53520 29332 35949
438 12748 12471 5142 9333 130 53897 52650 28858 355371
50 12734 12414 G203 9293 132 52763 52045 2843 34573
52 12660 12454 180 9342 134 52325 S1:7 2a077 33942
54 12626 12489 = i 9279 136 21998 50755 27a7 33920
56 127 12373 G234 9295 138 51549 S0264 2TET4 33445
58 12749 12425 B267 9348 140 S1HE 50029 27421 334a5
&0 12824 12566 G282 9313 142 1218 s0218 27411 J3562
B2 12874 12551 g30s 0348 144 S1183 s01&s 27383 33347
o4 12880 12530 G282 9336 148 50960 43741 27543 33022
66 12727 12546 8253 9380 148 50839 43660 27427 33142
68 12867 12553 G294 9386 150 S0890 43581 27630 F3100
70 12805 12607 B309 0345 152 507149 49770 27482 3148
72 12816 12581 5298 9376 154 20538 49657 27762 33332
74 12768 12570 404 9340 156 S0861 43923 27EEE 33324
Fil 12939 12531 H3ET 9385 158 51205 43519 27733 33326
78 12859 12686 2341 0342
a0 12307 12619 G406 Q426

Figure7.11 Raw fluorescence data from Figure 5.19

Fluorescence measurements (arbitrary units) fréfusibn reactions were taken every 2 minutes & 1
minutes. Reactions containing t- and v-SNAREdipmes alone or incubated in the presence of Vps45p
were carried out; each with a negative control joesly incubated with cytosolic Snc2g to inhibit fusion.
After the 2 hour time point, 10 pl n-dodecylmaltiesivas added before final 40 minutes of measurement
were recorded. The maximal fluorescence measitedamidition of detergent was used to normalida da

a percentage of this maximum.
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Figure7.12 Normalisation of data from Figure 5.19
Data from Figure 7.11 presented as a graph aftenalcsation to the maximal fluorescence determimgd

addition of detergent.
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Time Raw Fluorescence Time Raw Fluorescence
{minutes) 1.y T+ TV TV {minutes) p.y TV T+V T+V
+ i + '
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Figure7.13 Raw fluorescence data from Figure 5.20

Fluorescence measurements (arbitrary units) fréfusibn reactions were taken every 2 minutes & 1
minutes. Reactions containing t- and v-SNAREdipmes alone or incubated with either Vps45p or
Munc18c were carried out. A control reaction wheBNARE liposomes were previously incubated with
cytosolic Snc2pggwas included. After the 2 hour time point, 10 pdadecylmaltoside was added before
final 40 minutes of measurements were recordece maximal fluorescence measured after addition of

detergent was used to normalise data as a pereeotaigis maximum
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Data from Figure 7.13 presented as a graph aftenalcsation to the maximal fluorescence determimgd

addition of detergent.
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7.3 Appendix lIl: Publications related to this work

Struthers M, Shanks S®lacDonald C, Carpp LN, Drozdowska A, Kioumourtzoglou D,
Furgason ML, Munson M and Bryant N2009) Functional homology of mammalian
syntaxinl6 and yeast Tlg2p reveals a conservedatgy mechanismJ. Cell Sci.
1222292-9

Furgason MLMacDonald C, Shanks SG, Ryder SP, Bryant NJ, Munson M. (2009¢ T
N-terminal peptide of the syntaxin Tlg2p moduldtesding of its closed conformation to
Vps45p.Proc. Natl. Acad. Scil03 14303-8

MacDonald C, Munson M and Bryant NJ. (2010) Auto-inhibition®NARE complex
assembly by a conformational switch representsaarved feature of syntaxiriochem.
Soc. Trans. (in press; due to be published Febr2amn0)
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