
Molecular Biology of the Cell
Vol. 10, 4149–4161, December 1999

Promiscuity in Rab–SNARE Interactions
Eric Grote and Peter J. Novick*

Department of Cell Biology, Yale University School of Medicine, New Haven, Connecticut 06520-8002

Submitted May 26, 1999; Accepted October 4, 1999
Monitoring Editor: David Botstein

Fusion of post-Golgi secretory vesicles with the plasma membrane in yeast requires the function
of a Rab protein, Sec4p, and a set of v- and t-SNAREs, the Snc, Sso, and Sec9 proteins. We have
tested the hypothesis that a selective interaction between Sec4p and the exocytic SNAREs is
responsible for ensuring that secretory vesicles fuse with the plasma membrane but not with
intracellular organelles. Assembly of Sncp and Ssop into a SNARE complex is defective in a sec4-8
mutant strain. However, Snc2p binds in vivo to many other syntaxin-like t-SNAREs, and binding
of Sncp to the endosomal/Golgi t-SNARE Tlg2p is also reduced in sec4-8 cells. In addition, binding
of Sncp to Ssop is reduced by mutations in two other Rab genes and four non-Rab genes that block
the secretory pathway before the formation of secretory vesicles. In an alternate approach to look
for selective Rab–SNARE interactions, we report that the nucleotide-free form of Sec4p coimmu-
noprecipitates with Ssop. However, Rab–SNARE binding is nonselective, because the nucleotide-
free forms of six Rab proteins bind with similar low efficiency to three SNARE proteins, Ssop,
Pep12p, and Sncp. We conclude that Rabs and SNAREs do not cooperate to specify the target
membrane.

INTRODUCTION

Eukaryotic cells contain a dynamic network of membrane-
bound organelles that are constantly remodeled by the bud-
ding and fusion of transport vesicles and tubules as well as
the homotypic fusion of like organelles. The specificity of
membrane fusion events must be carefully regulated to al-
low proper communication between the organelles of the
secretory and endocytic pathways while avoiding inappro-
priate fusion events that might degrade the organization of
membranes within a cell. The identification by genetic and
biochemical means of proteins involved in membrane traf-
ficking led to the realization that many proteins required
only for a specific trafficking step are members of protein
families and have homologues localized to diverse sites
within the cell and to diverse cell types in multicellular
organisms (Bennett and Scheller, 1993; Ferro-Novick and
Jahn, 1994). It has been proposed that although the general
mechanism for intracellular membrane fusion is conserved,
specific interactions between particular members of protein
families ensure that membranes fuse only with an appropri-
ate target. The Rabs and the SNAREs are the largest of the
protein families involved in membrane trafficking, and both
have been proposed to ensure the fidelity of fusion (Botstein
et al., 1988; Rothman and Warren, 1994).

Rabs are guanine nucleotide-binding proteins whose con-
formation is regulated by GTPase-activating proteins, which
stimulate GTP hydrolysis, and by nucleotide exchange pro-
teins, which promote the disassociation of GDP and subse-

quent binding of GTP (Bourne et al., 1990; Novick and Zerial,
1997; Schimmoller et al., 1998). Rab effectors bind exclusively
to the GTP-bound conformation of Rab proteins (Novick
and Zerial, 1997). Sec4p, the first Rab protein to be impli-
cated in secretion, is found on post-Golgi secretory vesicles
in yeast and is required for their fusion with the plasma
membrane (Goud et al., 1988). After fusion, Sec4p-GDP is
extracted from the plasma membrane by the cytosolic pro-
tein Gdi1p and recycled for subsequent rounds of transport
(Garrett et al., 1994). Complete sequencing of the Saccharo-
myces cerevisiae genome has revealed 11 Rab proteins, includ-
ing 9 that have been associated with a specific membrane
trafficking step (Table 1) (Jedd et al., 1995; Lazar et al., 1997).
Although some Rabs such as Ypt51p, Ypt52p, and Ypt53p
have overlapping distributions and functions, in general
each membrane transport step requires the participation of a
specific Rab protein (Lazar et al., 1997).

SNAREs were originally identified as membrane proteins
that bind to the in vitro fusion factors N-ethylmaleimide-
sensitive factor (NSF) and a soluble NSF attachment protein
(aSNAP) and NSF (Sollner et al., 1993b). In situations in
which fusion occurs between a transport vesicle and a larger
organelle, the SNAREs can be classified as v-SNAREs on
vesicles or t-SNAREs on fusion targets. SNAREs are now
known to assemble into a thermodynamically stable, parallel
four-helix bundle known as a SNARE complex, which
bridges the gap between opposing membranes before fusion
(Nichols et al., 1997; Sutton et al., 1998). SNARE complex
assembly either directly catalyzes membrane fusion or re-
cruits other factors required for fusion (Ungermann et al.,
1998b; Weber et al., 1998). SNARE complexes can be disas-* Corresponding author. E-mail address: peter.novick@yale.edu.
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sembled by the ATPase activity of NSF (Sollner et al., 1993a).
NSF also has a priming activity that is necessary before the
docking stage in an in vitro fusion assay (Mayer et al., 1996).
All SNARE complexes identified to date include a SNARE
protein homologous to the synaptic t-SNARE syntaxin 1. In
yeast, the eight syntaxin homologues are each involved in
fusion with a distinct subset of membranes (Table 2)
(Holthuis et al., 1998a,b). The exocytic SNARE complex in
yeast is composed of a secretory vesicle v-SNARE, Snc1p or
Snc2p, and the plasma membrane t-SNAREs, Sec9p and
Sso1p or Sso2p (Brennwald et al., 1994). Because the Snc1p
and Snc2p v-SNAREs are 83% identical and functionally
redundant (Protopopov et al., 1993), they will be referred to
collectively as Snc proteins. Similarly, because the syntaxin-
like t-SNAREs Sso1p and Sso2p are 72% identical and have
a redundant function during exocytosis (Aalto et al., 1993),
we will refer to them as Sso proteins.

Neither Rabs nor SNAREs are, by themselves, sufficient to
ensure the fidelity of membrane fusion. For the Rab proteins,
a single Sec4p/Ypt1p chimeric Rab protein can fulfill the
essential functions of both Ypt1p and Sec4p without allow-
ing fusion of vesicles derived from the endoplasmic reticu-
lum (ER) with the plasma membrane (Brennwald and Nov-
ick, 1993). In addition, a single Rab, Ypt1p, is required for at
least two distinct transport steps: transport between the ER
and Golgi and intra-Golgi transport (Jedd et al., 1995). For
SNAREs, it has been shown that multiple v-SNAREs are
often present in a single class of transport vesicle (Chilcote et
al., 1995; Grote et al., 1995), and the same v-SNARE often
participates in both anterograde and retrograde vesicle traf-
fic between two organelles (Gotte and von Mollard, 1998).
Conversely, when vesicles originating from different sources
fuse with a common target organelle, a single t-SNARE must
bind to diverse v-SNAREs (Gotte and von Mollard, 1998).
Finally, a recent study has documented that there are no

preferential high-affinity interactions between particular
combinations of v- and t-SNARE proteins (Yang et al., 1999).

The insufficiency of either Rabs or SNAREs acting alone to
ensure the fidelity of membrane fusion stimulated us to
consider the hypothesis that the specificity of membrane
fusion is mediated via combinatorial interactions between
Rab and SNARE proteins. Genetic evidence suggests that
SNAREs may be Rab effectors, because Rab mutations can
often be suppressed by overexpression of SNAREs (Dascher
et al., 1991; Brennwald et al., 1994), and Rab activity is
required for the assembly of a SNARE complex (Lian et al.,
1994; Sogaard et al., 1994). Recently, a direct interaction has
been reported between a Rab, Ypt1p, and the syntaxin-like
t-SNARE Sed5p (Lupashin and Waters, 1997). The authors
suggest that Ypt1p may activate Sed5p to allow its subse-
quent binding to Sec22p. An extension of this model is that
specific and direct interactions between Rabs and t-SNAREs
regulate the assembly of SNARE complexes. We have tested
this model by examining the effect of Rab mutations on
different v-SNARE/t-SNARE pairs and by testing the spec-
ificity of the direct Rab–t-SNARE interaction. We report that
several mutations that blocks membrane transport upstream
of SNARE complex assembly can prevent coimmunoprecipi-
tation of v- and t-SNAREs. Furthermore, we find that the
binding of Rab proteins to t-SNAREs involves the presum-
ably inactive, nucleotide-free state of the Rab and is ineffi-
cient and nonspecific.

MATERIALS AND METHODS

Plasmid and Strain Constructions
Strains used are listed in Table 3. Construction of the GAL1p-SNC2-
HA3 yeast integrating plasmid pNRB841 and the GAL1p-SNC2-HA
DSNC1 sec18-1 strain NY1643 has been previously described (Abe-
liovich et al., 1998). The myc-SSO2 SSO1::LEU2 sec18-1 strain NY1727
was created by a three-step process. First, the SSO2 gene of NY605
was modified with an N-terminal myc3 tag by the method of Schnei-
der et al. (1995) to create EGY244. Second, the SSO1 disruption from
H826 [MATa SSO2::leu2::(GAL1p-SSO1 HIS3) SSO1::LEU2 ade2-1
can1-100 his3-11,15 leu2-3, 112 trp1 ura3-1; a gift from S. Keranen,
VTT] was crossed into EGY244 to create EGY248. Third, the sec18-1
gene from NY1228 (MATa sec18-1 leu2-3, 112) was crossed into
EGY248 to yield NY1727.

NY1726, the DPEP12 GAL1p-SNC2-HA strain, was created by
digesting pNRB841 with EcoRI to direct integration of the GAL1p-
SNC2-HA3 gene at the LEU2 locus of RPY106 (Robert Piper, Uni-
versity of Iowa). The NSY222 and NSY348 strains were a generous
gift from Nava Segev (University of Chicago) (Jedd et al., 1995,
1997). EGY375 was created by transformation of NY605 with
pBEB19 (GAL1p-GFP-SEC2 in a 2m URA3 vector; a gift from N. Barry
Elkind, Yale Unversity). NY1724 was created by transformation of
NY605 with pNRB632 (myc3-DSS4 in the 2m URA3 vector pRS426);
2m plasmids containing the DSS4, HSC82, SSO2, and HSC82 1 SSO2
genes transformed into NY1088 were a gift from J. Shannon (Yale
University). NY1725 (GAL1p-sec4-N133I DDSS4) was created by dis-
secting a cross of NY1088 with NY929 (MATa leu2-3112 ura3-52
DSS4::URA3).

The hemagglutinin (HA)-tagged Rab protein expression vectors
pNRB829–pNRB840 were created by PCR-based subcloning and
mutagenesis using 6HIS-tagged bacterial expression vectors (Du et
al., 1998) as templates. A BamHI site and the HA epitope YPYDVP-
DYA were fused to the N terminus of each coding sequence using
a primer beginning with the sequence GGATCCACCATGTAC-
CCATACGATGTCCCAGACTACGCTATG, where the final ATG

Table 1. Rab proteins in S. cerevisiae

Rab protein Transport step

Ypt1p ER to Golgi, intra-Golgi
Ypt31p, Ypt32p Exit from trans-Golgi
Sec4p Golgi to plasma membrane
Ypt51p, Ypt51p, Ypt53p Endocytosis
Ypt6p trans-Golgi to endosomes
Ypt7 Fusion with vacuoles

Table 2. Syntaxin homologues in S. cerevisiae

SNARE
protein Localization

Ufe1p Endoplasmic reticulum
Sso1p, Sso2p Plasma membrane
Vam3p Vacuoles
Pep12p Endosomes
Sed5p cis-Golgi
Tlg1p trans-Golgi, endosomes
Tlg2p trans-Golgi, endosomes, chitosomes
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corresponds to the start of the open reading frame. The PCR prod-
ucts were inserted between the BamHI and HindIII (YPT 1, YPT32,
YPT51, and YPT7) or PstI (SEC4 and YPT6) sites of pNB529 to
create plasmids pNRB829 –pNRB840. Nucleotide sequencing con-
firmed the presence of asparagine to isoleucine mutations where
appropriate and revealed several differences between the
pNRB529 subclones and sequences available from the Saccharo-
myces Genomic Database. A total of six missense mutations were
found, and each mutation was present in both the wild-type and
N3 I mutant plasmids. Because three of the mutations did not
affect the protein sequence, it seems likely that the source of the
mutations is natural variation between the strains used by No-
vagen (Madison, WI) (Du et al., 1998) and the yeast genomic
sequencing consortium. The remaining three mutations resulted
in the following changes to the protein sequence: K111E in
YPT51, D81G in YPT6, and D51E in YPT7. PNRB529 and
pNRB829 –pNRB840 were digested with ClaI to direct integration
into the LEU2 gene of NY605 to create strains NY1705–NY1717.
NY1720 (a/a myc3-SSO2) and NY1719 (a/a myc3-SSO2 HA3-sec4-
N133I) were created by crossing EGY244 to NY871 (MATa leu2
his4)- and to pNRB834 (HA-sec4-N133I)-transformed NY871.
Strain NY1718 (sec18-1 HA-sec4-N133I) was created by transform-
ing NY1217 (MATa sec18-1 leu2-3112 ura3-52) with pNRB834
(HA-sec4-N133I).

Antibodies
Antiserum against purified Sso1p (a gift from Axel Brunger, Yale
University) was generated by Cocalico. The anti-Ssop serum was
affinity purified using glutathione S-transferase-Ssop (Rice et al.,
1997) bound to glutathione-agrose beads (Amersham Pharmacia
Biotech, Uppsala, Sweden). Biotinylated anti-Sso for immunoblot-
ting was prepared using NHS-LC-Biotin (Pierce, Rockford, IL) ac-
cording to the manufacturer’s protocol. Affinity-purified anti-
Pep12p and anti-Vam3p antibodies were from Robert Piper
(University of Iowa, Iowa City, IA). Anti-Sed5p and anti-Tlg2p sera
were from Susan Fero-Novick (Yale University). Anti-HA and bio-
tinylated anti-HA monoclonal antibodies (12CA5) were purchased
from Boehringer Mannheim (Indianapolis, IN). The anti-Sncp anti-
body has been previously described (Rossi et al., 1997). HRP-conju-
gated Goat anti-mouse and Goat anti-rabbit antibodies were pur-
chased from Jackson ImmunoResearch (West Grove, PA) and
Streptavidin-HRP was purchased from Amersham Pharmacia Bio-
tech.

Lysis, Immunoprecipitation, and Western Blotting
Under standard conditions, early log phase yeast cultures grown at
25°C in YPD were collected by centrifugation and washed with 20
ml of ice-cold TAF buffer (20 mM Tris, pH 7.5, 20 mM NaN3, 20 mM

Table 3. Strain list

NY605 MATa leu2-3,112 ura3-52
NY1643 MATa sec18-1 SNC2-HA3<LEU2-GAL1p-SNC2-HA3 SNC1<URA3 leu2-3,112 ura3-52 trp1
NY1727 MATa sec18-1 myc3-SSO2 SSO1<LEU2 leu2-3,112 ura3-52 his3-D200
NY1722 MATa LEU2<GAL1p-SNC2-HA ura3-52
NY1726 PEP12<URA3 LEU2<GAL1p-SNC2-HA ura3 his4 ade6
DBY1034 MATa ura3-5 lys2 his4
NSY222 MATa ypt1-A136D ura3-52 his4
NSY348 MATa DYPT31<HIS3 ypt32-A141D ura3-52 lys2 his4
NY405 MATa sec4-8 ura3-52
NY13 MATa ura3-52
NY415 MATa sec16-2 ura3-52
NY424 MATa sec21-1 ura3-52
NY420 MATa sec19-1 ura3-52
NY430 MATa sec14-3 ura3-52
NY1262 MATa ypt1-3 ura3-52
NY1084 MATa LEU2<GAL1p-SEC4 ura3-52
NY1085 MATa LEU2<GAL1p-SEC4-S34N ura3-52
NY1088 MATa LEU2<GAL1p-SEC4-N133I ura3-52
NY1089 MATa LEU2<GAL1p-SEC4-Q79L ura3-52
NY1090 MATa LEU2<Empty vector ura3-52
NY1724 MATa leu2-3,112 ura3-52 (2m URA3 3xmyc-DSS4) (pNRB632)
NY1723 MATa leu2-3,112 ura3-52 (CEN URA3 GAL1p-SEC2-GFP) (pBEB19)
NY1725 MATa DDSS4<URA3 LEU2<GAL1p-sec4-N133I ura3-52
NY1705 MATa ura3-52 LEU2<pNB529
NY1706 MATa ura3-52 LEU2<GAL1p-HA-YPT1
NY1707 MATa ura3-52 LEU2<GAL1p-HA-ypt1-N121I
NY1708 MATa ura3-52 LEU2<GAL1p-HA-YPT32
NY1709 MATa ura3-52 LEU2<GAL1p-HA-ypt32-N126I
NY1710 MATa ura3-52 LEU2<GAL1p-HA-SEC4
NY1711 MATa ura3-52 LEU2<GAL1p-HA-sec4-N133I
NY1712 MATa ura3-52 LEU2<GAL1p-HA-YPT51
NY1713 MATa ura3-52 LEU2<GAL1p-HA-ypt51-N120I
NY1714 MATa ura3-52 LEU2<GAL1p-HA-YPT6
NY1715 MATa ura3-52 LEU2<GAL1p-HA-ypt6-N124I
NY1716 MATa ura3-52 LEU2<GAL1p-HA-YPT7
NY1717 MATa ura3-52 LEU2<GAL1p-HA-ypt7-N126I
NY1719 MATa/a myc-SSO2/SSO2 LEU2<GAL1p-HA-SEC4-N133I/leu2-3,112 ura3-52/URA3 his4/HIS4 gal2/GAL2
NY1720 MATa/a myc-SSO2/SSO2 leu2-3,112/leu2-3,112 ura3-52/URA3 his4/HIS4 gal2/GAL2
NY1721 MATa/a LEU2<GAL1p-HA-SEC4-N133I/leu2-3,112 ura3-52/URA3 his4/HIS4 gal2/GAL2
NY1718 MATa sec18-1 LEU2<GAL1p-HA-sec4-N133I ura3-52
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NaF). The cells were then transferred to 2-ml screw capped tubes in
1 ml of TAF buffer and pelleted. Ice-cold immunoprecipitation (IP)
buffer (20 mM HEPES, pH 7.4, 150 mM KCl, 1 mM DTT, 0.5% N-P40,
1 mM EDTA), proteinase inhibitors (1 mM PMSF, 1 mM pepstatin A)
and 2 g of zirconia-silica beads were added, and the tubes were
completely filled with liquid and sealed. The cells were lysed by
homogenization in a mini-Bead Beater (Biospec Products, Bartles-
ville, OK) at full power for 4 min and then returned to an ice-water
bath.

When temperature shifting was required, cultures at elevated
temperatures were diluted 1:10 in ice cold TAF buffer, and cells
were collected by centrifugation at 4°C. When appropriate, SNARE
complex disassembly was promoted by collecting cells in ice-cold 20
mM Tris buffer, pH 7.5, without NaN3 or NaF and homogenizing in
IP buffer supplemented with an ATP-regenerating system (1 mM
ATP, 5 mM creatine phosphate, 10 mg/ml creatine phosphokinase,
3 mM MgCl2).

The lysates were diluted with IP buffer into 1.4-ml, 2-mg/ml
aliquots and spun for 5 s in a microfuge to remove unbroken cells
and cellular debris and then for 30 min at 16,000 3 g. The cleared
lysate was transferred to a fresh tube, an aliquot was reserved, and
then primary antibody was added. After incubating on a rocking
platform at 4°C for 2–16 h, protein G-Sepharose beads (Amersham
Pharmacia Biotech) were added, and the incubation was continued
for an additional 45 min. The immunoprecipitates were collected by
centrifugation, and an aliquot of the supernatant was reserved. The
immunoprecipitates were washed five to eight times with IP buffer,
boiled for 5 min in gel-loading buffer with 1% SDS, run on either 12
or 15% SDS-polyacrylamide gels, and transferred to nitrocellulose
membranes. The membranes were stained with Ponceau S to ob-
serve the quality of the transfer. Antigens on the membrane were
detected by incubating the filter with blocking buffer (5% nonfat dry
milk in PBS, 0.05% Tween 20), adding primary antibodies in block-
ing buffer, washing five times, adding HRP-conjugated detection
reagent in blocking buffer, washing five times, incubating in chemi-
luminescent substrate (ECL from Amersham Pharmacia Biotech or
BLAZE from Pierce), and then exposing the filter to BioMax MR film
(Eastman Kodak, Rochester, NY). Lysates and depleted supernatant
fractions from each immunoprecipitation were also assessed by
immunoblotting. SNARE expression and immunoprecipitation effi-
ciencies were identical for wild-type and mutant strains.

GTP Overlays
Lysates or anti-HA immunoprecipitates were run on 15% SDS-
polyacrylamide gels and transferred to nitrocellulose. The blots
were preincubated for 30 min in GTP buffer (50 mM NaH2PO4, pH
7.5, 2 mM DTT, 10 mM MgCl2, 0.2% Tween 20, 4 mM ATP) to allow
renaturation of low-molecular-weight GTP-binding proteins,
probed with 1 mCi/ml [a-32P]GTP for 2 h in GTP buffer, washed five
times over 1 h with GTP buffer, air dried, and exposed to film
overnight at 280°C with an intensifying screen.

RESULTS

Sncp Binds to Many t-SNAREs
The Snc proteins Snc1p and Snc2p are best known as the
v-SNAREs on secretory vesicles that interact with the
plasma membrane t-SNAREs Sso1p, Sso2p, and Sec9p (Pro-
topopov et al., 1993; Brennwald et al., 1994). More recently,
Sncp has been shown to bind to two other t-SNAREs, Tlg1p
and Tlg2p (Abeliovich et al., 1998; Holthuis et al., 1998a),
which are localized to endosomal and/or Golgi membranes.
We tested whether Snc2p binds to additional t-SNAREs by
looking for coimmunoprecipitation of t-SNAREs with HA-
tagged Snc2p. The three Ssop homologues tested, Pep12p,
Vam3p, and Sed5p, each coimmunoprecipitated with HA-

Snc2p but were not present in control immunoprecipitations
either without the anti-HA antibody or from an untagged
strain (Figure 1A). Although these interactions are specific,
only ;1% of the total amount of each t-SNARE in the lysate
coimmunoprecipitated with HA-Snc2p. A similar small per-
centage of the total amount of Sncp coimmunoprecipitated
with Ssop, Tlg2p, or Pep12p. The observation that only a
small percentage of each t-SNARE protein coimmunopre-
cipitates with Sncp is consistent with the proposal that as-
sembled SNARE complexes are transient intermediates in
the process of membrane fusion.

The original SNARE hypothesis proposed that the forma-
tion of specific v-SNARE/t-SNARE pairs ensures the fidelity
of vesicle targeting (Rothman and Warren, 1994). Our ob-
servation that Sncp binds to multiple t-SNAREs, like similar
observations for the v-SNAREs Sec22p and Vti1p (Lewis et
al., 1997; von Mollard et al., 1997), was not predicted by this
early model. One interpretation of these results is that non-
specific SNARE pairs assemble during homogenization or in
the lysate. To test this possibility, we have used a “mixing”
assay that examines the binding of tagged proteins ex-
pressed in different cell populations. We first examined the
interaction between Snc and Sso proteins (Figure 1B). A
mixed lysate was prepared from cells expressing myc-Sso2p
and native Snc proteins (NY1643) and cells expressing native
Sso proteins and HA-Snc2p (NY1643). Both native and myc-
tagged Sso proteins precipitated in an anti-Sncp immuno-
precipitation, demonstrating that myc-Sso2p can bind to
Sncp. However, myc-Sso2p was absent from an anti-HA
immunoprecipitate. Therefore, Sncp and Ssop do not assem-
ble into a SNARE complex during or after homogenization.
Because Sncp does not bind to Ssop in lysates, the Sncp/
Ssop complex we have observed must have assembled in
vivo. The two strains in the experiment shown have a mu-
tation in Sec18p, the yeast NSF homologue, which enhances
the recovery of SNARE complexes. Comparable results have
been obtained in experiments with strain expressing
wild-type Sec18p (Carr et al., 1999).

A similar experiment was performed to examine the in-
teraction between HA-Snc2p and Pep12p (Figure 1C).
Pep12p coimmunoprecipitated with HA-Snc2p if the two
proteins were expressed in the same cells. However, if HA-
Snc2p expressed in a Dpep12 strain was mixed with Pep12p
from an untagged strain during homogenization of the
yeast, the two proteins did not coimmunoprecipitate. We
conclude that the Pep12p–HA-Snc2p interaction forms in
vivo before homogenization and is stable in the lysate. A
third mixing experiment indicated that HA-Sncp binds
Tlg2p in vivo but not in lysates (Abeliovich et al., 1998). In
summary, log phase yeast cells have SNARE complexes
involving Snc2p binding to Ssop, Pep12p, Tlg2p, and possi-
bly also Tlg1p, Vam3p, and Sed5p. Therefore, although Sncp
is normally required for fusion of secretory vesicles with the
plasma membrane, it is unlikely to play a role in secretory
vesicle targeting, because Sncp can bind to t-SNAREs
present on a variety of potential target organelles.

Three Rab Mutations Inhibit Membrane Traffic
Upstream of Sncp–Ssop SNARE Complex Assembly
Because a selective interaction between Sncp and Ssop can-
not be responsible for targeting secretory vesicles to the
plasma membrane, we considered the hypothesis that the
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mechanism of secretory vesicle targeting involves a selective
interaction between the secretory vesicle protein Sec4p and
the plasma membrane protein Ssop that promotes the as-

sembly of a SNARE complex between Sncp and Ssop.
Sogaard et al. (1994) reported that mutations in the ER to
Golgi Rab protein Ypt1p inhibited coimmunoprecipitation
of a SNARE complex between the appropriate v- and t-
SNARE proteins, Sec22p and Sed5p. This result was inter-
preted as evidence that Ypt1p activates Sec22p/Sed5p com-
plex formation. We examined the effect of the sec4-8
mutation on Sncp/Ssop SNARE complex assembly and
found that coimmunoprecipitation of Ssop with Sncp was
reduced in a sec4-8 mutant strain. To test whether this result
reflects a specific interaction between Sec4p and Ssop, we
examined the effect of mutations in three different Rab
genes, SEC4, YPT1, and YPT32, on the association between
Sncp and two different t-SNAREs, Ssop and Tlg2p. The sec4
and ypt1 mutant strains accumulate Golgi to plasma mem-
brane vesicles and ER to Golgi vesicles, respectively, when
shifted to temperatures .30°C (Novick et al., 1981; Segev et
al., 1988). YPT32 has a functionally redundant homologue,
YPT31. If both Ypt31p and Ypt32p are mutated, secretory
vesicles fail to bud from the Golgi (Jedd et al., 1997). The
ypt1, ypt31 and sec4 mutant alleles used for Figure 2A are
similar to each other, because each results in an aspartate for

Figure 2. SNARE complex assembly depends on membrane trans-
port. (A) Mutations in three different Rab proteins inhibit Sncp
association with both Ssop and Tlg2. Wild-type (DBY1034), ypt1-
A136D, DYPT31 ypt32-A141D, and sec4-8 cells were shifted to the
restrictive temperature of 33°C for 10 min before homogenization.
Anti-Ssop and anti-Tlg2p immunoprecipitates were probed for co-
precipitation of Sncp. (B) Early secretion blocks inhibit Ssop associ-
ation with Sncp. Wild-type (NY13) and sec mutant strains were
grown to log phase at 25°C and then shifted to 37°C for 0, 10, or 30
min before homogenization. Anti-Sncp immunoprecipitates were
probed for coprecipitation of Ssop.

Figure 1. Snc2p binds to diverse t-SNAREs. (A) Ssop, Pep12p, Sed5p,
and Vam3p coimmunoprecipitate with HA-Snc2p. Lysates were pre-
pared from either wild-type yeast (NY605) or sec18-1 yeast expressing
HA-Snc2p (NY1643). The cells were shifted to 37°C for 10 min before
lysis to allow SNARE complexes to accumulate in the sec18-1 mutant
strain. An immunoblot from anti-HA and no antibody control immu-
noprecipitates was probed for coprecipitating t-SNAREs. The minimal
amount of nonspecific Ssop precipitation from the untagged strain is
independent of Sec18p function. (B) myc-Sso2 does not bind to HA-
Snc2p in vitro. HA-Snc2p and myc-Ssop were expressed in different
populations of sec18-1 cells (NY1643 and NY1727), which were mixed,
shifted to 37°C for 10 min, and then lysed. HA-Snc2 was immunopre-
cipitated with anti-HA antibodies, native and HA-tagged Sncp were
immunoprecipitated with anti-Sncp antibodies, and a control precipi-
tation was performed without antibody. The immunoprecipitates were
probed for coprecipitation of myc-Sso2p and native Sso proteins with
biotinylated anti-Sso antibodies. The anti-Sncp antibody reacts with an
epitope conserved between Snc1p and Snc2p. Likewise, the anti-Ssop
antibody reacts with an epitope conserved between Sso1p and Sso2p.
(C) Pep12p does not bind to HA-Snc2p in vitro. Pep12p and HA-Snc2p
were either coexpressed in the same SEC1 cells (NY1722) or expressed
in different cells that were mixed before lysis (NY605and NY1726).
Anti-HA immunoprecipitates were probed for coprecipitation of
Pep12p. An immunoblot of the lysates was probed with antibodies
against Sncp and Pep12p.
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alanine (or glycine) substitution at a conserved position in
the nucleotide binding domain that causes a recessive loss of
function.

If the Sncp/Ssop assembly defect in sec4-8 cells reflects a
specific interaction between Sec4p and Ssop, one would
predict that the sec4-8 mutation would not affect the binding
of Sncp to Tlg2p. Perhaps Sncp/Tlg2p binding would be
inhibited by loss of Ypt31p and Ypt32p activity. In contrast
to this prediction, the results show that instead of each Rab
mutation affecting assembly of a specific SNARE complex,
there was reduced coprecipitation of Sncp with both Ssop
and Tlg2p in all three Rab mutant strains (Figure 2A). Based
on these results, we cannot conclude that inactivation of Rab
proteins affects the interaction of Sncp with specific
t-SNAREs.

One explanation for the observation that all three rab
mutations affect both Sncp-containing SNARE complexes is
that these mutations are acting upstream to block flux
through several pathways involving Sncp-dependent fusion.
A prediction from this model is that any mutation that
blocks the secretory pathway upstream of the fusion of
secretory vesicles with the plasma membrane will inhibit
assembly of the Sncp/Ssop complex. To test this prediction,
we examined several temperature-sensitive strains with
early blocks in the secretory pathway and compared them
with a sec4-8 strain. The mutant strains used include sec16-2,
which is defective in budding from the ER (Kaiser and
Schekman, 1990); sec21-1 (COPI), defective in assembly of a
coat required for the budding of retrograde transport vesi-
cles from the Golgi that fuse to the ER and also in selective
aspects of anterograde ER to Golgi transport (Hosobuchi et
al., 1992; Letourneur et al., 1994; Orci et al., 1997); sec19-1
(gdi1), which is inhibited at multiple steps in the secretory
pathway including ER to Golgi transport because of a defect
in Rab protein recycling (Garrett et al., 1994); and sec14-3
(phophatidyl inositol/phosphatidyl choline transfer pro-
tein), which is unable to bud secretory vesicles from the
Golgi (Bankaitis et al., 1989). As predicted, there was a
reduction in the amount of Ssop coprecipitating with Sncp in
each of the mutant strains if the cells were shifted to 37°C
before lysis (Figure 2B). Notably, for ypt1-3 cells no reduc-
tion in the amount of Ssop associated with Sncp was ob-
served until 30 min after the shift to 37°C. The difference
between the ypt1-A131D and ypt1-3 alleles after 10 min at
37°C can be explained by supposing that the Ypt1-3 mutant
protein is slowly inactivated. Also notable is the reduced
association of Ssop with Sncp at 25°C in the sec4-8 mutant
strain. This observation is consistent with the reduced abun-
dance of the Sec4-8 protein and the reduced growth rate of
sec4-8 cells under these nominally permissive conditions
(our unpublished observation). The association of Ssop with
Sncp is also reduced in wild-type yeast strains if they are
grown in synthetic media or in rich media with a nonfer-
mentable carbon source. Assuming that the rate of secretion
correlates with the reduced doubling in suboptimal growth
media, these observations are all consistent with the model
that SNARE complex assembly depends on flux through the
secretory pathway.

Nucleotide-free Sec4p Binds to Ssop
Because experiments performed with the Rab mutants do
not provide evidence for a specific functional interaction

between Sec4p and Ssop, we chose to look for a physical
interaction between the two proteins by coimmunoprecipi-
tation as an alternative test of our hypothesis that combina-
torial interactions between Rabs and SNAREs ensure correct
vesicle targeting. In preliminary experiments with wild-type
yeast,we failed to detect Sec4p coprecipitating with Ssop
either by probing an immunoblot with anti-Sec4p antibodies
or with an [a-32P]GTP overlay assay. We then looked for
binding to Ssop of wild-type and mutant forms of Sec4p
expressed at high levels under control of a galactose-regu-
lated promotor (Walworth et al., 1989). As a GTPase, Sec4p is
thought to act as a molecular switch with three conforma-
tions regulated by GTP binding, hydrolysis, and release.
Mutations were engineered in Sec4p based on well-known
mutations in the Ras oncogene that affect its nucleotide
binding and hydrolysis cycle. These mutations include sec4-
S34N, which is predicted to be locked in its GDP-bound
conformation, sec4-N133I, which fails to bind nucleotide,
and sec4-Q79L, which is defective in GTP hydrolysis (Wal-
worth et al., 1989, 1992; Collins et al., 1997). Growth is inhib-
ited by overexpression of the sec4-S34N and sec4-N133I al-
leles (Walworth et al., 1989; Collins et al., 1997). These
dominant negative effects are thought to occur because the
mutant Sec4 proteins bind and sequester factors that are
essential for secretion. Cells were shifted to media contain-
ing 3% galactose for 6 h to induce expression of the Sec4
proteins without killing the cells.

Among the Sec4 proteins, the nucleotide-free Sec4-N133I
mutant protein coimmunoprecipitated most efficiently with
Ssop (Figure 3A). The significance of this result is strength-
ened by the observation that Sec4-N133Ip was expressed at
lower levels than wild-type Sec4p and the other mutant Sec4
proteins. We also examined the effect of Sec4 proteins on the
Ssop/Sncp SNARE complex. Expression of the two domi-
nant-negative Sec4 proteins, Sec4-S34Np and Sec4-N133Ip,
reduced the amount of Ssop coprecipitating with Sncp. This
result was anticipated because these mutants reduce flux
through the secretory pathway. Ssop/Sncp coimmunopre-
cipitation was also slightly reduced by overexpressing wild-
type Sec4p. High levels of Sec4p expression (behind the
GAL1 promotor on a high-copy-number plasmid) are known
to have a dominant negative growth phenotype (Kabcenell
et al., 1990). Similarly, overproduction of Ypt1p has been
reported to reduce the coimmunoprecipitation of Sec22p
with Sed5p (Lupashin and Waters, 1997). In contrast to the
results with the other Sec4 proteins, expression of Sec4-
Q79Lp did not reduce Sncp/Ssop coimmunoprecipitation or
have a dominant-negative growth phenotype.

In addition to Ssop, two other proteins, Dss4p and
Sec2p, are known to bind Sec4-N133Ip. These other pro-
teins regulate the nucleotide binding status of Sec4p. Dss4
promotes GDP release, and Sec2p promotes both GDP
release and GTP binding (Moya et al., 1993; Walch-
Solimena et al., 1997). We were intrigued by the possibility
that Ssop might also function as a nucleotide exchange
factor. As a preliminary test of this idea, we compared the
binding of Dss4p, Sec2p, and Ssop to Sec4-N133Ip by
mixing cells expressing HA-Sec4-N113Ip (see below) with
cells expressing either myc-Dss4p or GFP-Sec2p and then
immunoprecipitating with antibodies against myc, GFP,
or Ssop. We found that .10% of the HA-Sec4-N133Ip
coprecipitated with myc-Dss4p, 2% coprecipitated with
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GFP-Sec2p, and 0.05% coprecipitated with Ssop (Figure
3B). The extremely inefficient binding of Ssop to Sec4-
N133Ip suggests that Ssop is unlikely to regulate Sec4p’s
nucleotide binding state. A second indication that Ssop is
not a Sec4p exchange factor is that, unlike Dss4p and
Sec2p (Collins et al., 1997; Walch-Solimena et al., 1997),
Ssop does not bind to the Sec4-S34N mutant protein,
which mimics the GDP-bound state of Sec4p.

We were able to examine the relationship between Sec4-
N133Ip binding to Ssop, Sncp/Ssop SNARE complex as-
sembly, and growth inhibition in Sec4-N133Ip expressing
strains by comparing Sec4-N133Ip and Sncp binding to
Ssop in a variety of genetic backgrounds (Figure 3C).
Dss4p binds to the Sec4-N133I mutant protein and, when
overproduced, will suppress the dominant-negative
growth phenotype of Sec4-N133Ip expression (Collins et
al., 1997). Overproduction of Dss4p reduced the binding
of Sec4-N133Ip to Ssop but did not restore normal levels
of Sncp/Ssop binding (Figure 3C). Because overproduc-
tion of Dss4p in Sec4-N133Ip-expressing cells results in a
normal growth rate with reduced levels of Sncp/Ssop
SNARE complexes, the absolute number of Sncp/Ssop
SNARE complexes cannot be rate limiting for growth.
Deletion of DSS4, a nonessential gene (Moya et al., 1993),
from sec4-N133I yeast had no effect on growth or binding
of either Sncp or Sec4-N133Ip to Ssop.

A second suppressor of the dominant-negative growth
phenotype of Sec4-N133Ip was isolated in a multicopy
genomic DNA library screen (Shannon and Novick, unpub-
lished results). This plasmid contained two genes, HSC82
and SSO2, that are adjacent to each other on chromosome
XIII. The HSC82 gene codes for a constitutively expressed
homologue of the heat shock-induced chaperonin, Hsp70p.
Sec4-N133Ip-overexpressing cells containing this plasmid
have a wild-type growth rate and have partially restored
binding of Sncp to Ssop. However, cooverexpression of
Hsc82p and Sso2p does not prevent binding of Sec4-N133Ip
to Ssop (Figure 3C). Thus, binding of Sec4-N133Ip to a small
fraction of the total Ssop does not prevent Ssop/Sncp
SNARE complex assembly when excess t-SNARE is avail-
able.

Individually, SSO2 and HSC82 are poor suppressors of the
dominant negative sec4-N133I growth phenotype (Shannon,
unpublished results). Hsc82p overexpression has no effect
on the binding of Sncp or Sec4-N133Ip to Ssop. In contrast,
although Sso2p overproduction does not restore growth, the
amount of both Sncp and Sec4-N133Ip bound to Ssop in-
creases, presumably by mass action (Figure 3C). Therefore,
restoration of Sncp/Ssop binding is not sufficient to sup-
press the growth defect of Sec4-N133Ip-overexpressing cells.
In summary, Sec4-N133Ip overexpression reduced both the
amount of Sncp bound to Ssop and the growth rate, but
these two phenotypes are not intimately related, because
Ssop overexpression restores SNARE binding but not
growth, whereas Dss4p overexpression restores growth but
not SNARE binding.

All Nucleotide-free Rab Proteins Bind to v-
and t-SNAREs
If Rabs interact with t-SNAREs to ensure the fidelity of
transport, one would expect that each Rab would interact
with specific t-SNAREs. To address the specificity of the

Figure 3. Binding of Sec4-N133Ip to Ssop. (A) Binding of overex-
pressed Sec4 mutant proteins to Ssop. Cells overexpressing wild-
type or mutant Sec4 proteins were grown to log phase in YP
raffinose media and then shifted to YP galactose media for 6 h before
homogenization. An immunoblot from the lysates was probed for
Sec4 proteins; anti-Sso immunoprecipitates were probed for copre-
cipitating Sec4 proteins; and anti-Sncp immunoprecipitates were
probed for coprecipitating Ssop. (B) Binding of HA-Sec4-N133Ip to
myc-Dss4p, GFP-Sec2p, and Ssop. Cells expressing myc-Dss4p
(NY1724) or GFP-Sec2p (NY1723) were mixed with HA-Sec4-
N133Ip-expressing cells (NY1710) before homogenization. Myc-
Dss4p was immunoprecipitated from the myc-Dss4p 1 HA-Sec4-
N133Ip mixed lysate with anti-myc antibodies. The GFP-Sec2p from
the GFP-Sec2p 1 HA-Sec4-N133Ip mixed lysate was immunopre-
cipitated with anti-GFP antibodies. For comparison, Ssop was also
immunoprecipitated from the GFP-Sec2p 1 HA-Sec4-N133Ip mixed
lysate. Coprecipitating HA-Sec4-N133Ip in the three immunopre-
cipitates was detected with anti-HA antibodies. HA-Sec4-N133Ip
was detectable in the anti-Ssop immunoprecipitate on a longer
exposure using the BLAZE detection system. (C) Differential effects
in Sec4-N133Ip-overexpressing strains of 2m DSS4 and SSO plas-
mids on growth and coprecipitation of Sec4-N133Ip and Sncp with
Ssop. Strains were grown for 6 h in YP galactose media before lysis
and immunoprecipitation with anti-Ssop antibodies. The immuno-
precipitates were probed for coprecipitation of Sec4-N133Ip and
Sncp. Suppression of the dominant-negative growth phenotype of
Sec4-N133Ip overexpression was measured by observing colony
sizes 3 d after streaking on YP galactose plates.
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coimmunoprecipitation of Sec4-N133Ip with Ssop, we con-
structed a series of strains with genes coding for a represen-
titive selection of N-terminally HA-tagged Rab proteins in-
tegrated at the LEU2 locus of a wild-type yeast strain behind
a galactose-regulated GAL1 promotor. These Rab proteins
were either wild-type or carried an Asn to Ile mutation at a
position in their sequence analogous to the N133I mutation
of sec4-N133I. The plasmids containing the HA-tagged Rab
genes were sequenced to confirm the presence of the muta-
tions and that no errors were introduced during the PCR-
based subcloning and mutagenesis (see MATERIALS AND
METHODS). Expression was confirmed with an anti-HA
immunoblot of lysates prepared from cultures grown over-
night in YP galactose media (Figure 4A). An [a-32P]GTP
overlay assay of proteins in the lysate (Figure 4A) and in
anti-HA immunoprecipitates confirmed that the wild-type,
but not the mutant, Rab proteins bound GTP. Because over-
production of several of the HA-tagged Rab proteins inhib-
ited growth, the HA-Rab-transformed strains were main-
tained in YP raffinose media and grown for 6 h in YP
galactose media to induce HA-Rab expression before lysis.

To assay for specificity in the binding interactions of Rabs
and t-SNAREs, we looked for coimmunoprecipitation of
each of the wild-type and nucleotide-free mutant HA-Rab
proteins with Ssop (Figure 4A). All of the nucleotide-free
mutant Rabs coimmunoprecipitated with Ssop, but their
wild-type counterparts did not. As a negative control, we
confirmed that the nucleotide-free HA-Rab proteins do not
bind to protein G-agarose beads in the absence of immuno-
precipitating antibody. The quantity of each mutant HA-Rab
protein in the anti-Ssop immunoprecipitates was approxi-
mately proportional to its expression level. We conclude that
there are not significant differences in the efficiency with
which of each of the Rab proteins, in their nucleotide-free
conformations, binds Ssop.

We also compared the binding of each of the HA-Rab
mutant proteins to Pep12p, the t-SNARE on the prevacuolar
compartment (Figure 5A). Pep12p might be predicted to
have a specific interaction with the Rab protein Ypt51p,
because Pep12p and Ypt51p are both involved in fusion to
the prevacuolar compartment. Ypt51-N120Ip did coimmu-
noprecipitate with Pep12p, but there was not significantly
more Ypt51-N120Ip in the Pep12 immunoprecipitate than
the amount that bound to Ssop. Furthermore, in addition to
Ypt51-N120Ip, the other mutant HA-tagged Rab proteins
coimmunoprecipitated with Pep12p in amounts approxi-
mately proportional to their expression levels. Thus, Rab
proteins do not preferentially bind to those t-SNAREs with
which they functionally interact.

Because it has been established that Rab proteins are
located on different membranes within a cell, the nonpref-
erential coimmunoprecipitation that we have observed
suggests that Rabs and t-SNAREs may bind in the lysate
after homogenization. A mixing experiment was carried
out to determine whether HA-Sec4-N133Ip is able to bind
to myc-Ssop after lysis (Figure 4B). HA-Sec4-N133Ip and
myc-Ssop were either coexpressed in the same cells or
expressed in separate populations of cells that were then
mixed before homogenization. Expression of HA-Sec4-
N133Ip in a separate population of cells than myc-Ssop
did not reduce the amount of HA-Sec4-N133Ip coprecipi-
tated in an anti-myc immunoprecipitate when compared
with a strain in which the two proteins are coexpressed.
This result suggests not only that HA-Sec4-N133Ip and
Ssop can bind after lysis, but also that most of the com-
plexes we observed formed after lysis. If any complexes
present before lysis still remained, more HA-Sec4-N133Ip
would have bound to myc-Ssop when the two proteins
were expressed in the same cells than bound when the
proteins were expressed in different cells. Thus, we find

Figure 4. Six nucleotide-free HA-Rab proteins
bind to Ssop in lysates. (A) Binding of HA-Rab
proteins to Ssop. Strains were grown for 6 h in YP
galactose media before homogenization. Anti-Ssop
immunoprecipitates and aliquots of the lysates
were probed for the HA-Rab proteins. A blot from
a second aliquot of the lysate was probed with
[a-32P]GTP to detect GTP binding proteins. (B)
HA-Sec4-N133Ip binds myc-Ssop in vitro. HA-
Sec4-N133Ip and myc-Ssop were either coex-
pressed in the same cells (NY1719) or expressed in
different populations of cells (NY1720 and
NY1721) that were mixed before homogenization.
An aliquot of the lysates was probed with antibod-
ies against Ssop to detect both myc-Sso2 and native
Sso1 and Sso2 proteins and with anti-HA antibod-
ies to detect HA-Sec4-N133Ip. Anti-myc immuno-
precipitates were probed to detect coprecipitating
HA-Sec4-N133Ip with anti-HA antibodies.
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no evidence for the specific interaction between Sec4p and
Ssop that would be expected if Rabs and t-SNAREs inter-
act to ensure the fidelity of membrane fusion.

To determine whether Rab proteins bind to free
t-SNAREs or to SNARE complexes, we first looked for
coimmunoprecipitation of the overexpressed mutant Rab
proteins with the Snc v-SNARE proteins (Figure 5A). Sncp
bound in similar amounts to each of the mutant HA-Rabs.
The binding of the mutant Rabs to both Sncp and Ssop
suggested that Rabs bind to SNARE complexes. However,
the result is also consistent with binding of Rabs to free v-
and t-SNARE proteins. To distinguish between these pos-
sibilities, we compared the binding of HA-Sec4-N133Ip to

Sncp and Ssop under lysis conditions that promote or
inhibit SNARE complex disassembly (Figure 5B). The
Sncp/Ssop SNARE complex is disassembled by the NSF
homologue Sec18p, an ATPase that can be activated in
lysates by addition of ATP and an ATP-regenerating sys-
tem (Carr et al., 1999). To inhibit disassembly, cells are
collected in ice-cold buffer containing azide and fluoride
to lower cellular ATP levels and then lysed in buffer
containing EDTA to chelate Mg21, which is an essential
cofactor for Sec18p. Addition of ATP to the lysate elimi-
nated detectable binding of Ssop to Sncp but did not affect
the coimmunoprecipitation of HA-Sec4N133Ip with either
Sncp or Ssop. Although we cannot exclude the possibility
that HA-Sec4-N133Ip binds SNARE complexes, we con-
clude that HA-Sec4-N133Ip is able to bind to free v- and
t-SNAREs and that SNARE complex assembly is not a
prerequisite for binding.

DISCUSSION

SNAREs and Vesicle Targeting
In the original formulation of the SNARE hypothesis, spe-
cific interactions between SNARE proteins were proposed to
mediate vesicle targeting. Each class of transport vesicle was
defined by a unique v-SNARE, which could bind only to its
cognate t-SNARE on the appropriate fusion target (Rothman
and Warren, 1994). One difficulty with this model is that,
over its lifetime, each v-SNARE protein is found on several
different classes of transport vesicles destined to fuse with
different targets. Newly synthesized v-SNAREs are translo-
cated into the ER (Kutay et al., 1995) and transported to their
donor compartments via the secretory pathway. Under
steady-state conditions, v-SNAREs are recycled after fusion
from the acceptor organelle back to the donor to be incor-
porated into a new transport vesicle. At the end of their
lifetimes, v-SNAREs are likely to be transported to proteo-
lytic organelles such as the yeast vacuole for degradation.
For v-SNAREs to function as targeting molecules, they must
be active only in those transport vesicles destined to fuse
with the acceptor organelle containing their cognate
t-SNARE (Pfeffer, 1996). We find no evidence for such reg-
ulation, because the v-SNARE Snc2p binds to a variety of
t-SNAREs including Sso1p, Sso2p, Tlg1p, Tlg2p, Pep12p,
Sed5p, and Vam3p. Because these t-SNAREs are each local-
ized to a distinct set of acceptor organelles, we propose that
Snc2p is active at all times and participates in diverse fusion
events. The accumulation of post-Golgi secretory vesicles,
but not ER to Golgi vesicles, in a snc mutant strain (Protopo-
pov et al., 1993) can be explained by postulating that other
v-SNAREs that function in the early secretory pathway are
excluded from post-Golgi secretory vesicles. We conclude
that Snc2p does not have a fundamental role in vesicle
targeting.

This conclusion is only valid if the v-SNARE–t-SNARE
interactions we have observed by coimmunoprecipitation
actually occur within the cell. This is a serious concern,
because monomeric Sncp is predicted to have an amphi-
pathic helix with an exposed hydrophobic surface that
might interact with t-SNAREs after the constraints of sub-
cellular localization have been removed by lysing the cells
with detergent. We tested for SNARE complex assembly
during or after lysis by mixing populations of cells express-

Figure 5. HA-tagged nucleotide-free mutant Rab proteins bind to
Pep12p, Sncp, and Ssop but not to SNARE complexes. (A) Nonpref-
erential binding of nucleotide-free HA-Rab mutant proteins to
SNAREs. Expression of the HA-tagged mutant Rab proteins was
induced by growth for 6 h in YP galactose media. Lysates were
divided into aliquots for immunoprecipitation with antibodies
against Pep12p, Sncp, and Ssop. The immunoprecipitates were
probed for coprecipitation of the HA-tagged mutant Rab proteins
with anti-HA antibody. Similar amounts of untagged Sec4-N133I
coimmunoprecipitated with Ssop and Sncp. Thus, the possibility
that the lack of specificity we have observed in HA-Rab coprecipi-
tation with SNAREs is an artifact of the N-terminal HA-tag is
excluded. (B) HA-Sec4-N133Ip/SNARE binding is insensitive to
SNARE complex disassembly. sec18-1 yeast expressing HA-Sec4-
N133Ip (NY1718) were either lysed in buffer supplemented with
ATP and an ATP-regenerating system or shifted to 37°C for 10 min,
collected in ice-cold buffer with NaN3 and NaF, and lysed in buffer
containing EDTA. Anti-Snc and anti-Ssop immunoprecipitates were
probed with anti HA antibodies for coprecipitating HA-Sec4-
N133Ip. Disassembly of the Sncp/Ssop SNARE complex in lysates
with ATP was confirmed by probing the anti-Sncp immunoprecipi-
tates with antibodies against Ssop.
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ing either HA-tagged Snc2p or various t-SNAREs before
preparing lysates for immunoprecipitation. The results es-
tablished that HA-Snc2p does not bind to myc-Sso2p,
Pep12p, or Tlg2p after lysis. The failure of SNARE com-
plexes to assemble in vitro is an unusual property. We have
observed that myc-Dss4p and GFP-Sec2p bind to HA-Sec4-
N133Ip in lysates. In addition, the binding of myc-Sec1p to
Sncp/Ssop/s9p SNARE complexes can also occur in lysates
(Carr et al., 1999). Therefore, in contrast to other protein–
protein interactions, the SNARE complexes we have ob-
served between Sncp and Ssop and Pep12 and Tlg2p only
assemble within living cells.

Regulation of SNARE Complex Assembly
The purified core a-helical domains of Snc1p, Sso1p, and
Sec9p have been shown to spontaneously assemble into a
stable, high-affinity complex (Rice et al., 1997). Although
dilution of cellular proteins with lysis buffer might slow the
rate of SNARE complex assembly, the failure of Snc2p to
bind to Ssop in lysates during an overnight incubation sug-
gests that SNARE complex assembly is subject to negative
regulation. Synaptophysin and n-Sec1 (munc18 or rb-sec1)
have been proposed to act as negative regulators of neuronal
exocytic SNARE complex assembly because they bind to
monomeric SNARE proteins but not to the exocytic SNARE
complex (Pevsner et al., 1994; Edelmann et al., 1995). This
type of negative regulation is unlikely to inhibit Sncp assem-
bly into SNARE complexes because there are no known
synaptophysin homologues in yeast, and Sec1p cannot act as
a negative regulator of SNARE complex assembly because it
preferentially binds to assembled SNARE complexes (Carr et
al., 1999). SNARE complex assembly is also negatively reg-
ulated by an intramolecular interaction between the N- and
C-terminal helical domains of syntaxin-like t-SNAREs (Cala-
kos et al., 1994; Hanson et al., 1995; Nicholson et al., 1998).
Promoting a conformational change in the t-SNARE neces-
sary for the assembly of SNARE complexes may be one
component of the priming activity provided by NSF/Sec18p
in staged cell-free fusion assays (Mayer et al., 1996; Unger-
mann et al., 1998a). However, we find that the SNARE
complex disassembly activity of Sec18p predominates over
any potential assembly-promoting activity in lysates, so it
was not possible for us to examine the role of Sec18p in
SNARE complex assembly.

Rab–SNARE Interactions
Rab proteins have been proposed to activate SNARE com-
plex assembly based on strong genetic interactions between
Rabs and SNARE genes (Dascher et al., 1991; Brennwald et
al., 1994) and the observation that the ER to Golgi SNARE
complex fails to assemble in ypt1 mutants (Sogaard et al.,
1994). However, we have now demonstrated that inhibition
of SNARE complex assembly is not a unique phenotype of
Rab mutations, because the Sncp/Ssop SNARE complex
fails to assemble in a variety of mutants that inhibit secretion
upstream of the docking of secretory vesicles to the plasma
membrane. Thus, no conclusions about the mechanism of
SNARE complex assembly can be drawn from the obser-
vation that SNARE complexes fail to assemble in sec4-8
mutant cells, because sec4-8 fits within the large category

of mutations that block secretion upstream of secretory
vesicle docking.

A more recent observation suggested a direct physical
interaction between Rab and SNARE proteins that might
activate SNARE complex assembly. Lupashin and Waters
(1997) reported that the Rab protein Ypt1p binds to Sed5p,
the syntaxin-like t-SNARE, on the cis-Golgi. These authors
proposed that transient binding of Ypt1p to Sed5p might
activate Sed5p by promoting the release of the negative
regulator Sly1p (a Sec1p homologue), thereby allowing
Sed5p to bind to the v-SNARE Sec22p (Lupashin and Wa-
ters, 1997). Because Rabs and syntaxin-like t-SNAREs each
function in discrete membrane trafficking steps, this model
suggested to us that interactions between Rabs and syn-
taxin-like t-SNAREs might regulate vesicle targeting. We
therefore examined in detail the binding of Rabs to SNAREs.

We observed that six different Rabs, in their nucleotide-
free conformation, bind with similar efficiency to three dif-
ferent SNAREs including two t-SNAREs, Ssop and Pep12p,
and the v-SNARE Sncp. These results do not support the
model that specific interactions between Rabs and t-SNAREs
regulate vesicle targeting. In fact, because the interactions
we have observed are promiscuous, inefficient and involve
the unstable, nucleotide-free Rab conformation, it is possible
that they simply reflect the ability of amphipathic helicies to
bind to partially unfolded Rab proteins. However, because
specific Rab and SNARE proteins are likely to be brought in
close proximity to each other during membrane fusion, it
remains plausible that the Rab/SNARE binding we and
others have observed is physiologically significant. Further
experiments will be required to determine whether physical
interactions between Rabs and SNAREs at the high concen-
trations available during membrane fusion regulate either
Rab function or SNARE complex assembly.

In vitro, Rab proteins promote tethering of vesicles to
larger organelles (Cao et al., 1998; Ungermann et al., 1998b).
Close apposition of vesicles and their target membranes is
likely to accelerate SNARE assembly by increasing the local
concentration of v- and t-SNARE proteins. In addition to
their vesicle-tethering function, Rab proteins have also been
implicated in regulation of vesicle budding (Woodman,
1998), transport of vesicles on the cytoskeleton (Walch-Soli-
mena et al., 1997), and other cytoskelletal rearrangements
(Echard et al., 1998). As multifunctional proteins, Rabs are
likely to interact with numerous regulatory and effector
proteins.

Functional and Nonfunctional SNARE Complexes
Assembly of a SNARE complex in trans between a v-SNARE
on a transport vesicle and a t-SNARE on its fusion target is
essential for fusion (Nichols et al., 1997). Nevertheless,
SNARE complexes can also form in cis between v- and
t-SNARE proteins located in the same membrane (Otto et al.,
1997). One indication that the Sncp/Ssop SNARE complexes
we have identified by coimmunoprecipitation are func-
tional (trans) complexes is that the amount of Ssop bound
to Sncp is reduced by ;75% within 10 min after a block in
transport is imposed early in the secretory pathway. The
remaining complexes may be remnants of earlier fusion
events that have not yet been disassembled by Sec18p or
cis complexes assembled by a mechanism independent of
membrane transport.
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The amount of Ssop bound to Sncp is also reduced when
growth is inhibited by overexpression of Sec4-N133Ip. This
reduction in SNARE complex assembly may be an indirect
consequence of reduced flux through the secretory pathway
analogous to the reduction in SNARE complex assembly
seen in early sec mutants rather than a direct consequence of
overproducing Sec4-N133Ip. Overexpression of Sso2p leads
to an increase in the amount of Ssop coprecipitating with
Sncp without restoring growth. These SNARE complexes
are likely to be nonproductive cis complexes. In contrast,
overproducing Dss4p restores normal growth without in-
creasing the amount of Ssop bound to Sncp. This result
suggests that under normal conditions, more trans-SNARE
complexes are assembled than are necessary for growth.
However, it is also possible that partial restoration of secre-
tory function by Dss4p overproduction is sufficient to allow
a wild-type growth rate.

Conclusion
We have tested the hypothesis that specific interactions be-
tween Rabs and syntaxin-like t-SNAREs are responsible for
ensuring that transport vesicles fuse only with appropriate
target organelles. The attraction of this hypothesis is primar-
ily based on its adherence to the theoretical expectation that
fusion specificity is mediated by evolutionarily related pro-
teins. In a test for specificity of the interaction between the
exocytic Rab and t-SNARE proteins Sec4p and Ssop, we
have found that Sec4p is but one of many proteins in the
secretory pathway whose function is required upstream of
the assembly of Sncp and Ssop into SNARE complexes. We
have also found that the direct binding of Sec4p to Ssop
involves the nucleotide-free form of Sec4p and is inefficient
and nonspecific. Based on these results, we propose that the
fidelity of vesicle fusion originates from factors unique to
each type of transport event rather than from conserved
components evolved from a common primordial fusion ma-
chine. One such stage-specific factor is the exocyst (TerBush
et al., 1996). The exocyst is a heteroligomeric protein complex
essential for growth that has been proposed to ensure that
post-Golgi secretory vesicles fuse only with the plasma
membrane. The subunits of the exocyst include Sec15p,
which binds to the GTP-bound form of Sec4p on secretory
vesicles (Guo et al., 1999), and Sec3p, which is localized to
sites on the plasma membrane where secretion normally
occurs independently of flux through the secretory pathway
(Finger et al., 1998). Candidate targeting complexes have also
been identified for ER to Golgi transport and for homotypic
endosome fusion (Cao et al., 1998; Sacher et al., 1998; Christo-
foridis et al., 1999). In addition to factors that regulate fusion
itself, interactions between vesicles and the cytoskeleton are
also likely to have a fundamental role in vesicle targeting.
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