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ABSTRACT: Intracellular membrane fusion in eukaryotic cells is mediated by SNARE (solhble
ethylmaleimide sensitive factor (NSF) attachment protein receptor) proteins and is known to involve
assembly of cognate subunits to heterooligomeric complexes. For synaptic SNARES, it has previously
been shown that the transmembrane segments drive homotypic and support heterotypic interactions. Here,
we demonstrate that a significant fraction of the yeast vacuolar SNARE Vam3p is a homodimer in detergent
extracts of vacuolar membranes. This homodimer exists in parallel to the heterooligomeric SNARE complex.
A Vam3p homodimer also formed from the isolated recombinant protein. Interestingly, homodimerization
depended on the transmembrane segment. In contrast, formation of the quaternary SNARE complex from
recombinant Vam3p, Nyvlp, Vtilp, and Vam7p subunits did not depend on the transmembrane segment
of Vam3p nor on the transmembrane segments of its partner proteins. We conclude that Vam3p
homodimerization, but not quaternary SNARE complex formation, is promoted by-TIWE interaction.

As the transmembrane segments of Vam3p and other SNARE homologues were previously shown to be
critical for membrane fusion downstream of membrane apposition, our results may shed light on the
functional significance of SNARE TMSTMS interactions.

SNARE (solubleN-ethylmaleimide sensitive factor (NSF) in SNARE complex formation; rather, it appears to exist as
attachment protein receptor) proteins are essential for mosta homodimer as suggested by cross-linking experiments
types of intracellular membrane fusion reactions in eukaryotic performed on brain fractions7{10) or visualization of
cells (1—3). Supported and regulated by tethering factors and fluorescently tagged moleculesll). Evidence for ho-
other accessory proteins, SNAREs that are localized to modimerization has also been obtained for recombinant
cognate membranes form a stable quaternary trans complexynaptobrevin Il in detergent solutioh, 12-14) although
that leads to membrane apposition and thus paves the waythe interaction appears to be of low affinity5, 16. Based
to actual membrane fusiod,(5). In synapses, this complex  on mutagenesis and molecular modeling, synaptobrevin Il
is composed of synaptobrevin II, syntaxin 1A, and SNAP- dimerizes via sequence-specific interaction of its TMS that
25. Trans complex formation of these proteins depends on aappears to form a tightly packed interface in the helielix
coiled coil structure of the interacting cytoplasmic SNARE  dimer (12—14, 17. TMS-mediated homodimerization has
domains §). According to the identity of the amino acid at 30 been shown for the Q-SNARE syntaxin 1£3( 19,

the central hydrophilic zero layer of the coiled-coil, SNARES  and the affinity of this interaction appears to exceed that of
are classified as Q- and R-SNARES).(Unfortunately, the  gynaptobrevin 11 16).

crystal structure of the complete SNARE complex including
the transmembrane segments (TMSs) of synaptobrevin Il and
syntaxin 1A is not known. In vivo, a fraction of the
R-SNARE synaptobrevin Il apparently does not participate

In yeast, a set of SNARE proteins is required for
postmitotic fusion of fragmented vacuoles. Prior to fusion,
the Q-SNAREs Vam3p, Vam7p, and Vtilp and the R-
SNARE Nyvlp form a cis complexL). Upon dissociation
by the a-SNAP analogue Secl7p and the NSF analogue
G:%qii‘&"cg'gg)’gszsg’%Cgée?hgyst{‘a‘ieDgFggcgrgorSChU”QSQGmei”SChaﬁSe018p, the subunits reassociate to a trans complex. Previous
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in detergent extracts of vacuolar membranes. Homodimer-
ization is preserved with recombinant Vam3p and depends
on the TMS. In contrast to that, the TMS appears not to
play a role in homodimerization of the other vacuolar
SNARES nor in complex formation.

EXPERIMENTAL PROCEDURES

Analysis of Natie SNARE Complexes by Glycerol Gradi-
ent CentrifugationvVam3p was cloned with a GST-tag into
a pRS317 CEN vector under the control of a NOP1 promotor,
and expressed in BJ3505 (MATa pep4::HIS3 phil6R
HIS3 lys2-208 trpA101 ura3-52 gal2 can) wild-type yeast
cells. Vacuoles were isolated by DEAE lysis and Ficoll
gradient centrifugation and incubated in reaction buffer (20
mM PIPES/KOH, pH 6.8, 125 mM KCI, 5 mM Mgg)l in

the absence or presence of an ATP-regenerating system a

indicated 20). Vacuoles were then detergent solubilized in
lysis buffer (0.5% (w/w) Triton X-100, 20 mM HEPES, pH
7.4, 150 mM NacCl, 1x PIC, 1 mM PMSF), incubated for 10
min at 4 °C on a nutator, and centrifuged for 10 min at
2000@. The cleared supernatant was applied to a linear 10
30% glycerol gradient (in lysis buffer) and centrifuged for
18 h at 40 000 rpm in an SWA40 rotor. Fractions (1 mL) were
collected from the top of the gradient. 10% of each fraction
was removed as a loading control, and the rest was incubate
for 2 h at 4°C with 30 uL of GSH beads. The resin was
washed three times in lysis buffer with decreasing Triton
X-100 concentrations (0.5%, 0.1%, 0.025%, all w/v), and
proteins were eluted by boiling for 5 min in SDS sample
buffer.

Cloning of Vacuolar SNARE Proteins and Their Mutants
for Prokaryotic ExpressiorVam3p, Vtilp, Vam7p (pET28a
plasmid, Novagen), and Nyvlp (pET15b) were kindly
provided by Thomas ‘3lmer (21). T7 promoter sequencing
primer was used as d-primer for all PCR. Vam3ATM
(codons 1+263) was amplified using this primer and the 3
primer 3-CAGGGTCTCGAGACCGCATTTGTTACGGT-
CCCT-3 by PCR and inserted betwedltd and Xhd sites
into pET28a. VtilATM (codons +188) and NyvipATM
(codons 1226) were amplified with the 'Jorimers 5
ATTAGCGAATTCCCTTCTAGTCATTGTTTTTAG-3 or
5-AATTTTGGATCCTTCTGCCACCACATTATTTC-3and
inserted betweeBanH| and EcoRl sites into pET28a, or
betweenNdd and BanHl sites into pET15b, respectively.
Vam3pA4 was prepared by mutating codons 265, 269, 273,
and 277 of Vam3p to alanine by site-directed mutagenesis
using a Bio-Rad T7 mutagenesis kit according to the
manufacturer’s instruction. All constructs were verified by
dideoxy sequencing.

Expression of Proteins in Escherichia collasmids
encoding Vam3p or its mutants, Vtilp or VHAPM or
Vam7p were transformed into Rosetta (DE3) cells (Novagen)
for expression. The cells were grown in LB medium at 37
°C with chloramphenicol (3@«g/mL) and kanamycin (35
ug/mL) until ODsgo = 0.5—0.8, when they were put on ice
for 30—45 min. Subsequently, they were induced with 1 mM
IPTG and shaken at 18C overnight (20 h). Rosetta (DE3)
cells with Nyv1p or NyvilATM were grown in LB medium
at 37°C with chloramphenicol (3@g/mL) and ampicillin
(200 ug/mL) until ODggo = 0.5—0.8 prior to induction with
1 mM IPTG and shaken at 3T for 3 h. Sec17p and Sec18p
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plasmids (pQE-9) were transformed into M15 cells (Qiagen)
and expressed similar to Nyv1p.

Purification of the ProteinsThe cells were lysed in buffer
containing 25 mM HEPES, pH 7.6 M NaCl, 2% (v/v)
Triton X-100, and 2% (v/v) Thesit, 10 mM-mercaptoet-
hanol, and 20% (v/v) glycerol by sonication. Insoluble
material was separated by centrifugation (1950 30 min
at 4 °C). All proteins contain either an N-terminal or a
C-terminal Hig-tag. For purification, the clear lysates were
loaded onto HiTrap chelating HP columns (Pharmacia). The
columns were washed with buffer containing 25 mM HEPES,
pH 7.6, 1 M NaCl, 1% (v/v) Thesit, 10 mi-mercaptoet-
hanol, and 10% (v/v) glycerol with an imidazole concentra-
tion gradient (6-100 mM) and the proteins were eluted with
the same buffer containing 500 mM imidazole. Proteins were
dialyzed against 25 mM HEPES, pH 7.5 M NaCl, 1%
?v/v) Thesit, 10 mM -mercaptoethanol, and 10% (v/v)
glycerol to remove imidazole and stored at°@ at ap-
proximate protein concentrations of 201.

SNARE Assembly and Disassemltgr homotypic as-
sembly, individual SNARE proteins~5 uM, each) were
carefully loaded onto 1560% sucrose gradients containing
25 mM HEPES, pH 7.61 M NaCl, 1% (v/v) Thesit or Triton
X-100, and 10 mMg-mercaptoethanol and centrifuged for

45 h at 4°C at 24000Q in an SWTi 60 rotor in a Beckman

ultracentrifuge. Twelve fractions were collected from the
bottom with a syringe and precipitated with trichloroacetic
acid. Proteins were subjected to 12.5% SIPRGE and
visualized by Western blotting with respective antibodies and
the chemiluminescence method. For SNARE complex as-
sembly, Vam3p, Vtilp, Nyvlp, and Vam7p (easth uM,
final concentration) or the respective mutants were mixed
and incubated at 2C overnight in a 5QcL reaction volume.
The protein mixture was subjected to sucrose gradient
centrifugation as described above. Each fraction was immu-
noprecipitated with Vam3p antibody coupled to protein A
agaroseZ0). Precipitated proteins were eluted from the pellet
with 100 mM glycine, pH 2.5, and 0.5% (v/v) Thesit
followed by TCA precipitation, SDSPAGE, and Western
blotting. For SNARE complex disassembly, the SNARE
protein mixture was incubated at°€ with Sec18p {1.2
uM) and Secl17p+3 uM) plus 2 mM MgCh, 0.5 mM ATP
or 0.5 mM ATP/S in a final volume of 10Q:L for 1 h (4).
The protein mixtures were then subjected to sucrose gradient
centrifugation, TCA precipitation, and Western blotting.
Circular Dichroism SpectroscopyAll spectra were re-
corded on a JASCO J-715 model CD spectrometer with a
scan speed of 50 nm/min and an average of 20 scans
per sample. The spectra were recorded from 200 to 260 nm
at 20°C using a 0.1 cm path length quartz cuvette. Prior to
analysis, proteins were dialyzed against 10 mM Tris-HCI
pH 7.4, 150 mM NacCl, and 1% (v/v) Thesit since high salt
concentrations give high background absorbance in the UV
region. Spectra were recorded at equal protein concentrations
(~3 uM) for each type of protein as judged by comparing
the optical density of Coomassie-blue stained bands on
SDS-PAGE.

RESULTS

Native Vam3p Forms a HomodimeT.o determine the
oligomeric state of Vam3p protein on vacuole membranes,
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232 67 kDa protein amount of Nyv1p was not affected by ATP as shown
! in the loading control. Dissociation of the quaternary SNARE
1.2/13°4 5767 88 1011 1213 complex is therefore a result of priming and disassembly,
SRR GST-Vam3p mediated by endogenous Sec17p/Sec18p in agreement with
S -ATP | \'2 1 3p earlier findings demonstrating partial complex disassembly
e e S - Nyvip in the presence of ATP20, 24. On the other hand,
a N ™ R preincubation of vacuoles with ATP did not affect copre-
% B CoTvamsp cipitation of Vam3p and GST-Vam3p, revealing that ho-
£ +ATP : S | \amap modimerization is not subject to Secl17p/Sec18p-mediated
- Nyv1p disassembly. Addition of known membrane fusion inhibitors
bottom top (BAPTA, Gdilp, GTR'S) or protein antibodies that block
membrane fusiono-Vam3p,a-Sec18p) also did not affect
1122 =i ivs) el ie0 @ P h2ma the interaction of the GST-Vam3p with wild-type Vam3p
- W | GST-Vam3p (data not shown). Under our conditions, we did not detect
e = Vam3p higher molecular weight complexes containing Vam3p that
g [T § Nyvip have previously been reporte?3j.
= ey I Homodimerization of Vam3p and of Other Vacuolar
8 LA S ;113_13 GST-Vam3p SNAREs Here, we examined whether the ability to ho-
— = e Veniae modimerize in vivo is preserved with isolated recombinant
i g N Vam3p and whether homodimerization depends on the TMS.
For comparison, self-assembly was also examined for other
Botiom R vacuolar SNARES, i.e., Vtilp, Nyvlp, and Vam7p.

EIGQfREdli AnaltlySifS of Eﬂe gg%%fgsfitc Vam3p state °”.I‘éatCU°'es-d All proteins were tagged with a hexa-histidine sequence,
uririea vacuoles from the straln expressing wila-type an : : R . :
GST-Vam3p (18Qug) were incubated in the presence or absence expressed irE. coli, solubilized with the detergent Thesit

of an ATP-regenerating system, then centrifuged (10 min, 1@ooo (Or Triton X-100, were indicated) and purified by im-
4°C), and solubilized in 50@L of lysis buffer for 10 min at £C. mobilized metal ion affinity chromatography. First, individual

The clarified supernatant was applied onto a-80% glycerol purified proteins were tested for self-assembly by SDS
gradient and centrifuged for 18 h at 40000 rpm in an SW40 rotor. pAGE under mild conditions. This method was previously

Fractions (1 mL) were then collected, 10% were removed as a ; A -
loading control (bottom panels), and the remaining fractions were used to demonstrate homodimerization of synaptic SNAREs

incubated with GSH beadsif@ h on anutator. Beads were washed ~ (10, 12, 14. In case of vacuolar SNAREs, however, SBS
three times and proteins were eluted by boiling in SDS-sample PAGE analysis did not reveal significant self-assembly (data

buffer. Proteins were analyzed by SBBAGE and Western  not shown), which may be due to inhibition of protein
blotting. The experiments were done three times with similar results. protein interactions by bound SDS molecules. Therefore, we

. . . . investigated potential self-assembly of our proteins under
we isolated vacuoles from yeast strains expressing both wild- 5 qenaturing conditions by sucrose gradient centrifugation.

type Vam3p and a version where glutathidd&ansferase  \vigration of full-length proteins was compared to that of
is fused to the N-terminus of the protein (GST-Vam3p). Both |, jtant versions, where the TMSs had been deleted or
proteins are found on vacuoles as determined by subcellular, jiated. Gradient fractions were analyzed by Western blot
fractionation, and GST-Vam3p can functionally complement anaiysis using specific antisera. Approximate molecular
the wild-type protein 22). Previously, it has been shown masses of the proteins in the gradients were estimated with
that Vam3p resides in eis-SNARE complex together with  reference to marker proteins run in parallel. As shown in
Vam7p, Viilp, and Nyv1p18, 20, 23 and that Vam3p can  Figure 2A, the distribution of recombinant Vam3p (36 kDa)
self-associate23). However, the oligomeric state of Vam3p  peaks at the peak position of the 66 kDa marker, which is
was not resolved in the latter study. We decided to determinejngicative of a homodimer. In addition, some of the protein
the molecular mass of the Vam3p/GST-Vam3p complex by migrates to higher molecular weight fractions that may
separating the detergent-solubilized proteins by glycerol correspond to low amounts of oligomeric species. Interest-
gradient centrifugation followed by GSH pulldown. As ingly, the cytoplasmic fragment VamagM (residues
shown in Figure 1, protein complexes containing GST- 1—263) migrates at-30 kDa, which indicates a monomeric
Vam3p are distributed between the 67 kDa and the 232 kDastrycture. A monomer was also seen with the Vam3pA4
markers under these conditions. The major fraction of mutant where residues V265, 1269, V273, and V277 within
coprecipitating Vam3p is found in-a67 kDa complex while  the predicted TMS had been mutated to Ala. Densitometric
coprecipitating Nyv1p is part of a complex peaking-t70 analysis of the Western blot shown in Figure 2A reveals the
kDa. Thus, GST-Vam3p appears to form a mixed homodimer distribution of the proteins at a more quantitative level
(calculated molecular mass 97 kDa) with Vam3p and,  (Figure 2B). A similar picture emerged, when the detergent
alternatively, be part of the four-membereis-SNARE Triton X-100 was used in place of Thesit (Figure 2C). Full-
complex (calculated molecular mass163 kDa) together  length Vtilp (29 kDa) as well as VtiXgTM (residues
with Vam7p, Vtilp, and Nyv1pZ32). As wild-type Vam3p 1-188) proteins also peak at 66 kDa (Figure 2D). Thus,
does not coprecipitate together with Nyvlgs-SNARE Vtilp also appears to form a homodimer, which, however,
complexes contain only one copy of Vam3p protein. does not depend on the TMS. Full-length Nvylp (33 kDa)
Importantly, addition of ATP significantly reduced both the and Nyv1@ATM (residues 1+226) give broad distributions
fraction of GST-Vam3p that is part of thel70 kDacis- that peak at the position of the 29 kDa marker but extend
complex and the amount of coprecipitated Nyv1p. The total into the high molecular mass region of the gradients (Figure
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SE R Ficure 3: CD spectra of recombinant Vam3p, VanSfM, and
© 40 Vam3pA4 proteins recorded in 10 mM Tris-HCI, pH 7.4, 150 mM
= NaCl, 1% (v/v) Thesit. Protein concentrations were comparable (
m 2 uM, each) as judged by the Coomassie-staining intensities of protein
0 s et bands in SDSPAGE.
12345678 9101112
c fraction residues are part of the helvkelix interface. SNARE TMSs
12345678 89101112 are believed to bec-helical (14, 17, 27. In principle, their
o Vam3p deletion or mutation could lead to unfolding of thehelical
o e S~ \/aM3pATM cytoplasmic assembly domains. To exclude such an indirect
e o ™ | Va3 pA4 effect, we compared the secondary structures of the proteins
D tested here by circular dichroism (CD) spectroscopy at
12234 5 67891011 12 protein concentrations that were similar for each variant of
: Viilp a given SNARE subtype. The spectra of all Vam3p proteins,
| ViitpaTM irrespective of deleting or of mutating the TMS, exhibit the
characteristic line shapes afhelices with strong negative
2 molar ellipticities at 208 and 222 nm (Figure 38}. The
1234 56789101112 o secondary structures of Nyvlp, Vtilp, and Vam7 were also
: investigated by CD spectroscopy and also shown to cor-
bl respond to highlya-helical structures with or without their
respective TMSs (Supplementary Figure 1, Supporting
12345678 91011 12 Information). Thus, the secondary structures of vacuolar
D |Varn?'p SNARES are stable under the conditions used here and are
bottormn top not significantly influenced by the TMSs.
FiGURE 2: Homotypic assembly of recombinant SNAREs. Purified ~ The SNARE Complex Does Not Depend on Transmem-
Vam3p, Vam3paTM, Vam3pA4, Vtilp, V1pATM, Nyvilp, brane Segmentsdere, we examined whether the Vam3p

:\lyvlpATM, or (\j/_amt7(|0}§5?g$'\/|, each))werets_fepartately SUZ%J'eCt&d TMS influences the stability and/or multimerization of the
0 sucrose gradien 6 sucrose) centrifugation in 25 m i ;
HEPES, pH 7.61 M NaCl, 1% (v/v) Thesit (or Triton X-100 in \S/NA7RE COTPIGX' Recon‘l_blndanttVarT;3p,hl_\lyv1?,. thltp' anc(lj
C), and 10 mMp-mercaptoethanol. Fractions were analyzed by am/p proteins were mixe "?1 "?I_S oichiometric ratio "’,m
Western blotting with the respective antibodies. Fraction numbers analyzed for self-assembly. Significant complex formation
are given at the top. For part B, the film corresponding to the could not be observed by SB®AGE analysis, even when
Western blot shown in part A was evaluated by densitometry and sample boiling was omitted (data not shown). This is in

the intensities of the bands relative to the intensities of the strongest o :
bands £100%) of each protein are shown. Vertical arrows indicate contrast to the known stability of the synaptic SNARE

the fractions where the marker proteins (carbonic anhydrase, 20€0Mplex in the presence of SD8Y but in line with the
kDa; serum albumin, 66 kDa; alcohol dehydrogenase, 150 kDa) SDS lability of the yeast exocytotic SNARE comple30).
e ot o he especive movker Al govions g | Therefore, vacuolar SNARE complex formalion was
fhg prggence of Thesit were do?]e eight times and tr?e one with Tritonexau’nInecj by sucrose g.radlem Cenmquatlo.n' To eXCIUSIV.ely
X-100 was done four times with similar results. monitor Vam3p associated partner proteins, the gradient
fractions were immunoprecipitated with a Vam3p antibody
2E). Nyv1p is thus mainly monomeric under these conditions prior to Western blotting. As shown in Figure 4A, a
but may assemble to homo-oligomers with low affinity. significant part of all proteins migrated to gradient fractions
Vam7p does not contain a TMS but is anchored to the 3—5 where none of the individual proteins had previously
vacuolar membrane by binding to phosphoinositides via its been seen (see Figure 3). These high molecular mass
N-terminal PX domainZ5, 26. The corresponding Vam7p fractions are centered around the 150 kDa marker protein
protein (40 kDa) runs at40 kDa, suggesting its monomeric and thus likely to contain the quaternary complex with a
nature (Figure 2F). It should be noted that using some other1:1:1:1 stoichiometry (calculated molecular mass: 138 kDa).
buffer salts, detergents, and lower ionic strength led to This agrees with the in vitro assembly of the vacuolar
significant aggregation, especially in case of Vtilp. SNARE complex as previously shown by coprecipitation
We conclude that homodimerization of Vam3p, but not experiments31). Proteins seen in fractions 6 and 7 are likely
of Vtilp, depends on the TMS. Further, the disruptive effect to correspond to binary and ternary complexes of Vam3p
of the A4 mutations reveals that the Vam3p TMBEMS bound to Vtilp, Nyvlp, and/or Vam7p. In a control experi-
interaction is sequence-specific and suggests that the mutatedhent, we verified that the recombinant complex is an
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A e i we teste_d whether it can be dissociated by Secl7p and
+ + + Secl8p in an ATP-dependent way. Indeed, all complexes
{ 25356785 0T below fraction 7 are dissociated upon @ncubation with
e e b5, | vam7p Secl7p/Secl8p in the presence of ATP (Figure 4B) but not
7 Pt . of its nonhydrolyzable analogue AJB (Figure 4C). Thus,
guaternary complex formation by our recombinant proteins

Vam3p

P Nyv1p

e - i Vii1p is specific and reversible. To visualize all proteins irrespec-

—|—-—[— tive of their association with Vam3p, gradient fractions were
quaternary  binary or not co-immunoprecipitated prior to Western blot analysis in

SNARE ternary

complex complexes these experiments. Therefore, the gradients shown in Figure

4B,C also contain Vam7p, Nyvlp, and Vtilp in low
molecular mass fractions 2. In a separate experiment
1234567 89101112 we found that the recombinant Vam3p homodimer is not
dissociated by Sec17p/Sec18p/ATP (results not shown); this
agrees with the resistance of the native homodimer to ATP
treatment (see: Figure 1).

To examine whether the Vam3p TMS influences SNARE

B addition of Sec17p/Sec18p/ATP

C addition of Sec17p/Sec18p/ATPyS complex formation, we assembled complexes that contained
1021314 51627891011 112 Vam3pATM or Vam3pA4 in place of wild-type Vam3p. In
. s e | Vam7p both cases, the complex at150 kDa and some lower
- e a————— " | \/am3p molecular mass assemblies are as abundant as with wild-
et Ny 1p type Vam3p (Figure 4D,E). Additional high molecular mass
o ——. | SV forms were seen in fractions 1 and 2 when complexes
contained Vam3ATM; this suggests that the SNARE
D complex tends to aggregate in this situation. In addition, we
L£3 128 7 835001112 also analyzed complexes that do not contain any TMSs upon
Do - e D mixing Vam3pATM, VtilpATM, Nyv1pATM, and Vam7p.
_ D b e —eep @ | Vam3pATM This complex is indistinguishable from the complex contain-
T - - - e ing Vam3pPATM and its full-length partners (results not
S ————— | ViTp shown).
We conclude that recombinant vacuolar SNARE proteins
E . . .
assemble to a quaternary complex that is authentic as defined
1234 56789101112 by i 'Sec18p. Furth lox f
TP AT " % vam7p oy its sensitivity to Secljp ec18p. Further, complex forma-
S i | Vamapad tion does not depend in a detectable way on the TMS of
it Vam3p or of any other SNARE tested here.
B L L Nyvip
Viitp DISCUSSION
bottom top

FiGURE4: Assembly of recombinant SNARE complex. (A) Purified ~ Our results demonstrate that Vam3p in vacuolar mem-
Vam3p, Vtilp, Nyvlp, and Vam7p~5 uM, each) were mixed, branes exists in at least two different noncovalent complexes.
incubated overnight, and subjected to sucrose gradient centrifugation|t gssembles to a quaternary complex with Nvylp, Vtilp,
in 25 mM HEPES, pH 7.61 M NaCl, 1% (v/v) Thesit, 10 mM 514 \/am7p as known from previous co-immunoprecipitation

B-mercaptoethanol. The fractions were immunoprecipitated with . h h iqnifi
Vam3p antibody, and the precipitates were analyzed by Western €XPeriments 31). Moreover, we show that a significant

blotting with respective antibodies. Note the formation of high fraction of endogenous Vam3p is associated with coexpressed
molecular weight complexes that are not seen with the individual GST-tagged Vam3p in a complex that appears to correspond
proteins (see Figure 2). Vam7p, Viilp, and Nyvlp are not present to 3 homodimer. Previously, it has been proposed that a
in fractions 16-12 as these proteins are not co-immunoprecipitated fraction of Vam3p is associated with the GTPase Vps1p in

with Vam3p in these fractions. (B) Complexes formed under the -
same conditions as in part A were incubated with recombinant & Very high molecular mass-@ MDa) complex and that

Sec17p 3 uM) and Sec18p+£1.2uM) plus 0.5 mM ATP and2  Vam3p/Vam3p interaction depends on the presence of Vpslp
mM MgCl, prior to sucrose gradient centrifugation. Note the (23). Under our experimental conditions, we were unable to

disappearance of the high molecular weight fractions under this qetect this high molecular mass complex.
condition. (C) Complexes were formed and treated as in B except . .
that ATP was replaced by ATFS. Fractions were not immuno- A mostly homodimeric form of Vam3p also forms from

precipitated with Vam3p antibody for B and C. (D) Complexes the purified recombinant protein. This dimer dissociates upon
were formed as in A except that Vam3p was replaced by deletion or mutation of the TMS. Since these sequence

Vam3pATM. (E) Complexes were formed as in A except that giterations did not affect the secondary structure of the

Vam3p was replaced by Vam3pA4. The lack of proteins in fraction . . .
3is not a systematic observation and thus does not indicate reduced’©t€iN, these results imply that the TMS mediates ho-
complex formation in this case. Fraction numbers and the positions Modimerization. Analyzed under the same conditions, ho-

of marker proteins are given at the top. All these experiment were modimerization could also be shown for Vtilp, but not for
done twice with similar results. Vam7p. Nyvip is mainly monomeric but exhibits a tendency
to self-assemble with low affinity. In contrast to Vam3p, the
authentic counterpart of the SNARE complex found in TMS did not contribute in a detectable way to self-assembly
vacuoles, rather than an unspecific aggregate. To this endof either Vtilp or Nyvlp. Homodimerization via sequence-
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specific TMS-TMS interaction was previously shown for membranes in the former case, different SNARE subunits
the synaptic Q- and R-SNAREs synaptobrevin Il and reside on opposing membranes in the latter case.
syntaxin 1A (0, 12-14). Our current results extend these What could be the functional role of Vam3p homodimer-
observations in that they reveal conservation of FM31S ization driven by TMS-TMS interactions? Replacing the
interaction in an evolutionarily distant member of the TMSs of Ssop, Sncp, or of Vam3p by isoprenoid anchors
SNARE family, the Q-SNARE Vam3p. However, they also drastically affected the ability of these proteins to mediate
indicate that TMS-driven homodimerization may not be a membrane fusion1®, 32. Since trans complex formation
universal feature pertaining to all SNARE proteins. and, by implication, membrane apposition were not disturbed
Furthermore, we examined whether the Vam3p TMs In these experiments, the SNARE TMSs appear to be
would stabilize the quaternary SNARE complex, e.g. via required f_oradownstream reaction. Interestingly, the fusion
heterotypic interactions with TMSs from its cognate partners. d&fect of isoprenylated Sncp and Ssop could be rescued by
The complex was reconstituted from recombinant proteins 2ddition of lysophosphatidyl choline to the distal monolayers
and detected by velocity gradient centrifugation followed by (32 This observation implied that fusion by isoprenylated
co-immunoprecipitation. The recombinant complex proved proteins was trapped at the hemifusion intermediate where

to be an authentic correlate of the native complex since it ©1Y the outer, but not the inner, bilayer leaflets mix. When

was readily dissociated by Sec17p/Sec18p/ATP. Since delet-SYNaptic SNAREs were expressed on the surface of eukary-

ing the TMSs of Vam3p and its partners did not reduce the otic cells (*lipped-SNARES"), they induced fusion of 'ghe_
abundance of the quaternary complex, the TMSs apparently.plasma membranes that, however, was arrested at h_emlf_usmn
do not stabilize the heterotypic interactions. This is in line if thﬁ TMS; wgretrr]eplaced tt)z gcht_osylfpr:\ospfha'qdylltnofsn"ol
with previous observations where replacement of the Vam3p anchors 41). Fur érmore, he rafio of hemitusion 1o Tu
TMS by an isoprenoid anchor did not reduce the abundancefus'on |_ncreased with decreas!ng concentrations (_)f full-length
of cis- or transs SNARE complexes in vacuoles as examined ?g;?ﬁ“;g:;;r_IXE?SStC?:]%z]t?rg%?] %E'S‘Enise':cz I:gosg:;iesten i
b_y_ co-immunoprecipitation experiments in detergent solu- with SNARE TMS-TMS interactions in the transition of
bilizates @9). Similar findings were reported for yeast o . .

exocytotic SNAREs Sncp and Ssop as coprecipitation of hemifusion to complete bilayer merger. It is not clear whether

. SNARE homodimers act in parallel to heteromeric SNARE
_these proteins was unaffected upon T.MS replacement bycomplexes. It is conceivable, however, that trans complex
isoprenoid chalns3(2)..These exocytotic SNAREs were formation mediates membrane docking while the ho-
suggested to form multimeric SNARE complexes based upon

T . . modimers are required for complete fusion. In support of
copreqpnanon of epltope-tagggd and yvﬂd-typg SNAREs this hypothesis, a recent study suggests that synaptic
from high molecular mass velocity gradient fractions. Mul-

timerization indeed appears to be important for exocytosis SNARES that are recpnstituteq atvery low protein/lipid ratios
driven by synaptic 33-37) and endosomal mammalian _do acce_lerate lipid mixing of liposomal meml_)ranes. Interest-
SNARES (L. Mascia and D.L., unpublished work). On the ingly, this acceleratlon_was obs_erved even W|t_hout concurrent

: o T C trans complex formation, provided that the liposomes were
other hand, the molecular mass distribution of native or

recombinant vacuolar SNAREs in the velocity gradients aggregated by poly(ethylene glycol3).
shown in the present study does not support the existenceNOTE ADDED IN PROOF
of multimeric complexes. We cannot exclude, however, that

low affinity multimerization in vacuolar membranes is ~ Very recently, evidence for TMSTMS interaction was

disrupted upon detergent treatment. also obtained for the yeast secretory syntaxin homologue

One unexpected result of our study is that all vacuolar Ssolp by eleptron paramagnetic resonance spect_ros_copy

SNARES investigated here appear to be mainyelical in (Zhang, Y., Shin, Y.-K. (2006) Transmembrane Organization
. . . of Yeast Syntaxin-Analogue SsolRipchemistry 454173~

the isolated state as judged from the line shapes of the4181)

corresponding CD spectra. When we estimate secondary '

structure contents using the approximate protein concentra-oCKNOWLEDGMENT

tions (see Experimental Procedures), our data suggest that _

they exhibit~80% a-helicity. This is in marked contrastto ~ We thank Dr. M. Hofmann for carefully proofreading the

synaptic or yeast exocytotic SNARES. There, cytoplasmic Mmanuscript anq for his valuable suggestion and M. Ahrens

domains of syntaxin orthologues were shown to be only for help with Figure 2B.

partially folded in isolation while SNAP-25 and synapto-

brevin orthologues were completely unstructured. Binary SUPPORTING INFORMATION AVAILABLE

assembly of exocytotic Q-SNAREs induces helicity and is ~ Supplementary Figure 1 depicting CD spectra of recom-

thus thought to precede R-SNARE binding which results in binant Nvylp and Ny1ATM (A), Vtilp and VtilpATM (B),

a fully helical ternary complex30, 38. This directed or Vam7p (C) in 10 mM Tris-HCI, pH 7.4, 150 mM NacCl,

assembly process has been proposed to begin at domain% (v/v) Thesit. Protein concentrations were comparable as

that are more distal to the membrane surface and to proceedudged by the Coomassie-staining intensities of protein bands

toward the membrane39, 40. We propose that formation in SDS-PAGE. This material is available free of charge via

of the vacuolar SNARE complex proceeds from already the Internet at http://pubs.acs.org.

folded subunits. We may speculate that this is a property

that distinguishes symmetric fusion reactions, like vactole REFERENCES

vacuole fusion, from asymmetric fusion, like in exocytosis. 1 jann, R., Lang, T., and'8hof, T. C. (2003) Membrane Fusion,

While R- and Q-SNARESs are simultaneously present on both Cell 112 519-533.
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