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A genetic screen to isolate gene products required for vacuolar morphogenesis in the yeast Saccharomyces
cerevisiae identified VAM7, a gene which encodes a protein containing a predicted coiled-coil domain homolog-
ous to the coiled-coil domain of the neuronal t-SNARE, SNAP-25 (Y. Wada and Y. Anraku, J. Biol. Chem. 267:
18671–18675, 1992; T. Weimbs, S. H. Low, S. J. Chapin, K. E. Mostov, P. Bucher, and K. Hofmann, Proc. Natl.
Acad. Sci. USA 94:3046–3051, 1997). Analysis of a temperature-sensitive-for-function (tsf) allele of VAM7 (vam7tsf)
demonstrated that the VAM7 gene product directly functions in vacuolar protein transport. vam7tsf mutant cells
incubated at the nonpermissive temperature displayed rapid defects in the delivery of multiple proteins
that traffic to the vacuole via distinct biosynthetic pathways. Examination of vam7tsf cells at the nonpermissive
temperature by electron microscopy revealed the accumulation of aberrant membranous compartments that
may represent unfused transport intermediates. A fraction of Vam7p was localized to vacuolar membranes.
Furthermore, VAM7 displayed genetic interactions with the vacuolar syntaxin homolog, VAM3. Consistent with
the genetic results, Vam7p physically associated in a complex containing Vam3p, and this interaction was
enhanced by inactivation of the yeast NSF (N-ethyl maleimide-sensitive factor) homolog, Sec18p. In addition
to the coiled-coil domain, Vam7p also contains a putative NADPH oxidase p40phox (PX) domain. Changes in
two conserved amino acids within this domain resulted in synthetic phenotypes when combined with the vam3tsf

mutation, suggesting that the PX domain is required for Vam7p function. This study provides evidence for the
functional and physical interaction between Vam7p and Vam3p at the vacuolar membrane, where they function
as part of a t-SNARE complex required for the docking and/or fusion of multiple transport intermediates
destined for the vacuole.

The intracellular compartments of eukaryotic cells are large-
ly defined by the composition of the resident proteins con-
tained therein. Thus, efficient biosynthetic trafficking of these
resident proteins must be maintained to ensure the integrity
and functionality of individual organelles. The acidified vacu-
ole of the budding yeast Saccharomyces cerevisiae is one such
organelle. Analogous to the lysosome of mammalian cells, the
vacuole functions in a variety of cellular processes, including
macromolecular degradation, metabolite storage, and cytosolic
ion and pH homeostasis (41, 45). Thus, vacuolar function re-
quires an influx of resident proteins such as hydrolytic pro-
teases, lipases, and transporters. These proteins traffic via ves-
icle-mediated transport reactions that require appropriate
cargo selection and vesicle budding from donor membranes,
followed by the docking and fusion of the transport interme-
diates with the correct target organelle. Several genetic screens
have been designed to identify mutants defective in vacuolar
protein sorting (vps) (4, 68), vacuolar protease activity (pep)
(40), and vacuolar morphogenesis (vam) (84). Through these
screens, over 40 complementation groups have been identified
that display defects in the delivery of proteins from the trans-
Golgi network to the vacuole. These complementation groups
have been further classified (classes A through F) with respect

to their specific morphological and biochemical phenotypes (5,
63).

Biochemical investigation of protein transport in numerous
experimental systems has identified several proteins proposed
to be involved in the docking and fusion of transport vesicles
with their target membranes (30, 66, 67, 78). These proteins
have been found to be highly homologous among the various
systems, suggesting that the docking and fusion of transport
vesicles utilizes a conserved mechanism (11, 23). Namely, mem-
bers of the syntaxin, synaptobrevin-VAMP, Sec1p, and Rab
families have been shown to function in vesicular transport at
multiple stages of the secretory pathway. In neuronal cells, the
transmembrane proteins synaptobrevin (v-SNARE) and syn-
taxin (t-SNARE) associate with donor and target membranes,
respectively (8, 10, 79). According to the SNARE hypothesis,
complementary pairing between synaptobrevin and syntaxin
provides, in part, the specificity required for the targeting of
cargo to the appropriate destination (76). Stable interaction
between synaptobrevin and syntaxin requires an additional t-
SNARE molecule, SNAP-25 (synapse-associated protein of 25
kDa), that forms a t-SNARE complex with syntaxin (31, 32, 58,
75). This ternary interaction ensures the docking stability and
specificity necessary for subsequent fusion to occur. Sec1p and
Rab family members are suggested to regulate the formation
and/or activity of these SNARE interactions (56, 66, 67). After
the coupling of v- and t-SNAREs, N-ethylmaleimide-sensitive
factor (NSF) and soluble NSF attachment proteins (SNAPs)
catalyze the disassembly of SNARE complexes, allowing fusion
of the transport vesicle with the target membrane (16, 75, 76).
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Alternatively, it has also been proposed that the NSF-SNAP
complex functions in priming SNAREs via ATP hydrolysis
prior to docking (50, 51, 55, 80).

Several of the VPS gene products have been found to be
members of the conserved syntaxin, Sec1p, and Rab families.
The syntaxin homolog Pep12p (9), Sec1p family member Vps45p
(17, 60), and Rab GTPase Vps21p (35) are believed to direct
the transport of vacuolar proteins from the trans-Golgi to
an endosomal compartment (9, 15). Genetic and biochemical
studies have also identified a set of VPS gene products that
mediate trafficking at a late stage of vacuolar protein transport.
These gene products include Vam3p (20, 77, 83), Vps33p (6,
65), and Ypt7p (86), which share homology with syntaxin,
Sec1p, and Rab family members, respectively. Additionally,
the yeast NSF homolog Sec18p (21) has been shown to func-
tion both in Golgi-to-endosome transport with Pep12p (15)
and in vacuole-to-vacuole fusion with Ypt7p and Vam3p (50,
55, 80). The prevalence of these SNARE complex members
suggests that the mechanisms of docking and fusion are con-
served in the vacuolar protein sorting pathway.

The VAM7 gene was originally identified in a screen for
mutants defective in vacuolar assembly and morphogenesis
(84). Cells with the VAM7 gene deleted lack normal vacuoles
and, instead, accumulate numerous vesicular structures that
contain vacuolar proteins (82). Furthermore, Vam7p has been
determined to contain an amino-terminal NADPH oxidase
p40phox (PX) domain (61) and a carboxy-terminal heptad re-
peat homologous to the coiled-coil domain of SNAP-25 family
members (85). Here, we report the function of the VAM7 gene
product in vacuolar protein sorting by characterizing a tem-
perature-conditional allele of VAM7 (vam7tsf). Analysis of the
vam7tsf mutant indicates that Vam7p functions at a late stage
in vacuolar delivery of multiple proteins that transit via distinct
biosynthetic pathways. Inactivation of the vam7tsf gene product
results in the accumulation of numerous aberrant membrane
compartments which likely correspond to unfused transport
intermediates. Localization experiments suggest that a fraction
of Vam7p associates with vacuolar membranes. Genetic and
physical analysis determined that Vam7p functionally inter-
acts with the vacuolar t-SNARE Vam3p. Our results suggest
that Vam7p functions at the vacuole as part of a t-SNARE
complex in a manner analogous to SNAP-25 in synaptic vesicle
trafficking.

MATERIALS AND METHODS

Strains and media. The S. cerevisiae strains used in these studies are listed in
Table 1. Yeast strains were grown in standard yeast extract-peptone-dextrose
(YPD), yeast extract-peptone-fructose (YPF), or synthetic dextrose (SD) media
supplemented with appropriate amino acids (72). Yeast transformations were
done by the lithium acetate method (39) with single-stranded carrier DNA.
Standard bacterial medium (52) was supplemented with 100 mg of ampicillin per
ml for plasmid retention. Escherichia coli transformations with the XL1Blue
strain (14) were done as previously described (28).

DNA methods. Recombinant DNA manipulations were performed by standard
methods (49). Restriction and modification enzymes were purchased from
Boehringer Mannheim Biochemicals (Indianapolis, Ind.) and New England Bio-
labs (Beverly, Mass.). DNA sequencing was done by the UCSD CFAR Core
facility with the ABI Prism BigDye and Amplitaq DNA polymerase FS. Gels
were analyzed with a Perkin-Elmer–Applied Biosystems 373XL DNA sequencer.
The plasmid pYVQ706 containing the VAM7 open reading frame was a generous
gift from Yoh Wada (University of Tokyo, Tokyo, Japan). Its construction is
described elsewhere (82). Plasmids pTKS30 and pTKS23 were generated by
subcloning the 1.8-kb NsiI-HindIII fragment (containing the entire VAM7 ORF)
of pYVQ706 into the PstI-HindIII polylinker sites of pRS414 and pRS424 (73),
respectively. A PCR-based HIS3 disruption fragment was constructed with prim-
ers containing overhangs of the first and last 50 bases of the VAM7 coding
sequence (7). The amplified DNA fragment was isolated and transformed into
SEY6210 or BHY10. The resulting His1 colonies were isolated and confirmed
for insertion of the HIS3 gene into the VAM7 locus by PCR of genomic DNA.
Furthermore, this procedure was used to generate other vam7D strains described
in Table 1. Plasmid pTKS43ts-167 containing a temperature-conditional allele of
vam7 (vam7-167) was constructed by PCR-based mutagenesis and gapped-plas-
mid repair (53). Primers complementary to the 59 or 39 ends of the VAM7 coding
sequence were used to mutagenize VAM7 under limiting dATP conditions. The
resulting PCR product was purified and cotransformed with PstI-AatII gapped
pTKS30. Candidates were isolated for temperature-conditional secretion of a
CPY-invertase fusion protein (57). The GFP-Vam7p fusion protein was con-
structed by PCR with oligonucleotides introducing an in-frame BamHI site at the
start ATG. The PCR fragment was cloned into the BglII-SalI sites of the pRS416
version of pGOGFP (18) to generate plasmid pTKS35. PX domain point mutants
were made by using the gene SOEing method (38, 87) and gapped-plasmid
repair. Point mutations were recovered from yeast cells and confirmed by
sequencing for the desired mutations. Plasmids pVAM3.414, pVAM3.416,
pVAM3.426, pVAM3-6.416, and pPEP12.426 were previously described (20).

Preparation of antiserum against Vam7p. To construct the glutathione S-
transferase (GST)-Vam7p fusion protein, the 943-base XbaI-HindIII fragment of
VAM7 was inserted into PGEX-KG (Pharmacia LKB, Uppsala, Sweden). The
resulting fusion protein containing the C-terminal 182 amino acids of Vam7p was
expressed in E. coli XL1Blue and isolated by affinity binding to glutathione-
coupled Sepharose. After being eluted from the Sepharose, the GST-Vam7p
fusion protein was further purified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and electroelution. Purified protein was then used
to immunize New Zealand White rabbits as previously described (36). Crude
antiserum was affinity purified by binding to cyanogen bromide-coupled GST-
Vam7p (29). Vam7p was detected in yeast cell lysates by immunoblotting and
enhanced chemiluminescence (ECL) detection as previously described (2).

Metabolic labeling and immunoprecipitations. To examine the biosynthetic
trafficking of vacuolar proteins, yeast cells were radiolabeled as previously de-
scribed (2, 35, 36). Immunoprecipitations of ALP, CPS, and CPY were done
accordingly (19, 36). Aminopeptidase I (API) immunoprecipitations were per-
formed as previously described (20). API antibody was a generous gift from Dan
Klionsky (University of California, Davis, Calif.) (43). Antibodies to ALP, CPY,
CPS, Pep12p, and Vam3p have been previously described (9, 19, 20, 42, 44).

Subcellular fractionation. Subcellular fractionation experiments with Vam7p
were done as previously described with modifications. Unlabeled spheroplasts
made from wild-type cells (SEY6210) were lysed, and fractions were generated
as described previously (24). Each fraction was detected by immunoblotting and
ECL as described previously (2). For temperature-shift experiments, sphero-
plasts from EGY1181-10 were radiolabeled at 26°C with EXPRE35S35S label
(NEN/DuPont) for 35 min and chased for 10 min with unlabeled methionine,
cysteine, and yeast extract to final concentrations of 5 mM, 1 mM, and 0.2%,
respectively. After 10 min, cells were either shifted to 38°C or remained at 26°C
for an additional 30 min. After the temperature shift, cells were harvested,
fractions were generated, and Vam7p was immunoprecipitated as described
previously (24). Accudenz density gradients were prepared as described earlier
(3). The 13,000 3 g pellet fraction was generated from unlabeled spheroplasts as
described above and resuspended in 1 ml of lysis buffer (0.2 M sorbitol; 50 mM
potassium acetate; 20 mM HEPES, pH 6.8; 2 mM EDTA) containing 60%
Accudenz A.G. (Accurate Chemical & Scientific Corporation, Westbury, N.Y.).
A 2-ml portion of 55% Accudenz A.G. was then layered on top of the resus-
pended pellet, followed by an additional 2 ml of 35% Accudenz A.G. After a
14-h spin at 200,000 3 g, the top 3 ml, the remaining 2 ml, and the sediment were
individually harvested, precipitated with 10% trichloroacetic acid (TCA), washed
with acetone, and detected by immunoblotting. The top 3 ml was designated the
float fraction, and the remaining 2 ml was designated the nonfloat fraction.

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Reference
or source

SEY6210 MATa leu2-3,112 ura3-52 his3-D200
trp1-D901 lys2-801 suc2-D9

65a

BHY10 SEY6210; leu2-3,112::pBHY11(CPY-Inv
LEU2)

35

TKSY32 BHY10; pep12-60 vam7D::HIS3 This study
TKSY43 SEY6210; vam7D::HIS3 This study
TKSY44 BHY10; vam7D::HIS3 This study
TKSY48 SEY6210; sec18-1 vam7D::HIS3 This study
TKSY49 SEY6210; vam7D::HIS3 vam3D::LEU2 1

pVAM3.416
This study

TKSY50 SEY6210; vam7D::HIS3 vam3D::LEU2 1
pVAM3-6.416

This study

CBY9 BHY10; pep12-60 15
CBY42 SEY6210; sec18-1 vam3D::HIS3 C. Burd
EGY1181-10 SEY6210; sec18-1 E. Gaynor
TDY2 SEY6210; vam3D::LEU2 20
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Microscopy. Nomarski optics analysis and fluorescence microscopy of the
green fluorescent protein (GFP)-Vam7p fusion protein were done as described
previously (18). For electron microscopy (EM) analysis, vam7 mutants were
prepared as described earlier (20, 64).

Native immunoprecipitations. Appropriate yeast strains were grown in YPD
or SD supplemented with 2% Casamino Acids and appropriate amino acids to
mid-log phase. Six units of optical density at 600 nm (OD600; 1 OD600 unit ' 108

cells) were harvested, spheroplasted, and allowed to recover for 10 min at 26°C.
Accordingly, the cells were then shifted to 38°C or retained at 26°C for 1 h and
then lysed in 0.5% Triton X-100, 0.2 M sorbitol, 50 mM potassium acetate, 20
mM HEPES (pH 6.8), and 2 mM EDTA and homogenized as described previ-
ously (24) at 5 OD600 units/ml. The homogenate was extracted on ice for 10 min
and then centrifuged at 13,000 3 g for 10 min. One milliliter of extract was
transferred to a new Eppendorf tube and incubated with 5 ml of affinity-purified
anti-Vam7p polyclonal antibody for 1 h at 4°C. Protein A-Sepharose beads
(Pharmacia) were added, and the mixture was allowed to incubate for an addi-
tional 1 h. After incubation, bound protein was washed six times with 1 ml of lysis
buffer containing 0.1% Triton X-100. Supernatant was completely removed from
the beads with a Hamilton syringe and immunoprecipitated proteins were eluted
with SDS-PAGE protein sample buffer. Two OD units were loaded, resolved by
SDS-PAGE, and detected by immunoblotting and ECL.

RESULTS

A vam7tsf mutant displays defects in the maturation of multi-
ple vacuolar proteins and accumulates aberrant membranous
compartments. Mutations in a specific subset of VPS and VAM
genes cause an accumulation of vacuolar proteins in numerous
small, prevacuolar compartments (5, 63, 84). Not surprisingly,
many of the VAM genes overlap with the VPS genes, including
VPS41/VAM2 and VAM6/VPS39 (54). A previous study deter-
mined that vam7D mutants also display a similar aberrant vac-
uolar morphology (82). In complementation studies, we found
that the VAM7 gene complemented vps43 mutants, indicating
that VAM7 and VPS43 correspond to the same locus. To ad-
dress the primary role for VAM7, a temperature-conditional al-
lele of VAM7 was generated by error-prone PCR mutagenesis
as previously described (see Materials and Methods). One mu-
tant, vam7-167, was characterized in detail. DNA sequencing
analysis of the vam7-167 mutant identified two amino acid
changes: leucine 134 to proline and leucine 287 to proline.
Western blotting revealed that mutant Vam7p expression in
the vam7-167 strain was found to be similar to that observed
for wild-type Vam7p at both permissive and nonpermissive
temperatures for 30 min (data not shown). Henceforth, this allele
will be denoted as vam7tsf (temperature-sensitive for function).

The biosynthetic trafficking of vacuolar hydrolases such as
carboxypeptidase Y (CPY) can be monitored by posttrans-
lational modifications that correspond to transport through
distinct compartments of the secretory and vacuolar protein
sorting pathways (45). Precursor CPY (p1CPY) is first trans-
located into the endoplasmic reticulum (ER), where it receives
core glycosyl modifications. Upon transport to the Golgi com-
plex, the p1 precursor is further mannosylated to produce the
p2 form (p2CPY). Like CPY, the type II vacuolar transmem-
brane hydrolases alkaline phosphatase (ALP) and carboxypep-
tidase S (CPS) are both transported via the secretory pathway
to the vacuole as inactive precursors (pALP and pCPS, respec-
tively). Both CPY and CPS are delivered from the Golgi to the
vacuole via an endosomal compartment (15, 19), while ALP
traffics through an alternative Golgi-to-vacuole pathway (18).
Upon reaching the vacuole, the precursors are proteolytically
cleaved to generate the active, mature forms (mCPY, mCPS, and
mALP) of these enzymes.

To determine the phenotypic consequences of Vam7p inac-
tivation, the processing of CPY, ALP, and CPS was assayed in
vam7tsf cells by pulse-chase analysis. The vam7tsf mutant cells
were grown to logarithmic phase at 26°C and then incubated at
either 26°C or 38°C for 10 min. Each culture was then pulse-
labeled for 10 min with [35S]cysteine and [35S]methionine and

chased with unlabeled cysteine and methionine for 0, 15, 30, or
45 min. Lysates were produced and immunoprecipitated with
antibodies to ALP, CPS, and CPY, separated by SDS-PAGE,
and analyzed by autoradiography. As shown in Fig. 1A, vacu-
olar hydrolases were rapidly matured in the vam7tsf mutant
incubated at 26°C with kinetics nearly identical to those for
wild-type cells. In contrast, the vam7tsf mutant incubated at
38°C displayed a complete block in the maturation of ALP and
severe kinetic defects in the processing of CPY and CPS. The
processing of CPY was significantly slower in vam7tsf cells
(processing half-time, t1/2 ' 30 to 40 min) than in wild-type
cells incubated at 38°C (t1/2 ' 5 to 10 min). Similarly, the
processing of CPS in the vam7tsf mutant (t1/2 ' 50 to 60 min)
was severely impaired compared to that in wild-type cells at
38°C (t1/2 ' 10 to 15 min). Immunoprecipitation of extracel-

FIG. 1. Vacuolar protein sorting in vam7tsf mutant cells. (A) TKSY43 (vam7D)
cells transformed with either complementing plasmid (pTKS30) or plasmid con-
taining a temperature-sensitive-for-function (tsf) allele of vam7 (pTKS43ts-167)
were incubated at either the permissive (26°C) or the nonpermissive (38°C)
temperature for 10 min and then labeled with [35S]cysteine and [35S]methionine
for 10 min. Cells were subsequently chased with unlabeled cysteine and methi-
onine and harvested at the time points indicated. ALP, CPY, and CPS were
immunoprecipitated, resolved by SDS-PAGE, and visualized by autoradiogra-
phy. CPS samples were treated with endoglycosidase H prior to electrophoresis.
ER-modified and Golgi-modified CPYs are denoted by p1CPY and p2CPY,
respectively. Other precursor (p) and mature (m) forms of vacuolar proteins are
indicated. (B) API delivery in vam7tsf cells. TKSY43 (vam7D) cells trans-
formed with either complementing plasmid (pTKS30) or plasmid containing
the vam7tsf allele (pTKS43ts-167) were incubated at the nonpermissive temper-
ature (38°C) for 10 min and then labeled with [35S]cysteine and [35S]methionine
for 10 min. Cells were subsequently chased with unlabeled cysteine and methi-
onine and harvested at the indicated time points. API was recovered from lysates
by immunoprecipitation, resolved by SDS-PAGE, and visualized by autoradiog-
raphy. Precursor API (prAPI) and mature API (mAPI) are indicated.
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lular p2CPY revealed that only a small amount (5%) was
secreted by vam7tsf cells at 38°C after 45 min of chase (Table 2),
suggesting that the p2CPY accumulated in an intracellular com-
partment.

The vacuolar hydrolase API has been shown to traffic from
the cytoplasm to the vacuole through macroautophagy (1, 43,
70, 71). In the vacuole, precursor API (prAPI) is converted to
mature API (mAPI). Previously, we determined that Vam3p
function is required for the delivery of API to the vacuole (20).
To determine if Vam7p function is also required for the trans-
port of API to the vacuole, pulse-chase analysis was carried out
on wild-type and vam7tsf cells. At 26°C, in both wild-type and
vam7tsf cells, API was matured to its 50-kDa vacuolar form
with a processing half-time of ca. 2 h (data not shown). In wild-
type cells at 38°C, the majority of API was matured by 120 min
(Fig. 1B). In contrast, in vam7tsf cells at the nonpermissive
temperature, API remained solely in its precursor 61-kDa form
after 120 min of chase. Thus, Vam7p function is required for
the transport and maturation of API.

Whereas wild-type cells normally have one to three large,
electron-dense vacuoles and a cytoplasm relatively free of
membrane compartments (Fig. 2A), ultrastructural examina-
tion of vps41/vam2D (54, 62), ypt7/vam4D (86), vam6/vps39D
(54), and vam3D (77, 83) mutants revealed an absence of
normal vacuoles. By EM these deletion mutants were shown to
contain numerous aberrant membrane compartments that
were 200 to 600 nm in diameter. Examination of the vam7D
mutant by EM revealed that it displays an aberrant morphol-
ogy (Fig. 2B). Prominent vacuoles were not observed in vam7D
cells. Instead, vam7D cells accumulated numerous smaller,
membrane-enclosed compartments.

To assess the immediate consequences of inactivating Vam7p
on vacuolar morphology, vam7tsf cells were examined by EM.
Previous studies have determined that the vps41tsf (19) and
vam3tsf mutants (20) maintained relatively intact vacuoles fol-
lowing 3 h at the nonpermissive temperature. Thus, it ap-
peared that the structural integrity of the vacuole was retained,
suggesting that the primary functions of these gene products
are not in vacuolar maintenance. Additionally, these mutants
accumulated numerous small, novel membrane compartments,
which may represent unfused transport intermediates. Inacti-
vation of the vam7tsf gene product also resulted in the accu-
mulation of aberrant membranous compartments that were
similar to compartments that accumulated in the vam7D mu-
tant. After 3 h at the nonpermissive temperature, the vam7tsf

mutant contained numerous clusters of novel membranous
compartments (Fig. 2D and E). Interestingly, some of these
compartments appeared to resemble multivesicular bodies
(Fig. 2F and G) similar to those found in vam3tsf (20) and
vps41tsf (19) mutants. Furthermore, after 3 h at the nonper-
missive temperature, intact vacuoles still remained, indicating

that vacuolar integrity was not compromised. Importantly, the
morphology of the vam7tsf mutant incubated at the permissive
temperature (Fig. 2C) resembled that of wild-type cells. The
results of these phenotypic analyses are consistent with the
VAM7 gene product functioning in vacuolar delivery of biosyn-
thetic cargoes.

Vam7p associates with vacuolar membranes. To identify the
VAM7 gene product, a polyclonal antiserum was raised against
a fusion protein containing GST fused to the carboxy-terminal
182 amino acids of Vam7p. The resulting antiserum was affinity
purified and specifically recognized a protein of ca. 35-kDa in
wild-type cells that was not observed with preimmune sera or
in vam7D cells (data not shown). This closely corresponds to
the predicted molecular mass of 38.6 kDa for the product of
the VAM7 open reading frame.

The localization of Vam7p was determined by using differ-
ential centrifugation with wild-type cells. Lysates from wild-
type cells were initially fractionated by centrifugation at 13,000 3
g to generate the pellet (P13) and supernatant (S13) fractions.
The S13 fraction was then subjected to another centrifugation
at 100,000 3 g to produce additional pellet (P100) and super-
natant (S100) fractions. Vam7p was predominantly found in
the S100 fraction (ca. 90% of total Vam7p; Fig. 3A), suggesting
that Vam7p is largely a soluble protein. Small amounts (ca. 5%
each) of Vam7p were found in the P13 and P100 fractions,
consistent with Vam7p associating with a membrane fraction
or a large protein complex.

A previous report identified a carboxy-terminal domain in
Vam7p that is homologous to the coiled-coil domain of SNAP-
25 (85). In neuronal cells, NSF catalyzes the dissociation of
SNARE complexes which include SNAP-25 (74–76). In yeast
cells, the NSF homolog Sec18p also has been shown to mediate
the dissociation of SNARE complexes, as inactivation of the
conditional sec18-1 allele results in the stabilization of SNARE
complexes (15, 74, 80). To determine if Vam7p associates with
membranes in a Sec18p-dependent manner, subcellular frac-
tionation was performed on the sec18-1 strain under conditions
where Sec18-1p was inactive (nonpermissive temperature and
absence of Mg21-ATP). The distribution of Vam7p in sec18-1
cells at the permissive temperature (26°C) was nearly identical
to its distribution in wild-type cells (Fig. 3A). In striking con-
trast, when sec18-1 cells were incubated at the nonpermissive
temperature (38°C) for 30 min, ca. 50% of Vam7p shifted
from the S100 fraction to the P13 fraction.

It is possible that the sec18-1-induced shift of Vam7p to the
P13 fraction may be due to protein aggregation and not mem-
brane association. Thus, gradient analysis was performed to
confirm the Vam7p membrane association (3). The P13 frac-
tion from sec18-1 cells incubated at the nonpermissive temper-
ature was resuspended with 60% Accudenz lysis buffer and
loaded on the bottom of an Accudenz step gradient. After 14 h
of centrifugation, samples were divided into three fractions.
The top fraction (F) contained membrane-associated floating
material, while the load fraction contained nonfloating (NF)
material. The pellet (P) fraction corresponded to pelletable
material not associated with membranes. Identification of
Vam7p by Western blotting determined that the majority of
Vam7p from the P13 fraction was at the top of the gradient
(Fig. 3B). Additionally, the vacuolar transmembrane protein,
Vam3p, was found to float to the top of the gradient. Thus, the
inactivation of Sec18p enhances the association of Vam7p with
a membrane compartment.

As an alternative approach to determine the subcellular
localization of Vam7p, GFP was fused to the amino terminus
of Vam7p. Pulse-chase analysis of vam7D with a single-copy
(CEN) plasmid containing the coding sequence for the GFP-

TABLE 2. CPY maturation and mislocalization in vam7tsf mutanta

Strain Temp
(°C)

Fraction

Intracellular Extracellular

% Mature % Precursor % Precursor

Wild-type 38 .95 ,2 ,2
vam7tsf 26 .95 ,2 ,2
vam7tsf 38 70 25 5

a Strains were incubated at the indicated temperature for 10 min, labeled with
[35S]cysteine and [35S]methionine for 10 min, and chased with unlabeled cysteine
and methionine for 45 min. Cells were then spheroplasted, and samples were
centrifuged to generate intracellular and extracellular fractions. CPY was immu-
noprecipitated and quantified by autoradiography.
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FIG. 2. Ultrastructural analysis of vam7D and vam7tsf mutants. A cross-section of (A) wild-type (SEY6210) and (B) vam7D cells grown at 30°C viewed by EM.
Mutant cells containing the vam7tsf allele (TKSY43 plus pTKS43ts-167) were incubated at the permissive temperature (26°C) or the nonpermissive temperature (38°C)
for 3 h (C and D, respectively) prior to preparation for EM analysis. vam7tsf cells at the nonpermissive temperature accumulated novel compartments in addition to
a prominent electron-dense vacuolar compartment. Enlargements of novel compartments (E) accumulated after 3 h at the nonpermissive temperature, including those
that resemble multi-vesicular bodies (F and G, arrows) also seen in vam3tsf and vps41tsf mutants. n, nucleus; v, vacuole. Bars: A to D, 500 nm; E to G, 200 nm.
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Vam7p fusion revealed that ALP and CPY matured with
wild-type kinetics (Fig. 4A), indicating that the GFP-Vam7p
fusion complements the vam7D phenotype. Additionally, GFP-
Vam7p distributed identically to chromosomal Vam7p by sub-
cellular fractionation with approximately twofold-higher ex-
pression compared to native Vam7p (data not shown). By
fluorescence microscopy, the GFP-Vam7p fusion protein was
detected both in the cytoplasm and on vacuolar membranes
(Fig. 4B). This result suggests that Vam7p peripherally asso-
ciates with vacuolar membranes possibly through transient in-
teractions, which may be partially disrupted when cells are
lysed during fractionation experiments.

VAM7 interacts with the putative vacuolar t-SNARE VAM3.
The VAM3 gene product has been shown to be required at a
late step in the transport of multiple proteins to the vacuole.
Similar to vam7tsf mutants, a vam3tsf strain displays defects in
the transport of ALP, CPS, CPY, and API to the vacuole (20).
Vam3p localizes to vacuolar membranes, and its homology to
syntaxin suggests that it functions as a t-SNARE in protein
transport to the vacuole (20, 77, 83). Similarities in phenotypes
between vam3 and vam7 mutants together with their homolo-

gies to syntaxin and SNAP-25, respectively, suggest that they
may function together at a common step in the VPS pathway.

To determine whether VAM3 and VAM7 genetically interact,
multicopy plasmids (2mm) overexpressing Vam3p or Vam7p
were transformed into vam7tsf or vam3tsf cells, respectively.
These strains were then analyzed by pulse-chase immunopre-
cipitation assays for suppression of protein transport defects at
the nonpermissive temperature. vam3tsf or vam7tsf cells trans-
formed with 2mm vector alone exhibited the same protein-sort-
ing defects at the nonpermissive temperature as had the
vam3tsf or vam7tsf cells (Fig. 5A). Overexpression of Vam7p
partially suppressed the CPY missorting defects in vam3tsf

cells, while overexpression of Vam3p significantly rescued the
temperature-conditional CPY sorting defect of the vam7tsf mu-
tant. Furthermore, a strain harboring both the vam7tsf and
vam3tsf mutations was produced to test for synthetic vacuolar-
protein-sorting defects at 26°C, the permissive temperature for
the individual tsf mutants. Pulse-chase analysis of the double
mutant revealed that while single vam3tsf or vam7tsf mutants
displayed no defects in the maturation of both ALP and CPY,
the double vam3tsf vam7tsf mutant displayed a strong defect in
the processing of ALP and CPY (Fig. 5B). As a control exper-
iment, we conducted genetic tests with VAM7 and PEP12. The
PEP12 gene product functions as an endosomal t-SNARE re-
quired for the transport of CPY from the trans-Golgi to the
endosome (9, 15, 19). A pep12tsf vam7tsf double mutant did not
display a synthetic CPY sorting defect (Fig. 5C). Additionally,
overexpression of Pep12p did not suppress the CPY transport
defect of the vam7tsf mutant (data not shown). These results
show that VAM3 and VAM7 specifically interact and function
together at a late stage of the vacuolar-protein-sorting path-
way. As the vam7tsf mutant contains a mutation in the heptad
repeat homologous to SNAP-25 (leucine 287 to proline), it is
possible that the phenotypes associated with the double

FIG. 3. Subcellular localization of the VAM7 gene product. (A) SEY6210
(wild-type) spheroplasts (5 OD600 units) were lysed and fractionated by differ-
ential centrifugation (see Materials and Methods), generating P13, P100, and
S100 fractions. Fractions were TCA-precipitated, and proteins from 2 OD600
units were resolved by SDS-PAGE. Resolved proteins were then transferred to
nitrocellulose, immunoblotted with anti-Vam7p antibody, and visualized by ECL
fluorography. EGY118-110 (sec18-1) spheroplasts were labeled with [35S]cys-
teine and [35S]methionine at the permissive temperature (26°C) for 30 min and
chased for 15 min. Cells then remained at the permissive temperature or were
shifted to the nonpermissive temperature (38°C) for an additional 30 min. After
the temperature shift, cells were harvested and fractionated as described above.
TCA-precipitated lysates were immunoprecipitated with anti-Vam7p antibody,
revolved by SDS-PAGE, and visualized by autoradiography. (B) Accudenz gra-
dient analysis of Vam7p from the P13 fraction of inactivated sec18-1 cells. The
P13 fraction from EGY118-110 (sec18-1) cells incubated at the nonpermissive
temperature (38°C) was resuspended in lysis buffer containing 60% Accudenz
and loaded at the bottom of a 60%–55%–35% Accudenz step gradient. After
centrifugation at 200,000 3 g for 14 h, floating (F), nonfloating (NF), and pellet
(P) fractions were harvested and analyzed by Western blotting.

FIG. 4. Localization of the GFP-Vam7p fusion protein. (A) Complementa-
tion of the CPY and ALP sorting defects of vam7D mutants with the GFP-Vam7p
fusion protein. TKSY43 (vam7D) cells harboring a single-copy (CEN) plasmid
(pTKS35) encoding the GFP-Vam7p fusion protein were labeled with [35S]cys-
teine and [35S]methionine for 10 min at 30°C and chased with unlabeled cysteine
and methionine for the indicated times. CPY and ALP were immunoprecipitated
and then visualized by SDS-PAGE and autoradiography. (B) Nomarski optics
image (left panel) and fluorescence localization (right panel) of GFP-Vam7p in
TKSY43 (vam7D) cells containing the GFP-Vam7p fusion protein (pTKS35).
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vam7tsf vam3tsf mutant are due to an abrogation in the
coiled-coil interaction between Vam7tsfp and Vam3tsfp.

Vam3p coimmunoprecipitates with Vam7p. Our genetic
findings suggest that Vam7p physically interacts with Vam3p in
a complex on vacuolar membranes. In addition, the data sug-
gest that this interaction may be enhanced by inactivation of
the SEC18 gene product. In order to determine whether Vam7p
may be in a complex that contains Vam3p, Vam7p was immu-

noprecipitated under native conditions with detergent extracts
from wild-type and sec18-1 yeast cells. After immune com-
plexes were pelleted with protein A-Sepharose beads, bound
protein was washed with 0.1% Triton X-100 and then eluted
from the beads with sample buffer. Immunoprecipitated pro-
teins were separated by SDS-PAGE and analyzed by immuno-
blotting with anti-Vam3p or anti-Vam7p antibodies (Fig. 6).
When compared to a control fraction (lane 6), ca. 10 to 15% of
total Vam3p coimmunoprecipitated with Vam7p in wild-type
cells incubated at 38°C or sec18-1 cells incubated at 26°C (lanes
2 and 3). In striking contrast, in sec18-1 cells incubated at 38°C,
the amount of Vam3p that coimmunoprecipitated with Vam7p
increased ca. fivefold (lane 4). Importantly, Vam3p did not co-
immunoprecipitate with Vam7p in extracts made from sec18-1
vam7D or sec18-1 vam3D strains incubated at 38°C (lanes 1 and
5). The interaction between Vam7p and Vam3p was also spe-
cific, as Pep12p did not coimmunoprecipitate with Vam7p in
extracts made from sec18-1 cells incubated at 38°C (data not
shown). Consistent with results from the genetic studies, these
coimmunoprecipitation experiments demonstrate that Vam7p
is in a complex that contains Vam3p.

Mutations in the PX domain of Vam7p result in synthetic
defects with the vam3tsf mutant. Recently, an extensive data-
base search revealed that Vam7p contains a domain that is
present in a number of proteins with diverse functions (61).
This domain, termed the PX domain, characterizes a family of
proteins that includes the p40phox and p47phox subunits of the
NADPH oxidase complex, CPK-like phosphatidylinositol 3-ki-
nases, and proteins involved in vesicular trafficking, including
the SNX-1 family members (47) and the yeast proteins Mvp1p
(22), Vps5p (37), and Vps17p (46). No function has been
determined for this domain, nor has any requirement for the
PX domain in a specific protein been identified. The region of
the PX domain in Vam7p with highest homology to Vps5p,
Mvp1p, and Vps17p spans amino acids 26 to 89 (Fig. 7A). To
determine whether the PX domain is critical for Vam7p func-
tion, two point mutations in codons of conserved amino acids
were made: tyrosine 42 to alanine (vam7Y42A) and leucine 48 to
glutamine (vam7L48Q).

To determine whether point mutations in the PX domain
affect Vam7p function, the vam7Y42A and vam7L48Q mutantsFIG. 5. Genetic interactions between VAM7 and VAM3. (A) Suppression of

vam7tsf and vam3tsf mutant cells. TKSY43 (vam7D) or TDY2 (vam3D) containing
tsf alleles of either vam7 (pTKS43ts-167) or vam3 (pVAM3.6-416), respectively,
were transformed with a multicopy vector (2mm) containing no insert, VAM7
(pTKS23), or VAM3 (pVAM3.426) as indicated. Cells grown at 26°C were har-
vested, incubated at the permissive or nonpermissive temperature for 10 min,
and labeled with [35S]cysteine and [35S]methionine for 10 min. After the labeling,
cells were chased with unlabeled cysteine and methionine for 30 min and har-
vested by TCA precipitation. Lysates from these cells were immunoprecipitated
with the indicated antibodies and analyzed as previously described. (B) Synthetic
interactions between vam7tsf and vam3tsf. Double-mutant strains (vam3D vam7D)
harboring the vam3tsf allele (pTKS30 and pVAM3.6-416), the vam7tsf allele
(pTKS43ts-167 and pVAM3-416), or both tsf alleles (pTK43ts-167 and
pVAM3.6-416) were incubated at 26°C for 10 min and labeled with [35S]cysteine
and [35S]methionine for an additional 10 min. After the labeling, the cells were
chased with unlabeled cysteine and methionine for 45 min, harvested, and as-
sayed for vacuolar protein sorting as described above. (C) Double-mutant cells
(pep12-60 vam7D) were transformed with CEN plasmids containing VAM7
(pTKS30) or the vam7tsf allele (pTKS43ts-167). Single- and double-mutant
strains were assayed for CPY sorting as described above.

FIG. 6. Native immunoprecipitation of Vam3p with Vam7p. Spheroplasts (5
OD600 equivalents) from the following strains were generated and incubated at
either 26 or 38°C as indicated for 1 h: TKSY48 (sec18-1 vam7D), SEY6210 (wild
type), EGY118-110 (sec18-1), and CBY42 (sec18-1 vam3D). Spheroplasts were
then lysed with 0.5% Triton X-100 and incubated with anti-Vam7p antibody for
1 h at 4°C, followed by the addition of protein A-Sepharose for an additional 1 h.
Bound immunocomplexes were washed with 0.1% Triton X-100 and eluted from
beads with SDS-PAGE sample buffer. Two-OD600-unit samples were loaded
onto SDS-PAGE gels, resolved by electrophoresis, and transferred to nitrocel-
lulose paper. Vam3p and Vam7p were immunoblotted with anti-Vam3p and
-Vam7p antibody, respectively, and visualized by ECL fluorography. Of the total
sec18-1 38°C extract, 5% was TCA precipitated and loaded as an indication of the
amount of total Vam3p bound to Vam7p.
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were assayed for the trafficking of CPY and ALP to the vacuole
by pulse-chase immunoprecipitation experiments as described
above (Fig. 7B). Both the vam7Y42A and vam7L48Q mutants did
not display any significant defects in ALP or CPY trafficking
after 30 min of chase at 26°C (lanes 2 and 4, respectively).
However, when the PX mutations were combined with the
vam3tsf mutation, a strong synthetic phenotype was observed.
Both vam7Y42A vam3tsf and vam7L48Q vam3tsf double mutants
displayed a complete block in ALP and CPY trafficking after
30 min of chase at 26°C (lanes 3 and 5, respectively). In con-
trast, the vam3tsf mutant at 26°C displayed normal, rapid pro-
cessing of its vacuolar hydrolases (lane 1). As the mutations in
the vam7tsf allele map outside of the PX domain, results from
these experiments suggest that the mutations in the PX domain
also cause defects in Vam7p function, possibly by altering its
interaction with Vam3p or some other component of the
SNARE complex.

DISCUSSION

The experiments described here investigate the role of
Vam7p in vacuolar protein sorting. Previous reports suggested
that Vam7p functions in vacuolar morphogenesis (82) and
identified an amino-terminal PX domain of unknown function
(61) and a carboxy-terminal heptad repeat with homology to
the coiled-coil of SNAP-25 (85). Analysis of the vam7tsf mutant
(double mutant; leucine 134 to proline and leucine 287 to
proline) revealed that, like the vacuolar syntaxin homolog
Vam3p (20), Vam7p functions in the delivery of multiple pro-
teins that all converge at the vacuole via distinct biosynthetic
pathways. Furthermore, examination of the vam7tsf mutant
incubated at the nonpermissive temperature by EM revealed
the accumulation of numerous small aberrant membranous
compartments, suggesting that the docking and/or fusion of
transport intermediates to the vacuole was impaired. Localiza-
tion experiments determined that a portion of Vam7p associ-
ates with vacuolar membranes. The large cytoplasmic pool and
the absence of any consensus palmitoylation motif or shift in
the electrophoretic mobility of the membrane-associated frac-
tion suggest that Vam7p is not modified with palmitate as is

SNAP-25 (33). However, transient palmitoylation cannot be
ruled out. Genetic studies demonstrated that VAM7 function-
ally interacts with VAM3. Consistent with these observations,
Vam7p was found to physically associate in a complex that
contains Vam3p and this interaction was enhanced by inacti-
vation of Sec18p. This suggests that Vam7p may be a compo-
nent of a t-SNARE complex analogous to syntaxin–SNAP-25
complexes at the plasma membrane of neuronal cells. Lastly,
mutations in the PX domain of Vam7p resulted in synthetic
protein sorting defects when expressed in the vam3tsf mutant.
Together, the data presented here suggest that Vam7p func-
tions in conjunction with Vam3p, possibly as part of a
t-SNARE complex on vacuolar membranes to mediate the
docking and fusion of multiple transport intermediates from
distinct biosynthetic pathways.

Vam7p regulates a late step in vacuolar protein trafficking.
Initial analysis of the VAM7 gene suggested it functions in the
maintenance of vacuolar morphology but not in vacuolar pro-
tein sorting (84). Examination of vam7D mutants revealed that
these mutants lack normal vacuoles and instead accumulate
numerous abnormal membrane compartments. Analysis of
CPY by Western blotting in vam7D mutants found CPY pre-
dominantly in its mature form (82). However, steady-state
analyses of this kind can be misleading, as slow processing of
vacuolar precursors can occur in nonvacuolar compartments.
For example, nonvacuolar processing has been observed in
Class E vps mutants which develop a proteolytically competent
prevacuolar compartment (2, 59). Pulse-chase and EM analysis
of the vam7tsf mutant suggests that Vam7p functions primarily
in protein trafficking. After temperature inactivation, while
vacuolar integrity and inheritance remain normal, newly syn-
thesized p2CPY immediately accumulates and is slowly pro-
cessed to the mature form only after prolonged chase. Addi-
tionally, the bulk of p2CPY is not secreted, indicating that it is
sorted away from the late secretory pathway at the trans-Golgi
but may accumulate in transport intermediates, such as pre-
vacuolar endosomes. This phenotype has also been observed in
vps41tsf (19) and vam3tsf mutants (20). The common pheno-
types associated with these vam and vps mutants suggest that
they function together to regulate a late step in vacuolar trans-
port.

Vam7p as a component of a vacuolar SNARE complex. Se-
quence similarities between some of the VPS gene products

FIG. 7. Vacuolar trafficking defects of VAM7 PX domain mutants with the
vam3tsf mutation. (A) The PX domain of Vam7p aligned with the PX domains of
three yeast proteins involved in vesicular trafficking are shown. The regions of
highest homology between the four PX domains are indicated by the numbers on
the right and left of the sequence. Gap lengths are indicated in parentheses.
Amino acid residues of at least two other proteins that are conserved with the PX
domain of Vam7p are highlighted in black. Amino acid residues that are similar
to Vam7p PX domain residues are indicated in gray. The amino acids that were
changed (Y42A and L48Q) are denoted in boldface above the Vam7p sequence.
(B) Synthetic interactions between vam7 PX and vam3tsf mutations. Standard
pulse-chase analysis was conducted on vam3D vam7D double mutants harboring
CEN plasmids containing wild-type VAM7 (pTKS30), mutant VAM7 encoding
tyrosine 42-to-alanine (Y42A) or leucine 48-to-glutamine (L48Q) mutations, and
wild-type VAM3 (pVAM3.416) or vam3tsf (pVAM3-6.416) alleles. Double mu-
tants were labeled for 10 min and chased for 30 min at 26°C.
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and proteins implicated in the docking of transport vesicles to
target membranes in mammalian systems suggest that they
share conserved functions. The identification of syntaxin ho-
mologs, Sec1p family members, and Rab GTPases that are
required in vacuolar protein sorting implies that transport
within the VPS pathway is mediated by mechanisms common
to other vesicle-mediated transport steps. In neuronal cells,
docking is mediated by the pairing of synaptobrevin (v-
SNARE) on the vesicle membrane with the t-SNAREs syn-
taxin and SNAP-25 on the target membrane to form the stable
complex necessary for fusion events (31, 32, 58, 76). Analysis of
the Vam7p sequence identified a region (amino acids 253 to
313) predicted to form coiled-coil interactions that shares ho-
mology to SNAP-25 (85), suggesting that it may function in a
similar manner.

In addition to conserved coiled-coil domains, SNAP-25-like
molecules are defined by a distinct set of characteristics.
SNAP-25 family members, including the yeast plasma mem-
brane t-SNARE Sec9p, are characterized by their role in
docking and fusion, localization at target membranes, and
interactions with SNARE molecules (12, 13, 31, 32, 69, 76).
Additionally, physical interaction between SNAP-25 and syn-
taxin is enhanced in the presence of nonhydrolyzable ATP
analogs or by inactivation of NSF or Sec18p (13, 32, 75, 76). As
shown here, Vam7p fulfills these criteria. Phenotypic analysis
of the vam7tsf mutant identified the intracellular accumulation
of vacuolar precursors and aberrant membranous compart-
ments, suggesting that the targeting and/or fusion of transport
intermediates was disrupted. A fraction of Vam7p localizes on
vacuolar membranes. Vam7p interacts with the vacuolar t-
SNARE Vam3p, suggesting that together they may form part

of a t-SNARE complex. Genetic and physical analyses further
determined that inactivation of the SEC18 gene product re-
sulted in enhanced association of Vam7p with a Vam3p-con-
taining complex. Based on these observations, it can be pro-
posed that the Vam7p functions like SNAP-25 in a vacuole-
specific SNARE complex.

A previous study of Sec18p function in the VPS pathway
provided evidence for a late stage in the delivery of CPY from
the Golgi to the vacuole that does not require Sec18p activity
(25). This study identified the processing of a small kinetic pool
of p2CPY to mCPY that occurred even after temperature
inactivation of the sec18-1 gene product. Homology between
components of known SNARE complexes to VPS gene prod-
ucts and results presented here suggest that Sec18p may reg-
ulate a vacuolar SNARE complex that is required for biosyn-
thetic transport. One possible explanation for this apparent
discrepancy is suggested by results from in vitro studies of
vacuole-to-vacuole fusion. The in vitro vacuole-to-vacuole ho-
motypic fusion reaction exhibits requirements for the same
transport factors as those that have been shown to function in
biosynthetic trafficking to the vacuole, including Vam3p (55),
Ypt7p (26, 50), and Sec18p (27, 51). Although vacuole-to-
vacuole homotypic fusion and biosynthetic transport interme-
diate-to-vacuole heterotypic fusion are not necessarily consid-
ered to be equivalent reactions, the mechanisms utilized in
docking and fusion may be similar. The in vitro studies have
suggested that ATP hydrolysis by Sec18p functions in activat-
ing SNARE components at a step prior to docking (27, 51, 55).
Thus, it is possible that the Sec18p-independent delivery of a
small pool of p2CPY to the vacuole occurred via SNARE

FIG. 8. Model depicting genes involved in docking and/or fusion at the vacuole. Three vacuolar proteins proceed to the vacuole via distinct biosynthetic pathways,
indicated above the arrows. Vam7p and Vam3p function as a t-SNARE complex in the docking and/or fusion of transport intermediates to the vacuole. Other genes
that are proposed to regulate the docking and fusion of transport intermediates to the vacuole are enclosed by brackets. The homologies between these VPS genes and
proteins implicated in vesicular docking and fusion are indicated (F). The PX domain and coiled-coil domains of Vam7p and Vam3p are also schematically
diagrammed.
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complexes that had been activated prior to shifting the sec18-1
mutant cells to the nonpermissive temperature.

To date, no v-SNARE that mediates vacuolar protein traf-
ficking at a late step has been identified. In vitro reconstitution
of vacuolar inheritance by homotypic vacuole-to-vacuole fu-
sion assays has identified the v-SNARE Nyv1p gene product as
functioning with Vam3p in vacuole-to-vacuole fusion (55, 80).
The v-SNARE Vti1p has been suggested to function in the
transport of CPY from the Golgi to the endosome (48, 81).
Interestingly, Vti1p has also been recently reported to coim-
munoprecipitate with Vam3p (34). Thus, Vti1p may be the
v-SNARE that functions with Vam7p and Vam3p in targeting
biosynthetic traffic to the vacuole. Further genetic and bio-
chemical studies with Vti1p, Vam3p, and Vam7p will be nec-
essary to demonstrate the coassembly of all three proteins in a
stable SNARE complex.

The PX domain is required for Vam7p function. The PX
domain is common to a diverse set of proteins, including two
subunits of the NADPH oxidase complex, p40phox and p47phox,
the CPK family of phosphatidylinositol 3-kinases, and phos-
pholipase D proteins (61). The PX domains of these family
members range in size, with highest homology in a region
spanning ca. 60 amino acids. PX domains commonly contain a
short proline-rich region, although it is not found in Vam7p.
Interestingly, PX domains are also prominent in proteins im-
plicated in vesicular trafficking, including the mammalian pro-
tein SNX1, which has been shown to interact with the cytosolic
tail of the EGF receptor (47), and the yeast proteins Vps5p,
Vps17p, Mvp1p, and Vam7p. The role of the PX domain has
not been defined. However, it has been suggested to function
in protein-protein interactions. Consistent with this idea,
Vps5p and Vps17p have been shown to physically interact (37),
although it is not known if their PX domains mediate this
interaction. Synthetic interactions with the vam3tsf mutation
suggest that the PX domain of Vam7p may contribute to or
regulate the interaction between these two proteins or it may
mediate interactions with other components of the docking
and fusion machinery. Further genetic and physical interaction
studies will provide a greater understanding of PX domain
function in Vam7p and possibly other PX domain-containing
proteins.

Model for Vam7p as a SNAP-25-like molecule in the docking
and fusion of transport intermediates to the vacuole. Based on
the genetic and biochemical studies described here and an
examination of protein transport in other systems, the specific
roles for gene products involved in the late events of vacuolar
protein sorting can be proposed (Fig. 8). Docking and/or fu-
sion of prevacuolar transport intermediates from at least three
distinct biosynthetic pathways to the vacuole requires the
SNAP-25 family member Vam7p and the syntaxin homolog
Vam3p. These interactions may be regulated by the Rab
GTPase, Ypt7p (84, 86), and the VPS33 gene product, the
SEC1 homolog shown to genetically interact with VAM3 (20).
Lastly, transport to the vacuole may require Sec18p to activate
and dissociate SNARE complexes, allowing for the docking
and/or fusion of transport intermediates with the vacuole. Fur-
ther investigation of components of the Vam3p SNARE com-
plex will be required to understand the precise function of
Vam7p. Screens to identify proteins that physically and genet-
ically interact with the PX domain of Vam7p, such as the class
C VPS genes that also function late in the pathway (65), will
provide insight into the function of this domain and its involve-
ment in docking and/or fusion mechanisms. Results from these
examinations should help in understanding the molecular
mechanisms that direct the specific docking and fusion of

transport intermediates with the appropriate target membrane
in both yeast and other eukaryotes.
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