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Abstract. Protein transport in eukaryotic cells requires
the selective docking and fusion of transport intermedi-
ates with the appropriate target membrane. t-SNARE
molecules that are associated with distinct intracellular
compartments may serve as receptors for transport ves-
icle docking and membrane fusion through interactions
with specific v-SNARE molecules on vesicle mem-
branes, providing the inherent specificity of these reac-
tions. VAM3 encodes a 283—-amino acid protein that
shares homology with the syntaxin family of t-SNARE
molecules. Polyclonal antiserum raised against Vam3p
recognized a 35-kD protein that was associated with
vacuolar membranes by subcellular fractionation. Null
mutants of vam3 exhibited defects in the maturation of
multiple vacuolar proteins and contained numerous ab-
errant membrane-enclosed compartments. To study the
primary function of Vam3p, a temperature-sensitive al-
lele of vam3 was generated (vam3®/). Upon shifting the
vam3"/ mutant cells to nonpermissive temperature, an
immediate block in protein transport through two dis-
tinct biosynthetic routes to the vacuole was observed:

transport via both the carboxypeptidase Y pathway and
the alkaline phosphatase pathway was inhibited. In ad-
dition, vam3"/ cells also exhibited defects in autophagy.
Both the delivery of aminopeptidase I and the docking/
fusion of autophagosomes with the vacuole were defec-
tive at high temperature. Upon temperature shift,
vam3"/ cells accumulated novel membrane compart-
ments, including multivesicular bodies, which may rep-
resent blocked transport intermediates. Genetic inter-
actions between VAM3 and a SECI family member,
VPS33, suggest the two proteins may act together to di-
rect the docking and/or fusion of multiple transport in-
termediates with the vacuole. Thus, Vam3p appears to
function as a multispecificity receptor in heterotypic
membrane docking and fusion reactions with the vacu-
ole. Surprisingly, we also found that overexpression of
the endosomal t-SNARE, Pep12p, suppressed vam3A
mutant phenotypes and, likewise, overexpression of
Vam3p suppressed the pepl2A mutant phenotypes.
This result indicated that SNARE:s alone do not define
the specificity of vesicle docking reactions.

ular intracellular organelle are largely defined by its

unique set of resident proteins. Maintenance of or-
ganelle identity therefore requires effective sorting and
delivery of proteins. Protein trafficking in the secretory
pathway requires a series of events including cargo selec-
tion and vesicle budding at the donor organelle, followed
by transport, docking, and fusion of transport vesicles with
the appropriate target organelle.

Protein transport to the vacuole in the budding yeast
Saccharomyces cerevisiae is one system in which these pro-
cesses have been extensively studied. The yeast vacuole is
an acidified compartment analogous to the lysosome of
mammalian cells, containing a variety of hydrolytic en-

IN eukaryotic cells, the functional properties of a partic-
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zymes that are responsible for macromolecular degrada-
tion (Klionsky et al., 1990). Resident vacuolar proteins
and proteins destined for degradation are delivered to the
vacuole via biosynthetic, endocytic, and autophagic trans-
port routes. Thus, the vacuole represents a site of conver-
gence for these distinct pathways. To identify the protein
machinery involved in Golgi to vacuole protein transport,
several mutant screens have been developed to detect vac-
uolar protein sorting (vps) (Bankaitis et al., 1986; Roth-
man and Stevens, 1986; Robinson et al., 1988; Rothman et
al., 1989), vacuolar morphology (vam) (Wada et al., 1992),
and vacuolar protease activity (pep) (Jones, 1977) mu-
tants. Through these screens, >40 mutant complementa-
tion groups have been identified.

Yeast and mammalian cells appear to share a highly
conserved machinery that functions in protein sorting and
membrane fusion (Bennett and Scheller, 1993; Ferro-Novick
and Jahn, 1994; Rothman, 1994). For example, members
of the syntaxin, synaptobrevin/VAMP, Seclp, and Rab
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protein families function at multiple stages of the secretory
pathway (for reviews see Rothman, 1994; Pfeffer, 1996).
Syntaxin (t-SNARE) and synaptobrevin (v-SNARE) family
proteins are characterized as cytoplasmically oriented in-
tegral membrane proteins containing regions predicted to
form coiled-coil domains (Bennett et al., 1993). A predom-
inant model for the function of these proteins postulates
that interactions between a particular syntaxin molecule
(t-SNARE) localized on the target membrane with its cor-
responding VAMP/synaptobrevin molecule (v-SNARE)
localized on the vesicle membrane provides the specificity
required for faithful vesicle-mediated transport (Bennett
and Scheller, 1993; Sollner et al., 1993). Members of the
Seclp and Rab families of proteins are thought to regulate
the formation and/or activity of these SNARE complexes
(for reviews see Novick and Brennwald, 1993; Rothman,
1994).

Several representatives of these conserved protein fami-
lies have been identified in the vacuolar protein sorting
pathway. For example, two distinct Rab proteins, Vps21p
and Ypt7p (Wichmann et al., 1992; Horazdovsky et al.,
1994; Singer-Kruger et al., 1994), and two distinct Seclp
homologues, Vps33p and Vps45p (Banta et al., 1990;
Wada et al., 1990; Cowles et al., 1994; Piper et al., 1994),
are required for Golgi to vacuole protein transport. These
pairs of proteins define the two distinct stages in Golgi to
vacuole protein transport. Pep12p, a syntaxin homologue,
Vps45p, and Vps21lp have been shown to direct Golgi to
endosome protein trafficking (Becherer et al., 1996; Burd
et al., 1997). Recently, Vam3p was identified as a syntaxin
homologue associated with vacuolar membranes (Wada et
al., 1997), suggesting that it may function together with
Vps33p and Ypt7p in the endosome to vacuole transport
reaction.

We describe experiments that test if Vam3p acts with
other VPS gene products to direct endosome to vacuole
transport. Both subcellular localization studies and analy-
sis of a vam3"/ mutant indicate that the primary function
of Vam3p is at the vacuole where it accepts protein traffic
from multiple transport pathways. Genetic studies indicate
that Vam3p acts in conjunction with Vps33p, a Seclp ho-
mologue, to execute its function. Finally, suppression stud-
ies show that Vam3p and Pep12p can partially substitute
for one another, suggesting that SNARE molecules do not
constitute the only specificity factor in vesicular targeting
and fusion events.

Table I. Saccharomyces cerevisiae Strains Used in This Study

Materials and Methods

Strains and Media

S. cerevisiae strains used for 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 medium (YNB) con-
taining 2% dextrose and supplemented as necessary with essential amino
acids (Sherman et al., 1979). Standard bacterial medium (Miller, 1972)
supplemented with 100 pg/ml ampicillin for plasmid retention was used to
propagate Escherichia coli. Yeast strains used in EM examination of au-
tophagy were grown in synthetic nitrogen starvation medium without
amino acids and ammonium sulfate (SD-N) (Takeshige et al., 1992).
Transformation of S. cerevisiae was done by the lithium acetate method
(Ito et al., 1983). E. coli transformations were done as described previ-
ously (Hanahan, 1983).

DNA Methods

Recombinant DNA manipulations were performed using standard meth-
ods (Maniatis et al., 1982). Restriction and modification enzymes were
purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN)
and New England Biolabs (Beverly, MA). A YEp13-based genomic li-
brary plasmid (p351R1) containing the VAM3 open reading frame (ORF)
and a vam3::HIS3 deletion construct were a generous gift from Yoh Wada
(University of Tokyo, Japan) (Wada et al., 1997). Plasmids pVAM3.BS,
pPVAMB3.414, pVAM3.424, and pVAM3.416 were generated by subcloning
the 2.4-kb BstBI-Nsil fragment (containing the entire VAM3 coding se-
quence) of p351R1 into pBluescript KS(—) (Stratagene, La Jolla, CA),
pRS414, pRS424, and pRS416 (Sikorski and Hieter, 1989), respectively. A
VAM3 deletion construct was generated by replacing the Bsml fragment
of pVAMS3.BS (eliminating 75% of the VAM3 coding sequence) with the
LEU2 gene. A linear DNA fragment containing the deletion construct
was generated by PCR with primers complementary to the VAM3 se-
quence. Transformation of wild-type cells with the deletion construct re-
sulted in homologous recombination and insertion of the auxotrophic
marker at the chromosomal VAM3 locus. Transformants were selected by
amino acid prototrophy and deletions were confirmed by PCR analysis of
the chromosomal DNA. Plasmid pVAM3-6.414 containing a temperature-
conditional allele of vam3 (vam3.6) was constructed by gapped plasmid
repair (Muhlrad et al., 1992). The BamHI-KpnlI fragment of pVAM3-
6.414 containing vam3.6 was then subcloned into pRS416 (Sikorski and
Hieter, 1989) to generate pVAM3-6.416. Plasmid pVPS33-8.415 contain-
ing a temperature-conditional allele of vps33 (vps33.8) was generated by
gapped plasmid repair. The Sall-Notl fragment of pVPS33-8.415 contain-
ing the vps33.8 allele was subsequently subcloned into pRS416 (Sikorski
and Hieter, 1989) to generate pVPS33-8.416. Plasmids pCYI50, pCB31,

1. Abbreviations used in this paper: ALP, alkaline phosphatase; API, ami-
nopeptidase I; CPS, carboxypeptidase S; CPY, carboxypeptidase Y; ECL,
enhanced chemiluminescence; FM4-64, [N-(3-triethylammoniumpropyl)-
4-(p-diethylaminophenylhexatrienyl) pyridinum dibromide]; GST, glu-
tathione-S-transferase; ORF, open reading frame; PrA, proteinase A;
YPD, yeast extract/peptone/dextrose.

Strain Genotype Reference or source
SEY6210 MATa leu2-3,112 ura3-52 his3-A200 trpl-A901 lys2-801 suc2-A9 Robinson et al., 1988
BHY10 SEY6210; leu2-3,112::pBHY 11(CPY-Inv LEU2) Horazdovsky et al., 1994
CJY1 BHY10; vam3A::HIS3 This study

TDY1 SEY6210; vam3A::HIS3 This study

TDY2 SEY6210; vam3A::LEU2 This study

CBY31 SEY6210; pepi2A::HIS3 Burd et al., 1997
LBY317 SEY6210; vps33A::HIS3 Banta et al., 1990
TDY7 SEY6210; vam3A::LEU2 vps33A::HIS3 This study

TDY10 SEY6210; vam3A::HIS3 pep4A::LEU This study

TDY10 SEY6210; vam3A::HIS3 pep4A::LEU2 This study

CBY12 SEY6210; pepl2A::LEU2 vps45::HIS3 Burd et al., 1997
CCY120 SEY6210; vps45A::HIS3 Cowles et al., 1994
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and pLB221 were described previously (Johnson et al., 1987; Banta et al.,
1990; Burd et al., 1997).

Metabolic Labeling and Immunoprecipitation

To examine the biosynthetic transport of vacuolar proteins, cells were
grown at 26°C in synthetic medium supplemented with amino acids to an
ODy of 0.5-1.0. Cells were harvested and converted to spheroplasts as
described previously (Paravicini et al., 1992). Spheroplasts were resus-
pended at a concentration of 3 ODgy/ml in synthetic medium containing
amino acids and supplemented with 100 wg/ml a2-macroglobulin and 1
wg/ml BSA to stabilize secreted proteins. Cultures were preincubated at
the appropriate experimental temperature for 5 min, and then labeled
with 60 wCi [*S]cysteine/methionine per ml of cell suspension. After la-
beling, cultures were chased with the addition of methionine, cysteine,
yeast extract, and glucose to final concentrations of 5 mM, 1 mM, 0.4%,
and 0.2%, respectively. After appropriate chase periods, samples were
harvested into an equal volume of 2X energy poison buffer (40 mM so-
dium azide, 40 mM sodium fluoride, 50 mM Tris, pH 7.5, and 1 M sorbitol)
and stored on ice for 2 min. The spheroplasts were then spun at 13,000 g
for 2 min and separated into intracellular and extracellular fractions. The
resulting samples were precipitated by the addition of TCA to a final con-
centration of 10%. For analysis of carboxypeptidase Y (CPY) sorting in
vps33-8 cells, spheroplasting was performed after labeling and chase. Af-
ter the desired chase period, the cultures were harvested into 2X sphero-
plast buffer (40 mM sodium azide, 40 mM sodium fluoride, 50 mM Tris,
pH 7.5, and 2 M sorbitol, 20 mM DTT) and held on ice for 10 min. Zymo-
lase was added to a concentration of 5 pg/ODygy and the cells were incu-
bated at 30°C for 30 min. The resulting spheroplasts were spun at 13,000 g
for 2 min and separated into I and E fractions. Proteins were precipitated
by the addition of TCA to a final concentration of 10%. Analysis of ami-
nopeptidase I (API) and CPY performed in whole cells was done as previ-
ously described (Gaynor et al., 1994). Proteins were immunoprecipitated
with specific antibodies as previously described (Rieder et al., 1996). Anti-
bodies to API were a generous gift from Dan Klionsky (University of Cal-
ifornia, Davis) (Klionsky et al., 1992). Antibodies to CPY, proteinase A
(PrA), alkaline phosphatase (ALP), carboxypeptidase S (CPS), Pep12p,
and VpslOp have been previously characterized (Klionsky et al., 1988;
Klionsky and Emr, 1989; Marcusson et al., 1994; Becherer et al., 1996;
Cowles et al., 1997).

Preparation of Antisera against Vam3p

A hybrid protein fusing the amino-terminal 202 amino acids of Vam3p to
glutathione-S-transferase (GST) was expressed in E. coli XL1Blue
[supE44 thi-1 lac endAl gyrA96 hsdR17 relAl F'proAB lacl"ZAMIS].
GST-Vam3p fusion protein was isolated by affinity binding to glu-
tathione-coupled Sepharose and further purified by SDS-PAGE. Purified
protein was used to immunize New Zealand White rabbits as previously
described (Horazdovsky and Emr, 1993). The crude antiserum was affin-
ity purified by binding to cyanogen bromide-coupled GST-Vam3p (Har-
low and Lane, 1988). Vam3p was detected in yeast cell lysates by immuno-
blotting and enhanced chemiluminescence (ECL) detection as previously
described (Babst et al., 1997).

Subcellular Fractionation and Gradient Analysis

For intracellular localization of Vam3p, spheroplasts were made from
wild-type cells and lysed in hypoosmotic lysis buffer as previously de-
scribed (Gaynor et al., 1994). The crude lysate was centrifuged at 300 g to
remove any unlysed spheroplasts. The 300 g supernatant was sequentially
centrifuged at 13,000 g (15 min) and 100,000 g (60 min) to generate both
low and high speed pellet and supernatant fractions. Resulting samples
were precipitated in 10% TCA and analyzed by immunoblotting and ECL
detection as described previously (Babst et al., 1997). Gradient Accudenz
(Accurate Chemical and Scientific Corp., Westbury, NY) solutions were
prepared (wt/vol) in hypoosmotic lysis buffer. The gradient was generated
using the following Accudenz concentration steps from bottom to top: 0.5
ml 60%,1 ml 50%, 1 ml43%, 1 ml37%,1 ml31%,1ml27%,1ml23%,1
ml 20%, 1 ml 17%, 1 ml 13%, and 1 ml 7%. Gradient analysis was per-
formed on 15 ODg, equivalents of spheroplast lysate (300 g supernatant
fraction) in a vol of 3 ml loaded on top of the gradient. The gradient was
subjected to centrifugation at 4°C in an SW41 rotor (Beckman Instru-
ments, Inc., Fullerton, CA) at 170,000 g for 18 h. 12 fractions were har-
vested manually from the top of the gradient, and proteins were TCA pre-
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cipitated and analyzed by immunoblotting. mAbs to ALP were purchased
from Molecular Probes, Inc. (Eugene, OR). Quantitation of proteins on
gels was done by densitometry using NIH Image.

Construction of VAM3 and VPS33 Mutant Alleles

A temperature-conditional allele of VAM3 was constructed by PCR-
based mutagenesis (Muhlrad et al., 1992). Primers complementary to
chromosomal sequences immediately adjacent to the start and stop
codons of VAM3 were used to amplify a 900-bp fragment (containing the
entirety of the VAM3 ORF) under limiting dATP conditions (20 pM). A
gapped plasmid was generated by digesting pVAM3.414 with BsmlI and by
isolating the vector by gel purification. The mutagenized PCR product
and gapped plasmid were cotransformed into CJY1 cells, and transfor-
mants in which homologous recombination resulted in integration of mu-
tagenized PCR product were selected by amino acid prototrophy. In much
the same manner, a temperature-conditional allele of VPS33 was also con-
structed. Primers complementary to the sequence including both the start
and stop codons of VPS33 were used to amplify a 2.1-kb PCR fragment
under limiting dATP (20 nM) concentrations. Gapped plasmid was gener-
ated by digesting pVPS33.415 with Aocl and Smal and by isolating the
vector by gel purification. The resulting PCR product was cotransformed
with gapped plasmid into LBY317 harboring the pCYI50 plasmid, and
transformants were selected for amino acid prototrophy. In both mutant
selections, transformants were replica plated onto YPF, grown at 26°C
overnight, and tested by colorimetric invertase assay (Horazdovsky et al.,
1994) for temperature-conditional vps phenotype (CPY-invertase secre-
tion) at 26°C and after 6 h of temperature shift to 38°C. Presumptive con-
ditional mutant colonies were picked and retested, and plasmid linkage of
the missorting phenotype was confirmed by retransformation of isolated
plasmids into either TDY1 or LBY317 cells, respectively.

Fluorescence Microscopy and EM

To examine vacuolar morphology, [N-(3-triethylammoniumpropyl)-4-(p-
diethylaminophenylhexatrienyl) pyridium dibromide] (FM4-64) labeling
of yeast cell cultures was done as previously described (Vida and Emr,
1995), except the labeling was done at a concentration of 32 pM FM4-64
(Molecular Probes, Inc.) in YPD for 15 min at 30°C. For vacuolar inheri-
tance assays, the time of labeling was increased to 45 min at 26°C and then
cultures were chased for an additional hour at 26°C. Labeled cells were
harvested, resuspended in fresh medium, and split into two equal aliquots
that were further incubated at either 26°C or 38°C for 2 h. For conven-
tional EM morphology studies, cells were grown at 26°C to mid-log phase.
A portion of the cells were shifted to a nonpermissive temperature of 38°C
for either 1 or 3 h. The cultures were processed for EM as previously de-
scribed (Rieder et al., 1996). For the examination of autophagy by EM,
cells were grown in YNB at 26°C to mid-log phase, harvested, washed
once in SD-N medium, and resuspended at 1 ODgy, per ml in SD-N me-
dium to induce autophagy (Takeshige et al., 1992). The cultures were split
and shifted to either 26°C or 38°C for 2.5 h and then processed for EM.

Results

Vam3p Is a Membrane-bound Protein That Localizes to
the Vacuole

The sequence of Vam3p predicts a protein of 283 amino
acids that, like other SNARE family members, has a trans-
membrane domain predicted at the carboxy terminus of
the protein. To identify the VAM3 gene product, poly-
clonal antiserum was raised against a fusion protein con-
sisting of the amino terminal 202 amino acids of Vam3p
fused to GST. The resulting antiserum was affinity puri-
fied by binding to a GST-Vam3p-coupled cyanogen bro-
mide column (Harlow and Lane, 1988). The affinity-puri-
fied antisera recognized a 35-kD protein from wild-type
cell extracts by immunoblotting (Fig. 1 A, lane 2). The 35-
kD species was not recognized by preimmune sera (data
not shown) and was not present in vam3A cells (Fig. 1 A,
lane 7). Cells expressing VAM3 from a 2. overexpression
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Figure 1. Localization of
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ODygy equivalent in lane 3)
were separated by SDS-PAGE
and transferred to nitrocellu-
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were labeled with [33S]cysteine/methionine at 30°C for 15 min and chased for an additional 45 min. Lysed spheroplasts were fractionated
by differential centrifugation (as described in Materials and Methods) generating P13, P100, and S100 fractions. The fractions were di-
vided into two aliquots. ALP and Vps10p were immunoprecipitated from the first set of fractions, resolved by SDS-PAGE, and visual-
ized by autoradiography. Total proteins (0.5 ODyy, equivalents per fraction) from the second set of fractions were subjected to SDS-
PAGE, transferred to nitrocellulose, and immunoblotted with specific antiserum to Vam3p or Pep12p. Immunoblotted proteins were
visualized by ECL fluorography. (C) A cleared lysate was generated from wild-type (SEY6210) cells, loaded at the top of an Accudenz
step gradient, and centrifuged to equilibrium. Fractions were collected starting at the top of the gradient. Total proteins were precipi-
tated from the fractions, separated by SDS-PAGE, and transferred to nitrocellulose. Vam3p, ALP, and Pep12p were detected by immu-
noblotting and visualized by ECL fluorography. The blot displaying the distribution of Vam3p is shown, and the distributions of

Vam3p, ALP, and Pep12p are shown graphically.

plasmid showed a 15-20-fold increase in the abundance of
the protein (Fig. 1 A, lane 3). The molecular mass of the
protein was consistent with the 32-kD predicted molecular
mass of Vam3p. Vam3p protein levels remained stable
during a 60-min chase in cells treated with 20 pg/ml cyclo-
heximide to inhibit new protein synthesis (data not
shown). The relative abundance of Vam3p was ~20-fold
less than CPY (>0.05% of cell protein), indicating that
Vam3p is a fairly rare protein (data not shown).

Subcellular fractionation was performed to assess the in-
tracellular location of Vam3p. Spheroplasts were prepared
from wild-type cells and gently lysed by Dounce homoge-
nization. The cleared cell lysate (300 g supernatant frac-
tion) was subjected to centrifugation at 13,000 g to gener-
ate low speed pellet (P13) and supernatant (S13) fractions.
The S13 fraction was then spun at 100,000 g to generate
high speed pellet (P100) and supernatant (S100) fractions.
As shown in Fig. 1 B, Vam3p and the vacuolar protein
ALP fractionated nearly identically, with the vast majority
of each protein found in the P13 fraction. Consistent with
previous observations, the endosomal t-SNARE Pep12p
was found distributed between the P13 and P100 fractions
(Becherer et al., 1996), and the majority of Vpsl0p, the
vacuolar hydrolase sorting receptor that is enriched in late
Golgi membranes, was observed in the P100 fraction
(Marcusson et al., 1994).

Further support for vacuolar localization of Vam3p was
provided by fractionation of cell lysates on an Accudenz
equilibrium density gradient. Spheroplasts were prepared
from wild-type cells and lysed as described above. The
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cleared lysate (300 g supernatant fraction) was loaded at
the top of an Accudenz step gradient and centrifuged to
equilibrium. Fractions were collected starting at the top of
the gradient and analyzed for the presence of Vam3p,
Pep12p, and ALP (Fig. 1 C). Vam3p colocalized with the
majority of the vacuolar membrane protein ALP in the
least dense region of the gradient (fractions 1-4). In con-
trast, the endosomal protein Pep12p migrated to a region
of greater density (fractions 5-8) that was distinct from
both the vacuolar marker ALP and Vam3p. In these gradi-
ents, protein markers of the Golgi, ER, mitochondria, and
plasma membrane typically migrate into more dense re-
gions of the gradient, also distinct from Vam3p and ALP
(Singer-Kruger et al., 1993). Taken together, these data
provide strong evidence that Vam3p is localized to vacu-
olar membranes.

VAM3 Null Mutants Exhibit Severe Vacuolar Protein
Sorting and Morphology Defects

To determine the phenotypic consequences resulting from
loss of Vam3p, deletion strains were constructed. Deletion
constructs were generated by replacing ~75% of the
VAMS3 open reading frame with either the HIS3 or LEU2
genes (see Materials and Methods). Cells deleted for
VAM3 were viable and grew at rates comparable to those
of wild-type cells at elevated temperatures (38°C), indicat-
ing that VAM3 is not required for growth, even at elevated
temperatures. Examination of vam3A cells by both FM4-
64 vital staining and EM revealed that these mutants com-
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Figure 2. Vacuolar protein
sorting in vam3 null cells.
SEY6210 (WT), TDYI
(vam3A), and TDY1 cells
harboring single-copy com-
plementing VAMS3 plasmid
(pVAM3.414) were con-
verted to spheroplasts, and
then pulse labeled with
[*S]cysteine/methionine  for
10 min at 30°C. Chase medium containing nonradioactive cys-
teine and methionine was added and incubation was continued
for an additional 45 min. The spheroplasts were separated into
intracellular (/) and extracellular (E) fractions, and CPY was im-
munoprecipitated with specific polyclonal antibodies, resolved
by SDS-PAGE, and analyzed by autoradiography. The positions of
Golgi-modified precursor (p2) and mature () CPY are indicated.

WT vamsia

pletely lack normal vacuolar structures. Instead, numerous
electron-transparent compartments were present in al-
most all cells (data not shown). In addition, many cells
contained two to five vacuole-like electron-dense struc-
tures, but these organelles were significantly smaller than
wild-type vacuoles (see Figs. 6 and 9). Accumulation of
these novel electron-transparent membranous structures
is characteristic of a subset of class B vps mutants, includ-
ing vam3 (Wada et al., 1997) and vps4l (Cowles et al.,
1997; Radisky et al., 1997), but not vps5 and vpsI7 (Kohrer
and Emr, 1993; Horazdovsky et al., 1997).

The abnormal vacuolar morphology of vam3A cells sug-
gested that both protein transport to the vacuole and vacu-
olar function may be compromised in these cells. There-
fore, the ability of vam3A cells to properly transport newly
synthesized resident vacuolar proteins was examined.
Spheroplasts prepared from vam3A cells were pulse la-
beled for 10 min with [*S]cysteine/methionine to label
newly synthesized proteins, and then were chased with un-
labeled cysteine/methionine for 45 min. The spheroplasts
were separated into intracellular and extracellular frac-
tions. CPY was immunoprecipitated from the samples and
analyzed by SDS-PAGE and autoradiography. The bio-
synthesis of vacuolar proteins such as CPY can be moni-
tored by posttranslational modifications that correlate
with transport through the secretory and vacuolar protein
sorting pathways. In the case of CPY, plCPY is generated
as a result of core glycosyl modifications in the ER, which
are then elongated in the Golgi complex to generate the
slightly larger form, p2CPY. Upon delivery to the vacuole,
the precursor CPY is cleaved to generate the mature ac-
tive form of the enzyme, mCPY. As shown in Fig. 2, wild-
type cells properly delivered CPY to the vacuole as shown
by the presence of mature CPY in the intracellular frac-
tion (Fig. 2, lanes I and 2). In vam3A cells, CPY accumu-
lated as the Golgi-modified p2 form, ~50% of which was
secreted into the extracellular fraction (Fig. 2, lanes 3 and
4). A small portion (~10%) of the CPY that remained in
the intracellular fraction was seen as an apparently mis-
processed form that migrated as a species slightly smaller
than p2CPY, which eventually was processed to mature
CPY after prolonged chase (t;, > 60 min). The introduc-
tion of VAM3 on a single copy, centromere (CEN)-based
plasmid complemented the CPY maturation defect of the
vam3A mutant cells (Fig. 2, lanes 5 and 6).
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A vam3" Mutant Is Defective for Transport of Multiple
Vacuolar Proteins

Because of the dramatic effects on vacuolar morphology
in vam3A cells, it is difficult to conclude whether the de-
fects in protein sorting are a direct consequence of loss of
Vam3p function, or due to secondary pleiotropic effects
resulting from loss of vacuolar integrity in vam3A cells. To
address the primary role of Vam3p, we generated a tem-
perature-conditional allele of VAM3 by error prone PCR-
mediated mutagenesis (Muhlrad et al., 1992; Stack et al.,
1995). Approximately 6,000 transformants were screened
for a vps phenotype (secretion of CPY-invertase fusion
protein) at 26°C and after 6 h of temperature shift to 38°C.
Several temperature-conditional alleles were obtained that
secreted a substantial amount of CPY-invertase after a
temperature shift to 38°C, but not at 26°C. One allele
(vam3-6), which will be referred to here as vam3*f, was
chosen and characterized further.

If Vam3p is directly required for vacuolar protein trans-
port, then inactivation of the protein (i.e., by temperature
shift) would be expected to result in an immediate block in
vacuolar protein processing. We tested vam3*f cells for
sorting of vacuolar hydrolases after a short incubation at
nonpermissive temperature. Spheroplasts were prepared
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Figure 3. Vacuolar protein sorting in vam3* mutant cells. TDY1
(vam3A) cells transformed with either complementing plasmid
(pVAM3.414) or plasmid containing a temperature-sensitive for
function (zsf) allele of vam3 (pVAM3-6.414) were converted to
spheroplasts, and then incubated at either permissive (26°C) or
nonpermissive (38°C) temperature for 5 min. Cultures were la-
beled with [*S]cysteine/methionine for 10 min, and then chased
for an additional 45 min at the indicated temperature. The cul-
tures were separated into intracellular (/) and extracellular (E)
fractions, and the vacuolar proteins CPY, PrA, CPS, and ALP
were immunoprecipitated from each fraction, resolved by SDS-
PAGE, and followed by autoradiography. CPS samples were
treated with endoglycosidase H before electrophoresis. The posi-
tions of Golgi-modified precursor (p2, pro) and mature vacuolar
(m) proteins are indicated.

521



from both vam3*/ and wild-type cells. The cultures were
split and half was incubated at 26°C while the other half
was shifted to 38°C for 5 min. Each culture was then pulse
labeled for 10 min with [*S]cysteine/methionine and chased
with unlabeled cysteine/methionine for 45 min. Samples
were harvested and separated into intracellular and extra-
cellular fractions. Vacuolar proteins were immunoprecipi-
tated with specific antibodies and analyzed by SDS-
PAGE. As shown in Fig. 3, at the permissive temperature
of 26°C, vam3"/ cells matured CPY in a manner indistin-
guishable from wild-type cells (Fig. 3, lanes 7/-4). How-
ever, at 38°C, a rapid block in the maturation of CPY was
observed (Fig. 3, lanes 5 and 6). Approximately 60% of
CPY accumulated as the Golgi-modified p2 precursor
form. The remaining 40% of CPY was processed aberrantly
and accumulated intracellularly. Less than 5% of the
newly synthesized CPY was secreted to the extracellular
media fraction. Similar results were observed for another
soluble vacuolar hydrolase, PrA. We also examined the
processing of two vacuolar membrane proteins, ALP and
CPS. In vam3* cells at permissive temperature, the pro-
cessing of both ALP and CPS occurred in a manner identi-
cal to wild-type cells (Fig. 3, lanes 1—4). However, in vam3*f
cells after a 5-min incubation at nonpermissive tempera-
ture, both proteins were completely blocked as the Golgi-
modified precursor forms (Fig. 3, lanes 5 and 6). Vam3p
thus appears to play an essential role in vacuolar protein
transport of both soluble and integral membrane proteins.

Vam3p Function Is Required for Cytoplasm to Vacuole
Delivery of API

Some newly synthesized vacuolar proteins do not reach
the vacuole via the secretory pathway but instead follow a
direct cytosol to vacuole delivery pathway (Klionsky et al.,
1992). The precursor form of API is synthesized in the cy-
toplasm and transported directly into the vacuole where
the amino-terminal precursor is cleaved, producing the

WT 0 300 e 90" 1200

prAP] = —— -
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Figure 4. Analysis of API maturation in vam3*/ cells. Wild-type
(SEY6210) cells and TDY1 (vam3A) cells carrying a vam3*/ plas-
mid (pVAM3-6.414) were incubated at 38°C for 5 min, labeled
with [¥S]cysteine/methionine for 10 min, and then chased for the
indicated times. Equivalent volumes of labeled culture were har-
vested at the indicated time points of chase. API was recovered
from lysates by immunoprecipitation, subjected to SDS-PAGE,
and analyzed by autoradiography. The cytoplasmic precursor
(pr) and mature vacuolar (m) forms of API are indicated.
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mature form of the enzyme (Klionsky et al., 1992). Many
mutants defective for the processing of API (cvt mutants)
are also defective in autophagy (aut and apg mutants), in-
dicating that delivery of API to the vacuole may be medi-
ated by an autophagic mechanism (i.e., macroautophagy)
(Harding et al., 1996; Scott et al., 1996). The processing of
API was examined in vam3*/ cells to determine if Vam3p
is required for delivery of API to the vacuole. Wild-type
and vam3" cells were shifted to nonpermissive tempera-
ture for 5 min and then labeled for 10 min. Samples were
harvested after 0, 30, 60, 90, and 120 min of chase. The
maturation of API was analyzed by immunoprecipitation,
SDS-PAGE, and autoradiography. As shown in Fig. 4, cells
containing the wild-type copy of VAM3 matured API with
normal kinetics; essentially all API was processed to the
mature vacuolar form after 120 min of chase. However,
vam3" cells at nonpermissive temperature (38°C) accumu-
lated newly synthesized API in its precursor form, with
virtually no maturation of the protein, even after 120 min
of chase. In vam3"/ cells at the permissive temperature of
26°C, API was also matured with kinetics comparable to
that of wild-type cells (data not shown). The defect in API
processing observed in vam3®/ cells at nonpermissive tem-
perature indicates that Vam3p is directly required for the
delivery of API to the vacuole.

Vam3p Is Required for the Docking and/or Fusion of
Autophagosomes with the Vacuole

The block of API maturation in vam3 cells suggested
that targeting of autophagosomes to the vacuole may be
disrupted. Autophagosomes appear by EM as membrane-
enclosed structures between 400 and 600 nm in diam
(Baba et al., 1994). The compartments are primarily com-
posed of cytoplasmic material, as they direct bulk uptake
and vacuolar transport of cytoplasmic constituents, and
thus stain with an electron density similar to the cytoplasm
(Baba et al., 1994). To further examine possible autophagic
defects associated with the loss of Vam3p function, we in-
duced the formation of autophagic intermediates by nitro-
gen starvation and examined their uptake by the vacuole
in both wild-type and vam3"/ cells. vam3*/ cells and com-
plemented vam3A cells, both of which were also deleted
for the PEP4 gene to prevent vacuolar degradation of au-
tophagic bodies, were grown at 26°C to mid-log phase in
YNB medium. The cells were then harvested and resus-
pended in SD-N. The cultures were split and incubated at
either 26°C or 38°C for 2.5 h. Cells were harvested, fixed,
and processed for EM. Wild-type cells starved at both 26°C
and 38°C, as well as vam3* cells that were starved at 26°C,
accumulated numerous autophagic bodies in the vacuoles
(Fig. 5 A). In contrast, vam3*f cells starved at 38°C for 2.5 h
accumulated multiple autophagosomes in the cytoplasm,
with no detectable accumulation of autophagic bodies in the
vacuole (Fig. 5 B). The double membranes surrounding
the cytoplasmic autophagosomes appear to be very fragile
and easily disrupted as a result of preparation for EM.
Thus, the perimeter of the autophagosomes was often seen
as the electron-transparent space that the membrane pre-
viously occupied (Fig. 5 C). The temperature-conditional
block of autophagosome delivery to the vacuole suggests
that this process is dependent on the function of Vam3p.

522



Figure 5. Examination of autophagy by EM. (A) Example of a
pep4A cell (TDY10 harboring complementing VAM3 plasmid,
pVAM3.414) after a 2.5-h induction of autophagy by nitrogen
starvation at 38°C. (Arrowheads) The accumulation of auto-
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Morphological Analysis of vam3*f
Cells Reveals Accumulation of Aberrant
Membrane Compartments

Due to the dramatic accumulation of novel membrane
compartments in vam3A cells, we also were interested in
the onset, severity, and characteristics of morphological
defects associated with the vam3*/ allele. vam3"/ cells that
had been grown at permissive temperature (26°C) or
shifted to nonpermissive temperature (38°C) for either 1
or 3 h were characterized by EM. At 26°C, vam3*/ cells
displayed typical wild-type morphology, containing promi-
nent, intact, electron-dense vacuoles (Fig. 6 A). Although
the majority of vam3*/ cells that had been shifted to 38°C
for both 1 and 3 h maintained intact vacuoles, an accumu-
lation of 300-500-nm novel membrane-enclosed compart-
ments was also observed (Fig. 6 B). The accumulation of
these aberrant compartments increased with respect to
time of incubation at 38°C. The compartments were het-
erogeneous in both shape and content as indicated by elec-
tron-dense or -transparent staining (Fig. 6, B and C). In
addition, vam3“f cells at high temperature displayed an ac-
cumulation of multivesicular membrane compartments
(Fig. 6 C). These data are consistent with a requirement
for Vam3p in the docking/fusion of multiple transport in-
termediates with the vacuole.

Vacuolar Inheritance Is Unaffected in vam3™ Cells

Since multiple fusion events with the vacuole are dis-
rupted because of the inactivation of Vam3p, we were in-
terested in investigating the effect of Vam3p on vacuolar
inheritance, a process thought to involve homotypic vacu-
ole-vacuole fusion (Conradt et al., 1992). Therefore, we
examined the ability of vam3“f cells to properly segregate
vacuoles into the daughter bud. The vacuoles of both wild-
type and vam3f cells were labeled with FM4-64 for 45 min
at 26°C. The cells then were chased in YPD for 1 h at 26°C
and split into two aliquots. One aliquot was maintained at
26°C and the other was shifted to 38°C for 2 h. Cells were
harvested and viewed by fluorescence microscopy for the
presence of vacuolar segregation structures. At either
26°C or 38°C, vam3" cells formed segregation structures in
a manner indistinguishable from wild type; in both cases at
least 96% of budding cells (n = 200 cells) had vacuoles in
both the mother and daughter cells (Fig. 7). Furthermore,
vam3"f cells, even after 2 h at nonpermissive temperature,
extended continuous segregation structures into the daugh-
ter bud and maintained intact vacuoles. Therefore, the
function of Vam3p does not appear to be required for
proper vacuolar segregation during mitosis.

phagic bodies within the vacuole. (B) Cross-section of a
vam3“/pep4A cell (TDY10 cells harboring vam3* plasmid,
pVAM3-6.414) after a 2.5-h induction of autophagy at a nonper-
missive temperature of 38°C. An accumulation of autophago-
somes in the cytoplasm (asterisks) is enclosed by the dashed box.
(C) A region of the cell in B is enlarged in C, and arrows point to
the membrane surrounding the autophagosomes. Fragments of
the fragile limiting membrane are visible (arrows). n, nucleus; v,
vacuole. Bars: (A and B) 500 nm; (C) 200 nm.
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Figure 6. Ultrastructural analysis of vam3“ mutants. (A) A
cross-section of a typical vam3* (TDY1 + pVAM3-6.414) cell
grown at 26°C, which closely resembles wild-type cells. (B) A
cross-section of a vam3" cell after temperature shift to 38°C for 3 h.
The accumulation of novel compartments is seen in addition to a
prominent, electron-dense vacuolar compartment. (C) Enlarged
examples of structures seen in vam3*/ cells grown at 38°C for 3 h.
(Arrows) Multivesicular bodies; (asterisk) electron-transparent
membrane compartment. 7, nucleus; v, vacuole. Bars: (A and B)
500 nm; (C) 200 nm.

Vam3p Genetically Interacts with Vps33p,
a Seclp Homologue

Distinct protein complexes are thought to mediate vesicle
targeting and fusion at discrete steps in the secretory and
vacuolar protein sorting pathways. For example, members
of the Secl family of proteins are thought to regulate vesi-
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Figure 7. Vacuolar inheritance analysis of vam3“/ cells. TDY1
(vam3A) cells carrying either complementing VAM3 plasmid
(pVAM3.414) or vam3* plasmid (pVAM3-6.414) were grown to
exponential phase and then labeled with 32 M FM4-64 for a pe-
riod of 45 min. Cultures were chased with excess YPD for 1 h at
26°C and then split into equal aliquots. The aliquots were chased
for an additional 2 h at either 26°C or 38°C. The cultures were
then examined by fluorescence and Nomarski microscopy for the
presence of vacuolar segregation structures. (White arrowheads)
Segregation structures.

cle targeting and fusion through specific interactions with
t-SNARE proteins (Garcia et al., 1994; Pevsner et al.,
1994). Thus, just as Pepl2p has been shown to interact
with the Seclp homologue Vps45p to mediate protein
sorting from the Golgi to the endosome (Burd et al., 1997),
Vam3p is also likely to interact with regulatory proteins to
execute its function. A strong candidate for such an inter-
action with Vam3p is Vps33p, a Seclp homologue that
may act at a late step in the vacuolar protein sorting path-
way (Banta et al., 1990; Wada et al., 1990). Therefore, ge-
netic interactions between VAM3 and VPS33 were exam-
ined. First, temperature-conditional alleles of VPS33 were
generated by PCR-based mutagenesis in a manner similar
to that described for VAM3 (see Materials and Methods).
One temperature-conditional mutant (vps33-8), which will
be referred here as vps33%/, was chosen for further charac-
terization. After a 5-min incubation at either permissive
(26°C) or nonpermissive (38°C) temperature, vps33*f cells
were pulse labeled for 10 min and then chased for 30 min.
After chase, the cells were spheroplasted and separated
into intracellular and extracellular fractions. The process-
ing of CPY was analyzed in each fraction by immunopre-
cipitation, SDS-PAGE, and autoradiography (Fig. 8 A).
At 26°C, vps33"f cells properly processed the majority of
CPY to the mature vacuolar form, with only a minor
(~10%) portion delayed intracellularly in the p2 form
(Fig. 8 A, lanes 5 and 6). However, in vps33%/ cells after a
5-min incubation at 38°C, CPY was blocked intracellularly
as the Golgi-modified p2 form of CPY. Similar to vam3"/
cells, only a small percentage (<5%) of p2CPY was se-
creted into the extracellular fraction and a small portion of
the p2CPY was misprocessed (Fig. 8 A, lanes 7 and 8).
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Figure 8. vps33fvam3*f double mutant cells display synthetic
vacuolar protein sorting defects. (A) LBY317 (vps33A) cells har-
boring complementing VPS33 plasmid (pVPS33.415) or vps335f
plasmid (VPS33-8.415) were incubated at either 26°C or 38°C for
5 min, and then labeled with [*S]cysteine/methionine for 10 min.
Chase was initiated by the addition of nonradioactive cysteine
and methionine and incubation was continued for 30 min. Cells
were spheroplasted and separated into intracellular (/) and extra-
cellular (E) fractions. CPY was immunoprecipitated from each
fraction, resolved by SDS-PAGE, and viewed by autoradiogra-
phy. (B) vam3“ (TDY7 + pVPS33.416 and pVAM3-6.414) and
vps33s (pTDY7 + pVAM3.414 and pVPS33-8.416) single mutant
cells, and vam3*fups33* (TDY7 + pVAM3-6.414 and pVPS33-
8.416) double mutant cells were incubated at 26°C for 5 min, la-
beled with [*S]cysteine/methionine for 10 min, and chased for 30
min. CPY was recovered by immunoprecipitation, separated by
SDS-PAGE, and followed by autoradiography. The positions of
both Golgi-modified precursor (p2) and mature () CPY are in-
dicated.

Wild-type cells properly matured CPY at both tempera-
tures (Fig. 8 A, lanes I-4). A defect in the processing of
the vacuolar membrane protein ALP also was observed,
with a subtle processing defect at the permissive tempera-
ture and a complete block in ALP maturation at the non-
permissive temperature (data not shown). Thus, like vam3*/
cells, vps33"/ mutants exhibited a rapid defect in the trans-
port of both CPY and ALP to the vacuole at nonpermis-
sive temperature.

To determine whether Vam3p and Vps33p might func-
tionally interact, we examined a vam3*fvps33“f double mu-
tant for synthetic vacuolar protein sorting defects. A hap-
loid double mutant strain was constructed and CPY
maturation was assayed by metabolic labeling of whole
cells. Cells were pulse labeled for 10 min and then chased
for an additional 30 min at 26°C. After chase, the cells
were lysed, and proteins were immunoprecipitated, sepa-
rated on SDS-PAGE, and visualized by autoradiography
(Fig. 8 B). Under these conditions, both vam3* and
vps33°f single mutant cells matured >90% of CPY (Fig. 8
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Figure 9. Suppression of vam3A and pepl2A mutant cell pheno-
types by overexpression of the reciprocal t-SNARE. (A) TDY1
(vam3A) cells containing either vector alone (pRS416), comple-
menting plasmid (pVAM3.416), or PEPI2 on a multicopy plas-
mid (pPEP12.426), and CBY31 (pepl2A) cells carrying vector
only (pRS416), complementing plasmid (pPEP12.416), or multi-
copy VAM3 plasmid (pVAM3.426) were converted to sphero-
plasts. CCY120 (vps45A) and CBY12 (vps45ApepI2A) containing
either vector (pRS424) or VAM3 on a multicopy plasmid
(pVAM3.424) were harvested as whole cells. All strains were in-
cubated for 5 min at 30°C and then labeled with [**S]cysteine/me-
thionine for 10 min. Chase was initiated by the addition of unla-
beled cysteine and methionine and incubation was continued for
30 min. CPY was immunoprecipitated from lysates, resolved by
SDS-PAGE, and visualized by autoradiography. Golgi-modified
precursor (p2) and mature (m) forms of CPY are indicated. (B)
TDY1 (vam3A) and CBY31 (pep12A) transformed with the iden-
tical plasmids as in A were grown at 30°C to exponential phase,
harvested, and labeled with FM4-64 for 30 min at 30°C. Chase
was initiated by the addition of prewarmed YPD medium and in-
cubation was continued at 30°C for 1 h. Cells were then viewed by
fluorescence and Nomarski microscopy.

B, lanes 1 and 2). However, in vam3“*vps33%f double mu-
tant cells, a moderate synthetic sorting defect was ob-
served; ~50% of newly synthesized CPY remained blocked
in the p2 precursor form (Fig. 8 B, lane 3). The synthetic
sorting defect of the double mutant strain is not as severe
as that of the single mutant strains at nonpermissive tem-
perature, indicating that transport to the vacuole is not
completely disrupted in the double mutant cells. However,
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the increased sorting defect suggests that the two proteins
function together to mediate protein sorting to the vacuole.

Pep12p and Vam3p Can Partially Substitute for One
Another in the Vacuolar Protein Transport Pathway

Although Vam3p shares significant homology with many
members of the syntaxin family, it is most similar to
Pepl12p, an endosomal t-SNARE. To address whether
these SNARE proteins can functionally substitute for one
another, we overexpressed each SNARE in the reciprocal
null mutant background and examined the strains for im-
proved transport of CPY to the vacuole. Spheroplasts
were prepared from each strain, radiolabeled, and chased;
proteins were then immunoprecipitated and analyzed by
SDS-PAGE (Fig. 9 A). In both vam3A and pepI2A cells,
CPY accumulated as the Golgi-modified precursor form
(Fig. 9 A, lanes I and 4). Introduction of CEN plasmids
harboring VAM3 or PEPI2 into vam3A or pepl2A cells,
respectively, complemented the CPY sorting defects of
these mutants (Fig. 9 A, lanes 3 and 6). Interestingly, the
overexpression of Pepl2p in vam3A cells and Vam3p in
pep12A cells resulted in significant conversion of CPY to
the mature vacuolar form (Fig. 9 A, lanes 2 and 5). In addi-
tion to suppression of the CPY sorting defect, the ALP
maturation defects were similarly suppressed (data not
shown). To further determine the requirements of VAM3
suppression of pepI2A cells, we examined the effect of
VAM3 overexpression in vps45A and vps45Apep12A cells.
VPS45 gene encodes a member of the Seclp family of pro-
teins (Cowles et al., 1994; Piper et al., 1994) and is re-
quired, with Pep12p, for Golgi to endosome protein trans-
port (Burd et al., 1997). Cultures of each strain were
radiolabeled and chased, and proteins were immunopre-
cipitated and resolved by SDS-PAGE (Fig. 9 A). In both
vps45A mutant cells and vps45ApepI2A double mutant
cells, CPY was blocked in the Golgi-modified precursor
form (Fig. 9 A, lanes 7 and 8). Overexpression of VAM3
was unable to suppress the CPY sorting defects of either
mutant strain (Fig. 9 A, lanes 8 and 9). These results indi-
cate that VAM3 requires VPS45 to facilitate CPY trans-
port in pep12A cells. In a reciprocal experiment we found
that overexpression of PEPI2 does not suppress a vps33A
mutant (data not shown).

Suppression of morphological defects associated with
vam3A and pepI2A mutant cells was also examined by vi-
tal staining of the vacuoles with FM4-64. As shown in Fig.
9 B, wild-type cells typically contain several brightly stain-
ing vacuolar structures that corresponded to vacuolar de-
pressions in Nomarski images (Vida and Emr, 1995). In
contrast, vam3A cells displayed a punctate staining pattern
throughout the cytoplasm. pep12A cells stained with FM4-
64 displayed a single, large, vacuolar structure, characteristic
of class D vps mutants (Vida and Emr, 1995). Overexpres-
sion of Pep12p dramatically suppressed the morphological
defects of vam3A cells, resulting in several normal appear-
ing vacuole structures. Similarly, pepI2A cells that over-
produced Vam3p contained near wild-type vacuolar struc-
tures. The introduction of VAM3 or PEPI2 on low copy
plasmids completely complemented the morphological de-
fects of both the vam3A cells and pep12A cells, respectively.
Overexpression of other presumptive yeast SNARE mole-
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cules (Sec22p, Boslp, ORF #D8035.11p, ORF #YLR0936)
or other class D proteins (Vps45p, Vaclp, Vps9p, Vps8p)
did not improve vacuolar protein sorting of vam3A cells,
indicating that the suppression by Pep12p is specific.

Discussion

We report on the primary function of Vam3p, a syntaxin
homologue, in the docking and/or fusion of transport in-
termediates from multiple protein sorting pathways to the
vacuole/lysosome. Subcellular fractionation and density
gradient data indicated that Vam3p colocalized with vacu-
olar membranes. Conditional vam3* mutants exhibited a
rapid defect in the transport of multiple resident vacuolar
proteins after shifting to the nonpermissive temperature,
indicating that Vam3p is a component of the vacuolar pro-
tein transport machinery. Additionally, autophagic path-
way intermediates and API precursor accumulated in
vam3" cells, indicating that Vam3p is also required for au-
tophagy. Finally, EM analysis of these conditional mutants
revealed a temperature-dependent accumulation of novel
membrane structures, including multivesicular bodies, which
may represent distinct transport intermediates destined
for fusion with the vacuole. Thus, our data are most con-
sistent with Vam3p residing on the vacuolar membrane
where it functions as a multispecificity receptor required
for docking and/or fusion of multiple prevacuolar trans-
port intermediates.

Members of the syntaxin family of proteins are thought
to act at specific intracellular organelles as receptors for
the selective docking of appropriate transport intermedi-
ates. For instance, in neuronal cells, syntaxin is localized to
the plasma membrane where it mediates the docking and
fusion of secretory vesicles containing neurotransmitters
(Bennett et al., 1992, 1993). In yeast, Ssolp and Sso2p, two
redundant syntaxin homologues whose function is re-
quired for secretion, are localized to the plasma mem-
brane (Aalto et al., 1993; Brennwald et al., 1994). Further-
more, Pep12p, an endosomal protein, is required for Golgi
to endosome protein transport (Becherer et al., 1996; Burd
et al., 1997). Thus, the membrane localization of such pro-
teins is suggestive of their site of function. We have dem-
onstrated through subcellular localization experiments
that the majority of Vam3p resides in vacuolar mem-
branes. It has also been reported recently that Vam3p is
localized to vacuolar membranes by indirect immunofluo-
rescence (Wada et al., 1997). Together, these data provide
strong evidence that Vam3p resides on the vacuole, consis-
tent with its function as a vacuolar t-SNARE.

Vam3p Functions as a Multispecificity t-SNARE

Our analysis of a temperature-conditional vam3 mutant
(vam3"f) suggests a direct involvement of Vam3p in a late
step of protein transport to the vacuole. Multiple transport
pathways to the vacuole were blocked even after a short
incubation of vam3"f cells at nonpermissive temperature.
There are at least two pathways of biosynthetic traffic to
the vacuole. CPY, PrA, and CPS transit through an endo-
somal compartment before final delivery to the vacuole.
ALP is delivered by an alternate Golgi-to-vacuole trans-
port pathway, possibly bypassing the endosomal compart-
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ment (Cowles et al., 1994, 1997; Stack et al., 1995; Burd et
al., 1996, 1997; Horazdovsky et al., 1996). vam3*f cells dis-
played immediate defects in the transport of CPY, PrA,
CPS, and ALP, which is indicative of a direct involvement
of Vam3p in both biosynthetic transport pathways.

Interestingly, the fate of accumulated p2CPY in vam3"/
cells suggests that Vam3p acts at a late step in the vacuolar
protein sorting pathway. Defects in receptor-mediated
transport of CPY from the Golgi to the endosome result in
the rapid secretion of CPY (Cowles et al., 1994; Piper et
al., 1994; Stack et al., 1995; Burd et al., 1997). Unlike these
early acting conditional vps mutants (pepI2* and vps45"f
mutants) that secrete p2CPY immediately upon inactiva-
tion, vam3*/ cells accumulated p2CPY intracellularly. The
lack of CPY secretion in vam3*/ cells at nonpermissive
temperature indicates that transport and recycling of the
Vps10p hydrolase sorting receptor between the Golgi and
the prevacuolar endosome is relatively unaffected and is
thus consistent with a block in transport at a point beyond
the endosomal intermediate. Additionally, the accumu-
lated intracellular p2CPY in vam3*/ cells at nonpermissive
temperature is slowly processed to aberrant forms. This
processing is unlikely to be occurring in the vacuole. These
cells have normal vacuoles populated with active process-
ing proteases that would rapidly process p2CPY to its ma-
ture form. Similar aberrant processing of vacuolar protein
precursors has been observed in other vps mutants that
have defects in endosome to vacuole transport as a result
of accumulation in a proteolytically competent endosomal
compartment (Babst et al., 1997). Extended accumulation
of CPY in a late prevacuolar compartment in vam3*/ cells
results in slow maturation of p2CPY (t;,, of 60 min). Con-
sistent with these observations, at nonpermissive tempera-
ture, vam3"/ cells accumulated novel membrane-enclosed
compartments that may represent these blocked transport
intermediates.

The maturation of API, a protein delivered to the vacu-
ole directly from the cytosol, possibly by an autophagic
pathway (Klionsky et al., 1992), is also completely blocked
at nonpermissive temperature in vam3® cells. Further-
more, the docking/fusion of large autophagosomes with
the vacuole is disrupted in vam3®/ cells at nonpermissive
temperature. Thus, the delivery of autophagic intermedi-
ates appears to require a functional vacuolar t-SNARE. If
the mechanism of autophagic vesicle fusion uses con-
served components such as SNAREs, autophagosomes
may contain complementary components on their mem-
branes that specifically target them to the vacuole via in-
teractions with Vam3p.

The vam3 mutant was originally identified as a vacuolar
morphology mutant (Wada et al., 1992). This phenotype is
consistent with a primary role for Vam3p in maintenance
of vacuolar morphology. However, in vam3*f cells, the
vacuoles remain stable for >3 h at nonpermissive temper-
ature. Instead, vam3*/ cells accumulate novel membrane
structures, which suggests that the primary defect associ-
ated with the loss of Vam3p function is impaired docking
and/or fusion of transport intermediates with the vacuole.
Thus, the complex morphology of vam3A cells appears to
result from the accumulation of these transport intermedi-
ates, rather than instability and fragmentation of the vacu-
oles. Recent in vitro studies analyzing extracts from vam3A
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Figure 10. Vam3p acts as a receptor at the vacuole for the dock-
ing and fusion of multiple transport intermediates. Pep12p, the
endosomal t-SNARE, functions together with Seclp family mem-
ber Vps45p in Golgi to endosome transport of p2CPY as well as
other soluble vacuolar hydrolases. Our analyses of Vam3p indi-
cate that it functions on the vacuole together with Vps33p in the
docking and fusion of multiple transport intermediates. Proteins
that are targeted to the vacuole through two separate biosyn-
thetic pathways, as well as those that are targeted to the vacuole
directly from the cytoplasm by autophagy, are shown. In the ab-
sence of functional Vam3p at the vacuole, the various transport
intermediates are unable to fuse with the vacuole and accumulate
as novel membrane compartments in the cytoplasm.

cells indicated that Vam3p is involved in homotypic vacu-
ole-vacuole fusion (Nichols et al., 1997). While our data
do not rule out a role for Vam3p in homotypic fusion, they
suggest that these in vitro observations may correspond to
heterotypic fusion of isolated prevacuolar intermediates
from vam3A cells with wild-type vacuoles. Moreover, be-
cause we observed no obvious vacuolar inheritance de-
fects in vam3"/ cells incubated for extended time at non-
permissive temperature, Vam3p function does not appear
to play an essential role in vacuole—vacuole fusion during
the inheritance process. Similar in vitro fusion experi-
ments analyzing vacuoles isolated from vam3*/ cells may
offer a means to determine the role, if any, of Vam3p in
homotypic vacuole fusion reactions.

The accumulation of protein precursors and membrane-
bound intermediate compartments that transit to the vacu-
ole via distinct routes is consistent with a transport block
at a site where these various pathways converge, the vacu-
ole (Fig. 10). While we cannot rule out the possibility that
Vam3p mediates the delivery of an unstable component,
which in turn is required for the docking and fusion of
other transport intermediates, this explanation seems un-
likely because other vps mutants (i.e., pepl2) do not show
similar general transport defects (Burd et al., 1997; Cowles
et al., 1997). Thus, analysis of protein transport and vacu-
olar morphology in vam3"/ cells is consistent with Vam3p
acting as a multispecificity vacuolar t-SNARE that medi-
ates the docking/fusion of multiple distinct late transport
intermediates with the vacuole. The early Golgi t-SNARE,
SedSp, may also function as a multispecificity t-SNARE as it
has been shown to function in both biosynthetic ER-to-Golgi
and retrograde late-to-early Golgi transport (Hardwick
and Pelham, 1992; Banfield et al., 1994, 1995).

527



Interaction between Vam3p and Late Acting Vacuolar
Transport Components

t-SNAREs are thought to act in conjunction with mem-
bers of other well-conserved protein families (such as the
v-SNARE, Seclp, and Rab GTPase families) to execute
their proposed function in targeting and fusion (for re-
views see Rothman, 1994; Pfeffer, 1996). Thus, it is likely
that Vam3p associates with accessory proteins in the same
manner as other t-SNAREs. Mutations in VPS33 and
YPT7, which encode Seclp and Rab GTPase homologues,
respectively, result in morphological and protein sorting
defects similar to those observed in vam3 mutants (Banta
et al., 1990; Wada et al., 1990; Wichmann et al., 1992), sug-
gesting that they may mediate a common transport step.
Although vps33 null alleles tend to exhibit more severe
phenotypes than vam3 and ypt7 null mutants, these differ-
ences may be attributable to a more stringent requirement
for Vps33p in late vacuolar protein transport. The ob-
served genetic interaction between VAM3 and VPS33 in-
dicates that these proteins do in fact function together to
direct the docking and fusion of transport intermediates
with the vacuole. These genetic data do not yet reveal the
precise molecular mechanism of this interaction; however,
several possibilities can be envisioned. For example, direct
in vitro binding of neuronal Secl to syntaxin has been
demonstrated in mammalian systems (Hata et al., 1993;
Garcia et al., 1994; Pevsner et al., 1994). Thus, Vps33p may
bind directly to Vam3p, and thereby regulate the function
of Vam3p by either preventing the formation of inappro-
priate interactions or by facilitating the assembly of the
correct components. Further studies investigating physical
interactions between the Vps33p and Vam3p, as well as
other protein factors that may regulate these interactions,
such as Ypt7p, are in progress and should facilitate our un-
derstanding of the molecular mechanisms involved in this
process.

Some insight into the function of syntaxin and Seclp ho-
mologues can be gained by our observations that overex-
pression of Vam3p partially suppresses both the vacuolar
protein sorting and morphological defects of a pepl2A
strain and, conversely, that overexpression of Pep12p results
in partial suppression of the sorting and morphological de-
fects associated with a vam3A strain. Apparently, increased
cellular levels of these t-SNARESs results in redistribution
of the excess protein to compartments other than their
normal resident organelles, thus allowing them to function
at inappropriate compartments. Indeed, overexpression of
Pep12p results in a substantial pool of the protein redis-
tributing to the vacuolar membrane (data not shown). In-
terestingly, overexpression of VAM3 and PEPI2 was not
capable of suppressing deletions of VPS45 and VPS33, re-
spectively. Therefore, it is possible that under these condi-
tions Pep12p and Vam3p may transiently interact with in-
appropriate components of the docking/fusion machinery
to execute their function (i.e., Vam3p with Vps45p, and
Pep12p with Vps33p). These observations indicate that
SNARE molecules may not be the only specificity factors
necessary for protein targeting. In fact, other studies indi-
cate additional factors are required to direct docking and
fusion of transport intermediates. For example, in mam-
malian cells, syntaxin is ubiquitously distributed through-
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out the neuronal plasma membrane, yet fusion occurs pri-
marily at the active site of the nerve terminal, indicating
that other factors are acting to direct fusion to this specific
region (Bennett et al., 1992; Sollner et al., 1993; Garcia et
al., 1995). Several candidate proteins that may be involved
in this additional specificity function include members of
the Secl and Rab protein families.

Studies examining the physical and genetic relationships
between Vam3p and other transport components, as well
as in vitro reconstitution of protein transport to the vacu-
ole, are necessary to determine the mechanistic details of
this final step of protein trafficking. Through these types
of investigations, significant progress will be made in eluci-
dating the molecular mechanisms of protein and mem-
brane transport in yeast and other eukaryotic organisms.
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