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A number of the Saccharomyces cerevisiae vacuolar protein-sorting (vps) mutants exhibit an
altered vacuolar morphology. Unlike wild-type cells that contain 1-3 large vacuolar
structures, the class B vps5 and vpsl7 mutant cells contain 10-20 smaller vacuole-like
compartments. To explore the role of these VPS gene products in vacuole biogenesis, we
cloned and sequenced VPS5 and characterized its protein product. The VPS5 gene is
predicted to encode a very hydrophilic protein of 675 amino acids that shows significant
sequence homology with mammalian sorting nexin-1. Polyclonal antiserum directed
against the VPS5 gene product detects a single, cytoplasmic protein that is phosphory-
lated specifically on a serine residue(s). Subcellular fractionation studies indicate that
Vps5p is associated peripherally with a dense membrane fraction distinct from Golgi,
endosomal, and vacuolar membranes. This association was found to be dependent on the
presence of another class B VPS gene product, Vpsl7p. Biochemical cross-linking studies
demonstrated that Vps5p and Vpsl7p physically interact. Gene disruption experiments
show that the VPS5 gene product is not essential for cell viability; however, cells carrying
the null allele contain fragmented vacuoles and exhibit defects in vacuolar protein-
sorting similar to vpsl7 null mutants. More than 95% of carboxypeptidase Y is secreted
from these cells in its Golgi-modified p2 precursor form. Additionally, the VpslOp
vacuolar protein-sorting receptor is mislocalized to the vacuole in vps5 mutant cells. On
the basis of these and other observations, we propose that the Vps5p/Vpsl7p protein
complex may participate in the intracellular trafficking of the VpslOp-sorting receptor, as
well as other late-Golgi proteins.

INTRODUCTION

Intracellular organelles serve a vital function by com-
partmentalizing different and often competing bio-
chemical reactions required to establish and maintain
cellular homeostasis. Cells utilize specific transport
systems to populate many of these organelles with
unique sets of protein constituents that carry out these
reactions. One of the best characterized is the lysoso-
mal protein transport system (Kornfeld and Mellman,

t Corresponding author.

1989; Kornfeld, 1992). Lysosomes are acidic compart-
ments involved in macromolecular turnover and in
the degradation of molecules brought into the cell by
endocytosis. The degradative nature of lysosomes
stems from the large number of hydrolytic enzymes
that reside within them. These enzymes are synthe-
sized on endoplasmic reticulum (ER)-bound ribo-
somes and translocated into the lumen of the ER
where they are modified by the addition of N-linked
oligosaccharides (Kornfeld and Mellman, 1989). The
proteins are then delivered to and through the Golgi
complex compartments, where their oligosaccharides
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are modified selectively by the addition of the man-
nose 6-phosphate- (M6P) sorting determinant. After
delivery to the trans-Golgi network (TGN), lysosomal
proteins are actively sorted away from secretory pro-
teins and diverted to the lysosome. The majority of
soluble lysosomal proteins are sorted by receptor mol-
ecules (MPRs) in the TGN that recognize the M6P
found on lysosomal proteins (Kornfeld, 1992). The
receptor/ligand complexes are then packaged into
clathrin-coated vesicles and transported to the prely-
sosomal endosome. Here, the receptor releases its li-
gand, which continues on to the lysosome, whereas
the free receptor is either recycled back to the Golgi for
another round of sorting, or cycles through the plasma
membrane where it binds and internalizes extracellu-
lar lysosomal proteins. Although much is known
about these sorting receptors and their ligands, little is
known about the cellular machinery that regulates
trafficking of the receptors.
The vacuole of Saccharomyces cerevisiae is the struc-

tural and functional analog of the mammalian lyso-
some (Klionsky et al., 1990). Vacuoles are acidic com-
partments that contain a variety of hydrolytic
enzymes involved in macromolecular degradation
(Jones, 1984). The biosynthesis of vacuolar proteins
and lysosomal proteins also share many common fea-
tures. Like lysosomal proteins, vacuolar proteins tran-
sit the early stages of the secretory pathway until they
reach a late Golgi compartment (Stevens et al., 1982).
In this compartment, vacuolar proteins are selectively
sorted away from the secretory protein pool and de-
livered to the vacuole (Graham and Emr, 1991; Vida et
al., 1993). For many hydrolases, arrival in the vacuole
is accompanied by a proteolytic processing event that
activates these enzymes (Klionsky et al., 1990). The
delivery of soluble proteins to the yeast vacuole does
not involve the recognition of M6P modifications. In-
stead, the sorting information is contained within the
N-terminal amino acid sequences of vacuolar proteins
like carboxypeptidase Y (CPY) (Johnson et al., 1987;
Valls et al., 1987). This sorting signal is recognized by
a sorting receptor, VpslOp, which binds CPY in a late
Golgi compartment (Marcusson et al., 1994). The re-
ceptor/ligand complexes are packaged into transport
vesicles which are delivered to a prevacuolar endo-
some (Cereghino et al., 1995; Cooper and Stevens,
1996). Here CPY is thought to dissociate from its re-
ceptor and moves on to the vacuole, whereas the
receptor recycles back to the Golgi for another round
of sorting.
Fusion proteins formed between CPY and the nor-

mally secreted enzyme invertase (Inv) demonstrated
that as little as 50 N-terminal residues of CPY fused to
invertase target the CPY-Inv hybrid protein to the
vacuole (Bankaitis et al., 1986; Johnson et al., 1987).
Alteration of the sorting information contained in the
CPY portion of the hybrid protein results in its mislo-

calization to the cell surface (Johnson et at., 1987). The
mislocalization of vacuolar proteins to the cell surface
(vps) or deficiencies in vacuolar protease activity (pep)
has served as a basis for several selections and screens
for mutants specifically defective in the delivery of
proteins to the vacuole (Jones, 1977; Bankaitis et al.,
1986; Rothman and Stevens, 1986; Robinson et al.,
1988; Rothman et al., 1989). The vps mutants together
with the pep mutants define more than 40 complemen-
tation groups (Robinson et al., 1988; Rothman et al.,
1989; Raymond et al., 1990). Morphological analyses
have revealed that these mutants fall into distinct
morphological classes (Banta et al., 1988; Raymond et
al., 1990). Most mutants contain a vacuole that is the
same or very similar to the vacuole found in wild-type
cells. However, several mutant classes exhibit severely
altered vacuole morphology. Included in this set are
the class B mutants which contain fragmented vacu-
ole-like structures. Two in particular, vps5 and vps17,
exhibit a unique phenotype with 10-20 small vacuoles
(Banta et al., 1988). To gain further insights into the
role these gene products play in vacuolar protein sort-
ing and vacuolar biogenesis, the wild-type gene af-
fected in the vps5 mutants was cloned and its gene
product analyzed. VPS5 encodes a 76 kDa phospho-
protein that forms a heteromeric complex with an-
other phosphoprotein, Vpsl7p. This complex is asso-
ciated with a dense membrane fraction, distinct from
Golgi membranes. Cells that completely lack Vps5p
function missort and secrete soluble vacuolar proteins,
contain fragmented vacuoles and mislocalize the CPY-
sorting receptor, VpslOp. Sequence comparisons have
shown that Vps5p shares significant similarity to a
mammalian protein sorting nexin 1 (SNX1) (Kurten et
al., 1996). SNX1 has been implicated in the intracellu-
lar trafficking of the epidermal growth factor (EGF)
receptor. Together these results indicated that Vps5p
may function in a phosphoprotein complex, to facili-
tate the intracellular trafficking of the CPY-sorting re-
ceptor.

MATERIALS AND METHODS

Media and Reagents
Escherichia coli cells were grown in LB and M9 media supplemented
with appropriate antibiotics and amino acids (Miller, 1972). S. cer-
evisiae was propagated in yeast extract-peptone-dextrose (YPD),
yeast extract-peptone-fructose (YPF), or synthetic dextrose (SD)
supplemented with amino acids as required (Sherman et al., 1979).
The strains used in this study are listed in Table 1. Restriction and
modifying enzymes were purchased from Boehringer Mannheim
(Indianapolis, IN), New England Biolabs (Beverly, MA), and Strat-
agene (La Jolla, CA). Zymolyase 100-T was obtained from Seika-
gaku Kogyo Co. (Tokyo, Japan). DSP [dithiobis(succinimidylpropi-
onate)] was purchased from Pierce (Rockford, IL). Glusulase was
obtained from DuPont Co (Boston, MA). 5-Bromo-4-chloro-3-in-
doyl-13-D-galactoside, phenylmethylsulfonyl fluoride, a2-macro-
globulin, aprotinin, leupeptin, pepstatin, and isopropyl-f3-D-thioga-
lactopyranoside were acquired from Boehringer Mannheim
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(Indianapolis, IN). Tran35S-label was supplied by ICN Biochemicals
(Costa Mesa, CA). [a-35S]dATP was provided by Amersham Corp
(Arlington Heights, IL). Production of antisera to vacuolar hydro-
lases (CPY, ALP, PrA) has been described previously (Klionsky et
al., 1988; Klionsky and Emr, 1989). All other reagents were pur-
chased from Sigma (St. Louis, MO).

Plasmid Constructions
Plasmid constructions were performed using previously described
recombinant DNA manipulation methods (Sambrook et al., 1989).
The glass bead method of Vogelstein and Gillespie (1979) was used
for DNA fragment isolations. The CEN-based VPS5 plasmid
pBHY5-41 was generated by subcloning the 3.3-kb SmaI-XhoI frag-
ment of library plasmid pBHY5-1 (containing VPS5, refer to Figure
1A) into the SmaI and XhoI sites of pPHYC18 (Herman and Emr,
1990). The 2 micron-based plasmid pBHY5-43 was constructed by
ligating the SmaI-XhoI fragment of pBHY5-1 into pJSY324 (Herman
et al., 1991). Integrative mapping plasmid pBHY5-39 was made by
inserting the VPS5-containing SmaI-XhoI fragment of pBHY5-1 into
pRS304 (Sikorski and Hieter, 1989). The VPS5 deletion/disruption
plasmid pBHY5-35 was made by subcloning the 2.3-kb SmaI-Sall
fragment of pBHY5-1 into pBluescriptKS (Stratagene, La Jolla, CA)
and then replacing the 0.7-kb XbaI-StuI fragment of the resulting
plasmid with the HIS3 gene (Figure 1C). For preparation of a
trpE-Vps5 fusion protein, pBHY5-1 was digested with EcoRI yield-
ing a 914 bp fragment which was purified and ligated into EcoRI-
digested pATH1 fusion vector (Dieckmann and Tzagoloff, 1985;
containing trpE coding sequences) to generate pBHY5-40.

Nucleic Acid and Genetic Manipulations
Bacterial DNA transformations were accomplished using the
method of Hanahan (1983) and yeast transformations employed a
LiAc treatment protocol (Ito et al., 1983). All other standard yeast
genetic procedures were performed as described previously (Guth-
rie and Fink, 1991). pBHY11 (CPY-invertase::LEU2) (Horazdovsky et
al., 1994) was integrated at the leu2-3,122 locus of SEY5-7 to produce
strain BHY156. Integrative mapping studies of cloned VPS5 were
initiated by linearizing pBHY5-39 with StuI and transforming
BHY11 cells. Trp+ transformants (BHY155) were mated with
BHY156. Diploid colonies were selected, sporulated, and 56 of the
resulting ascii were dissected. Trp+/Trp- and Vps+/Vps- pheno-
types segregated 2:2, with all haploid segregants displaying Vps-
phenotype also being Trp-. Construction of vps5 chromosomal de-
letion mutant was initiated by digesting pBHY5-35 with SmaI and
Sall, to excise the 1\vps5::HIS3 fragment. This fragment was used to
transform SEY6210. His' transformants were screened for secretion
of p2CPY by colony blot (Roberts et al., 1991). Genomic DNA was
prepared from a His' Vps- isolate and the disruption of the VPS5
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Figure 1. Characterization and disruption of the VPS5 locus. (A) A
restriction map of the -12-kb genomic DNA fragment containing
the VPS5 locus. (B) The minimum vps5 complementing fragment.
The VPS5 coding sequence is indicated by a black arrow. (C) A
0.7-kb XbaI-StuI fragment of VPS5 that was removed and replaced
with HIS3 gene (gray arrow) to generate the deletion/disruption
strain BHY152 (vps5Al). The restriction enzymes shown includes; B,
BamHI; S, Sau3A; Sa, Sall; Sc, Sacl; Sm, SmaI; St, StuI; Xb, XbaI; Xh,
XhoI.

locus was confirmed by polymerase chain reaction as described
previously (Herman and Emr, 1990).

Isolation of the VPS5 Gene
A plasmid-based yeast genomic DNA library (LEU2, CEN; a gift
from Philip Hieter) was used to transform SEY5-7 cells harboring a
plasmid encoding a CPY-invertase fusion protein (Horazdovsky et
al., 1994). Transformed cells were replica-plated to YPF media,
incubated at 30°C ovemight, then subjected to an assay designed to
detect extracellular invertase activity (Horazdovsky et al., 1994).
Plasmids were isolated from Vps+ cells and used to transform
SEY5-7 to confirm complementing activity. Isolated plasmids were
digested and fragments containing genomic sequence were sub-
cloned and tested for their ability to complement the SEY5-7 mutant
phenotype for the purpose of identifying the minimum comple-
menting DNA fragment shown in Figure 1A. A 2.3-kb SmaI/Sall
and a 3.4-kb Sacd/Sacl fragment from pBHY5-1 were cloned into the
E. coli plasmid pBluescriptKS(-) to generate pBHY5-30 and
pBHY5-31 respectively. Exonuclease III-mung bean nuclease dele-
tions were constructed using these plasmids (pBHY5-30 and
pBHY5-31) according to the pBluescript manual supplied by Strat-
agene, except nuclease digestion products were size fractionated
and isolated from an 1% agarose preparative gel. Nested deletion
constructs were identified and denatured plasmid DNA was puri-
fied over a 2 ml Sephacryl S-400 spun column using the procedure
described in the Pharmacia Miniprep Kit Plus manual. The resultant

Table 1. Strains used in this study

Strain Genotype Reference

SEY6210 MATa leu2-3,112 ura3-52 his3-A200 trpl-A901 Iys2-801 suc2-A9 Johnson et al. (1987)
SEY6211 MATa leu2-3,112 ura3-52 his3-A200 trpl-A90 ade2-101 suc2-A9 Johnson et al. (1987)
BHY10 SEY6210, leu2-3, 112::pBHY11(CPY-Inv LEU2) Horazdovsky et al. (1994)
BHY11 SEY6211, leu2-3, 112::pBHY11(CPY-Inv LEU2) Horazdovsky et al. (1994)
SEY5-7 SEY6210, vps5-7 Robinson et al. (1988)
BHY155 BHY11, VPS5-TRP1 This study
BHY156 SEY5-7, leu2-3, 112::pBHY11(CPY-Inv LEU2) This study
BHY152 SEY6210, vps5Al::HIS3 This study
KKY10 SEY6210, vpsl7Al::HIS3 Kohrer and Emr (1993)
TVY614 SEY6210, Apep4::LEU2 Aprcl::HIS3 Aprbl::HISG Thomas Vida (personal communication)
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denatured double stranded templates were hybridized to the T7 or
T3 primers and subjected to dideoxy-chain termination sequence
analysis using the Sequenase sequencing protocol (United States
Biochemical Corp., Cleveland, OH). An open reading frame was
uncovered that covered bp 453770-455795 of chromosome XV in
the S. cerevisiae genome database.

Antiserum Preparation
Bacterial JM101 cells were transformed with trpE-VPS5 gene fusion
plasmid pBHY5-40. Induced production and purification of fusion
protein followed the method of Kleid et al. (1981), as modified by
Herman and Emr (1990). Immunization of New Zealand White
rabbits with fusion protein was executed as described previously
(Horazdovsky et al., 1994). CNBr-activated Sepharose (Pharmacia,
Piscataway, NJ) was coupled to purified trpE-Vps5 fusion protein
and used to affinity-purify harvested antiserum according to the
manufacturer's instructions. Eluted antiserum was screened and
titrated by immunoprecipitation of labeled yeast cell extracts.

Cell Labeling and Immunoprecipitation
Yeast cells were grown in SD containing required amino acids to an
OD600 of 0.8. For experiments involving immunoprecipitation of
vacuolar hydrolases, 5 OD600 units of cells were harvested by cen-
trifugation and suspended in 1 ml of SD medium containing 1
mg/ml bovine serum albumin. Cells were preincubated for 10 min
at 30°C; labeling was initiated via addition of 100 gCi Tran35S-label
and allowed to proceed for 10 to 15 min. Chase periods were then
started by adding methionine, cysteine, and yeast extract to final
concentrations of 5 mM, 1 mM and 0.2%, respectively. For experi-
ments involving separation of pellet and media fractions, cells were
converted to spheroplasts prior to cell labeling and chase periods
(Vida et al., 1990; Paravicini et al., 1992). Following the labeling,
chase cultures were then centrifuged at 13,000 x g for 1 min to yield
an intracellular (I) pellet fraction and an extracellular (E) media
fraction. The presence of CPY, PrA, and ALP proteins in each
fraction was determined by immunoprecipitation (Klionsky et al.,
1988; Robinson et al., 1988).

Phosphate Labeling and Phosphoamino
Acid Analysis
Wild-type cells (SEY6210), vps5Al cells (BHY152) or wild-type cells
carrying VPS5 on a 2 ,u expression vector (pBHY5-43) were grown
to early-log phase in SD media. Cells were collected, resuspended to
5 OD600 units/ml in low phosphate media supplemented with 5
mM MgSO4, and incubated for 30 min at 30°C. 32P04 was then
added to a final concentration of 1 mCi/ml and incubation was
continued for 30 min. Labeling was terminated by the addition of
trichloroacetic acid to 10%, cell extracts were generated and Vps5p
was immunoprecipitated from the labeled extracts as described
previously (Herman et al., 1991). Phosphoamino acid analysis was
performed following the methods of Meisenhelder (Meisenhelder
and Hunter, 1991). Briefly, 32P-labeled Vps5p was immunoprecipi-
tated and resolved by SDS-PAGE. The gel was fixed washed exten-
sively with H20 and dried. Labeled Vps5p was visualized by auto-
radiography and the corresponding band was cut from the dried
gel. Vps5p was eluted from the gel slice and hydrolyzed in 5.7 M
HCI at 110°C for 60 min. The hydrolysates were lyophilized from
water three times and subjected to two-dimensional thin-layer elec-
trophoresis using a 100-,Lm thin-layer cellulose plate (EM Science,
Gibbstown, NJ).

Subcellular Fractionation and Gradient Analyses
SEY6210, KKY10 (Avps17A1), or BHY152 (vps5A1) cells were prop-
agated at 30°C to an OD600 of 0.8 in SD supplemented with appro-
priate amino acids. 30 OD600 units of cells were collected by cen-

trifugation (2000 x g for 5 min) and spheroplasts were generated as
described previously (Vida et al., 1990; Paravicini et al., 1992). Cul-
tures were incubated at 30°C for 10 min prior to addition of 1 mCi
Tran35S-label. Labeling proceeded for 15 min at 30°C and was
followed by a chase period of 45 min. Spheroplasts were harvested
and lysed by douncing six times using a tissue homogenizer in
buffer containing 200 mM sorbitol, 50 mM Tris (pH 7.5), 1 mM
EDTA, and a protease inhibitor cocktail (2 ,ug/ml antipain, 2 ,ug/ml
leupeptin, 2 ,ug/ml chymostatin, 2 ,g/ml pepstatin, 0.1 TIU/ml
aprotinin, 100 ,ug/ml phenylmethylsulfonyl fluoride, and 10 ,g/ml
a2-macroglobulin). The resultant cell suspension was subjected to
sequential centrifugation at 500 X g (5 min), 13,000 x g (10 min), and
100,000 x g (60 min) as described previously (Horazdovsky and
Emr, 1993). Proteins in supematant fractions were precipitated by
the addition of trichloroacetic acid to 10% and the pellet fractions
were washed with a 10% trichloroacetic acid solution. The pelleted
proteins were then suspended in 1 ml of immunoprecipitation
buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 0.5% Tween 20, 0.1 mM
EDTA, 1 mg/ml BSA] and the levels of Vps5p, VpslOp, ALP,
glucose-6-phosphate dehydrogenase, and Kex2p in each subcellular
fraction were determined by immunoprecipitation as previously
described (Klionsky, et al., 1988). The membranes in the P100 cell
fraction were separated on a Accudenz (Nycodenz) gradient.
Spheroplasts (30 OD equivalents) generated from TVY614 were
labeled and chased as above, lysed and fractionated as above, except
the lysis buffer consisted of 20 mM HEPES-KOH (pH 7.5), 50 mM
potassium acetate, 1 mM EDTA, and 200 mM sorbitol. P100 mem-
brane fraction was suspended in 1 ml of lysis buffer and loaded onto
a 9-37% Accudenz gradient prepared by layering the following
Accudenz solutions in a Beckman 14 x 89-mm UltraClear tube; 1 ml
37%, 1.5 ml 31%, 1.5 ml 27%, 1.5 ml 23%,1.5 ml 20%,1.5 ml 17%, 1
ml 13%, and 1 ml 9%. Accudenz solutions were prepared in a buffer
containing 20 mM HEPES-KOH (pH 7.5), 50 mM potassium acetate,
and 1 mM EDTA. The gradient was subjected to centrifugation at
170,000 x g for 16 h and the gradient was fractionated (1-ml frac-
tions). Vps5p, Vpsl7p, VpslOp and Kex2p were immunoprecipi-
tated from each fraction and the immunoprecipitates were resolved
by SDS-PAGE and visualized by fluorography. Refractive indexes
of each column fraction was used to calculate the gradient density
profile.

Microscopy
Wild-type cells (SEY6210) or vps5Al cells (BHY152) were grown in
rich media (YPD) to mid-log phase. The cells were harvested and
resuspended at 20 OD600 U/ml in YPD media. FM 4-64 (Vida and
Emr, 1995) was added to 20 ,uM and the cells were incubated with
shaking for 30 min at 30°C. The cells were harvested and resus-
pended in YPD media, placed on standard slides and viewed with
a Nikon Microphot-SA microscope equipped with a 10OX CF N
Plan DIC achromatic objective and a 546-nm filter for visualizing
FM 4-64 fluorescence.

Cross-Linking Labeled Cell Extracts
Cells were grown in SD media to an OD6o0 of 1.0 and harvested by
centrifugation. Spheroplasts were generated as described and incu-
bated for 10 min at 30°C (Vida et al., 1990). The spheroplasts were
labeled for 10 min at 30°C with 30 ,uCi of Tran35S per OD600 unit of
spheroplasts. The spheroplasts were then pelleted for 30 seconds
and osmotically lysed in 1 ml of a buffer containing 100 mM potas-
sium phosphate (pH 7.5), 5 mM EDTA, 5 ,tg/ml antipain, 1 ,tg/ml
leupeptin, 1 ,ug/ml aprotinin, 1 ,ug/ml pepstatin, 50 Ag/ml a-2
macroglobulin, and 100 ,ug/ml phenylmethylsulfonyl fluoride
(Stack et al., 1993). To initiate the cross-linking reaction, dithio-
bis(succinimidylpropionate) (DSP) was added to the cell lysates at a
final concentration of 200 ,g/ml and the lysates were incubated at
room temperature for 30 min. The cross-linking agent was then
quenched by the addition of hydroxylamine to 20 mM. Proteins in
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Figure 2. The Vps5p sequence and alignments. (A) The deduced amino acid sequence of Vps5p. The amino acids shown in the sequence
alignment in B are underlined. (B) A comparison of Vps5p with mammalian sorting nexin 1 (SNX1) and yeast Mvplp, the conserved residues
are highlighted by black boxes.

the cross-linking reaction were precipitated with trichloroacetic acid
and prepared for sequential immunoprecipitations with Vps5p and
Vps17p antisera as detailed above.

RESULTS

VPS5 Encodes a Sorting Nexin Homologue
Wild-type cells localize CPY-invertase hybrid proteins
to the vacuole due to the sorting information con-
tained in the CPY portion of the molecule (Bankaitis et
al., 1986; Johnson et al., 1987). Cells that contain defects
in the vacuolar protein localization pathway missort
these fusions to the cell surface which leads to a se-
lectable phenotype, the ability of these mutant cells to
grow on media that contain sucrose (an invertase sub-
strate) as a sole carbon source. Using this selection, a
large number of vps (vacuolar protein-sorting defec-
tive) mutants have been identified, including vps5
(Robinson et al., 1988). Like most vps mutants, vps5
mutant cells missort and secrete the vast majority of
CPY-invertase fusion proteins and this phenotype was
utilized to clone the wild-type VPS5 gene. vps5 mutant
cells (SEY5-7) expressing a CPY-invertase fusion pro-
tein were transformed with a plasmid-based yeast
genomic library (CEN LEU2). Transformants were se-
lected and those transformants that carried a vps5
complementing library plasmid were identified using

a simple plate assay (see MATERIALS AND METH-
ODS). A single complementing clone was identified
with a 12-kb genomic DNA insert (Figure 1A). The
complementing activity was further defined and
found to be contained on a 3.3-kb SmaI-XhoI fragment
(Figure 1B). Integrative mapping studies demon-
strated that SmaI-XhoI fragment contained the VPS5
locus (see MATERIALS AND METHODS). The frag-
ment was sequenced and a comparison to sequences
in the yeast database revealed that the SmaI-XhoI frag-
ment corresponded to bases 453770-455795 of chro-
mosome XV (open reading frame YOR069W). A single
large open reading frame (VPS5) was present in this
fragment, capable of encoding a protein of 675 amino
acids with a molecular mass of 76,437 daltons (Figure
2A). No hydrophobic stretches that could serve as a
signal sequence or transmembrane domains were de-
tected in Vps5p. Overall, Vps5p was predicted to be a
very hydrophilic protein with a pI of 5.04. Sequence
comparisons with other known proteins revealed
that Vps5p shared sequence similarity with the
yeast protein Mvplp (Ekena and Stevens, 1995; 13%
over 301 amino acids) and a mammalian protein,
SNX1 (Kurten et al., 1996; 29% over 301 amino acids)
(Figure 2B). Mvplp and SNX1 have been implicated
in protein trafficking to the vacuole or lysosome,
respectively.
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Figure 3. Complementation of the CPY-sorting defect by the
cloned VPS5 gene. Yeast spheroplasts were labeled for 10 min with
Tran35S-label at 30°C, and then unlabeled methionine and cysteine
were added and the incubation was continued for 30 min. The
labeled spheroplasts were separated into pellet (I, internal) and
supernatant (E, external) fractions. CPY was immunoprecipitated
from these fractions, resolved by SDS-PAGE, and visualized by
fluorography. The yeast strains used in this analysis included
SEY6210 (WT, lanes 1 and 2), BHY152 (vps5Al, lanes 3 and 4) and
BHY152 transformed with a low-copy (lanes 5 and 6) or high-copy
(lanes 7 and 8) plasmid containing VPS5. The migration positions of
Golgi-modified precursors (p2) and mature (m) CPY are shown.

vps5 Mutants Missort Only Soluble
Vacuolar Proteins
To determine the phenotypic consequences of a com-
plete loss of Vps5p function, a null allele of vps5 was
generated by removing the sequence that encodes the
N-terminal half of Vps5p and replacing it with a HIS3
gene cassette (Figure 1C). Cells carrying this deletion/
insertion were viable, but exhibited a severe defect in
sorting of soluble vacuole proteins. The transport of
many vacuolar proteins through the secretory path-
way can be easily monitored due to compartmental-
specific posttranslational modifications. Carboxypep-
tidase Y (CPY) serves as a particularly good example.
Following translocation into the lumen of the ER, CPY
is modified by the addition of four core oligosaccha-
rides, generating the pl precursor. As plCPY moves
through the Golgi complex, the core oligosaccharides
are further modified by the addition of mannose res-
idues, generating the Golgi-modified p2 precursor
which is then delivered to the vacuole where its pro-
segment is cleaved, generating the mature vacuolar
form of the enzyme. All three forms of CPY can be
resolved by SDS-PAGE. In the experiments shown in
Figure 3, spheroplasts were generated from wild-type
cells, vps5MI cells or vps5Al cells carrying the cloned
VPS5 gene on a CEN- or 2 ,- based plasmid vector.
These spheroplasts were metabolically labeled with a
mixture of [ Simethionine and [35S]cysteine for 10
min and then chased for 30 min with an excess of
unlabeled methionine and cysteine. The cultures
where then split into spheroplast (I, internal) and me-
dia (E, external) fractions by centrifugation and the
presence of CPY in each fraction was determined by
immunoprecipitation with antiserum directed against

WT vps5A]
II E I E;"

p2
cPry

mature- - -

pro -
PrA

mature -_i :

pro ..... -.. ; 't

prv_,;,fi - ^ 7ALI'mature- .:

1 2 3 4

Figure 4. Intracellular sort-
ing of vacuolar hydrolases.
Spheroplasts from SEY6120
(WT) and BHY152 (vps5Al)
were generated and labeled as
described in Figure 3. The la-
beled cultures were split into
spheroplast (I, internal) and
media (E, external) fractions
by centrifugation. The pres-
ence of CPY, PrA, and ALP in
each fraction was determined
by immunoprecipitation.

CPY. In wild-type cells, CPY was properly delivered
as evidenced by the presence of CPY inside the
spheroplasts in its mature vacuolar form (mCPY) (Fig-
ure 3, lane 1). By contrast, the vast majority of CPY
was missorted and secreted from vps5Al cells as the
Golgi modified precursor (p2CPY) (Figure 3, lane 4).
The missorting phenotype associated with vps5Al
cells was complemented by the presence of cloned
VPS5 in a CEN-based (lanes 5 and 6) or 2 ,t-based
(lanes 7 and 8) plasmid vector.
To determine whether other vacuolar proteins were

also mislocalized in vps5Al cells, the sorting of another
soluble vacuolar protease, proteinase A (PrA), was
examined, as well as the transmembrane vacuolar pro-
tein alkaline phosphatase (ALP). The soluble vacuolar
protease, PrA, was also secreted from these mutants in
its Golgi-modified proform (Figure 4, lane 4). How-
ever, a portion of this protein was retained by the cells
and approximately 30% was present in its mature
vacuolar form (Figure 4, lane 3), indistinguishable
from the mature from of the protein found in wild-
type cells (Figure 4, lane 1). In addition, all of the
vacuolar membrane protein ALP was retained and
converted to its mature form, indicating delivery to a
vacuole-like compartment (Figure 4. lane 3). Similar
protein-sorting phenotypes were seen in another class
B vps mutant, vps17 (Kohrer and Emr, 1993).

The Vacuole Is Fragmented in vps5 Mutant Cells
The vacuole in wild-type cells can easily be visualized
using the lipophilic fluorescent membrane dye FM-
4-64 (Vida et al., 1995) as one to three large structures
per cell (Figure 5). This technique was used to examine
vacuole morphology in cells carrying the vps5 null
allele. vps5Al cells lacked the large staining structures
seen in wild-type cells. Instead, smaller staining struc-
tures accumulated in these mutant cells (Figure 5).
This morphology defect was completely comple-
mented by the presence of the cloned VPS5 gene (our
unpublished results). It is unclear whether the struc-
tures present in vps5 mutant cells are intermediates in
vacuole biogenesis or fragmentation of larger vacuolar
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Figure 5. Morphological analysis of wild-type and vps5Al cells.

Wild-type cells (SEY6210) and vps5Al cells (BHY152) were incu-
bated for 15 min at 30°C in YPD media containing FM4-64. The
cells were pelleted, resuspended in fresh YPD media, and incubated
for 30 min at 30'C. The cells were then viewed using a fluorescent
microscope equipped with a 546-nm filter and Nomarski optics.

structures, but these observations implicate Vps5p
function, directly or indirectly, in the biogenesis or

maintenance of vacuole structure. Four other class B
vps mutants have been identified, vpsl7, vps39, vps4l,
and vps43 (Vater et al., 1992). Interestingly, only vpsl7
mutant cells share morphological defects that are
closely related to vps5 mutant cells. vps39, 41, and 43
mutant cells exhibit a diffuse FM4-64 staining pattern
consistent with a more extreme fragmentation of vac-

uole-related compartments (Emr, unpublished obser-
vation). This suggests that Vps5p and Vpsl7p may

function at the same point in the vacuolar protein-
sorting pathway, distinct from the site of action of
Vps39p, Vps41p and Vps43p.

The Subcellular Localization of the CPY-sorting
Receptor Is Altered in vps5Al Cells
The sorting of p2CPY from the late Golgi-sorting com-
partment to the prevacuolar endosome is mediated by
VpslOp, a transmembrane receptor that cycles be-
tween these two compartments (see INTRODUC-
TION). Because SNX1 seems to play a role in the
trafficking of EGF receptor from the cell surface to
lysosomes in mammalian cells and vps5 mutants show
a strong defect in CPY sorting but a limited defect in
PrA localization, Vps5p's role in VpslOp trafficking
was examined by subcellular fractionation. Differen-
tial centrifugations can be used to easily separate yeast
subcellular membranes. In the experiments shown in
Figure 6, spheroplasts generated from wild-type and
vps5Al cells were labeled for 15 min with [35S]methi-
onine/ [35Slcysteine, chased for 45 min with unlabeled
methionine and cysteine, and then lysed. First, unbro-
ken spheroplasts were removed by a 500 x g centrif-
ugation to generate the supernatant S5 fraction. The
cleared lysates were spun at 13,000 X g generating a

1 2 3 4 5 6

Figure 6. Subcellular fractionation of VpslOp. Spheroplasts gener-

ated from wild-type (SEY6210) or vps5A1 cells (BHY152) were pulse
labeled with [3 Slmethionine and [35S]cysteine for 15 min and
chased for 45 min. The spheroplast were gently lysed by Dounce
homogenization in a hypotonic buffer and the lysates were fraction-
ated by sequential centrifugation as described in the text to generate
a P13 pellet fraction, S100 supematant fraction, and P100 pellet
fraction. VpslOp, Mnnlp, and ALP were immunoprecipitated from
each fraction, resolved on a 8% SDS-polyacrylamide gel, and visu-
alized by fluorography.

supernatant (S13) and pellet fraction (P13). The S13
fractions were then spun at 100,000 x g to generate the
final S100 supernatant and P100 pellet fractions. The
presence of VpslOp, the Golgi resident protein, man-

nosyltransferase (Mnnlp), and the vacuolar mem-

brane protein, ALP, in the various cell fractions was

determined by immunoprecipitation using protein-
specific antibody. In wild-type cells, VpslOp was

found primarily (-80%) in the P100 cell fraction, a

fraction enriched in Golgi membrane marker Mnnlp
(Figure 6, lane 3). A small fraction of VpslOp was also
found in the P13 which also contained the vacuolar
membrane marker ALP (lane 1). The fractionation pat-
tern of VpslOp changed in vps5Al cells (Figure 6, lanes
4-6). A significant portion of VpslOp (-30%) shifted
from the P100 to the P13. Importantly, this effect did
not extend to all Golgi localized proteins as the distri-
bution of Mnnlp was unaltered in vps5Al cells (lane
6). Similarly, the fragmentation of the vacuole ob-
served in vps5Al cells did not change the fractionation
of the vacuolar membrane marker, ALP, which re-

mained localized almost exclusively to P13 mem-
branes (lane 4). When the P13 membranes from the
vps5Al cells were separated on sucrose density gradi-
ents, VpslOp was found associated with membranes
of high buoyant density, consistent with colocalization
with vacuolar membranes (our unpublished results).
The shift of VpslOp from a Golgi-enriched membrane
fraction to a fraction enriched in vacuolar membranes
indicates Vps5p function is required to maintain the
normal localization pattern of VpslOp.
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Vps5p Is Phosphorylated on a Serine Residue(s)
A trpE-Vps5p hybrid protein was used to generate
polyclonal antiserum directed against Vps5p and this
antiserum was used to identify the VPS5 gene prod-
uct. Wild-type and vps5A1 cells were labeled with
[35S]methionine and [35S]cysteine for 10 min at 30°C.
Unlabeled methionine and cysteine were added, and
an aliquot of the cells was removed and immediately
processed for immunoprecipitation while the remain-
der of the culture was incubated for an additional 60
min before processing. As shown in Figure 7A, this
antiserum detected a protein of 90 kDa in wild-type
cell extracts (lane 2) that was absent in cells carrying
the vps5 null allele (lane 1). Vps5p appeared to be
stable; after a 60-min chase period, no significant de-
crease in the amount of newly synthesized Vps5p was
detected (lane 3). The apparent molecular mass of 90
kDa is larger than that predicted by the primary
amino acid sequence of Vps5p (76 kDa). This discrep-
ancy may be due to the highly charged nature of
Vps5p (pl = 5.04).
Due to its aberrant gel migration pattern, we exam-

ined the possibility that Vps5p was phosphorylated
(Figure 7A, lanes 4-6). The Vps5p-specific antiserum
detected a 90-kDa phosphoprotein in32P-labeled wild-
type cell extracts (lane 5) that was not seen in 32P_
labeled extracts generated from cells carrying the vps5
null allele (lane 4). Furthermore, when VPS5 was
placed in a multicopy vector (2 ,u), an increase in
phosphorylated Vps5p (-10 fold) was seen (lane 6).
To determine the nature of the phosphorylation event,
two-dimensional thin-layer electrophoresis was car-
ried out on an acid hydrolyzed sample of 32P-labeled
Vps5p (Figure 7B). By comparing the migration pat-
tern of 3 P-labeled phosphoamino acids generated
from Vps5p with that of stained phosphoserine, phos-
phothreonine, and phosphotyrosine standards, it was
found that Vps5p was phosphorylated on a serine
residue(s). Like Vps5p, the class B VPS gene product,
Vpsl7p, has also been shown to contain phospho-
serine residues (Kohrer and Emr, 1993).

Vps5p Fractionates with 100,000 x g Membranes
Vps5p is predicted to be a very hydrophilic protein,
being comprised of 31% charged amino acids and
yielding a net charge of -25. Vps5p lacks any obvious
hydrophobic stretches capable of serving as a trans-
membrane domain or as a signal sequence. Despite its
hydrophilic nature, Vps5p was found to be associated
with cellular membranes. In the analysis shown in
Figure 8, A and B, 35S-labeled yeast spheroplasts from
wild-type cells and cells overexpressing Vps5p were
lysed and the lysate was subjected to a set of sequen-
tial centrifugations at 500 x g, 13,000 x g, and
100,000 x g as described earlier. The presence of
Vps5p and organelle marker proteins in each of these

A 35S
A WT 60'

Vps5p - omm*wo-

32P04
A WTr 2p,
..u.. -90kD

._m -90 kDa

1 2 3 4 5 6

B

P-Ser ,

P-Tyr

0

pH 1.9
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Figure 7. Identification and characterization of the VPS5 gene
product. (A) Wild-type (SEY6210) cells (lanes 2 and 5), wild-type
cells carrying VPS5 on a multicopy plasmid (pBHY5-43; lane 6),
and vps5Al cells (BHY152; lanes 1 and 4) were labeled for 10 min
with Tran35S-label at 30°C (lanes 1-3) or 30 min with ortho32PO4
(lanes 4-6). The labeling was terminated by the addition of trichlo-
roacetic acid immediately (lanes 1, 2, and 4-6) or after a 60-min
chase period (lane 3). Cell extracts were generated and Vps5p was
isolated by immunoprecipitation. The immunoprecipitates were re-
solved by SDS-PAGE and visualized by fluorography or autora-
diography. (C) Phosphoamino acid analysis of Vps5p. Vps5p was
immunoprecipitated from 32P-labeled cell extracts and resolved by
SDS-PAGE. Vps5p was eluted and acid hydrolyzed. The hydroly-
sates were mixed with unlabeled phosphoamino standards and
separated by two-dimensional thin-layer electrophoresis. The thin-
layer plates were autoradiographed and the position of the labeled
phosphoamino acid was compared with ninhydrin-stained stan-
dards.

fractions (S5, the 500 x g supernatant, the S13 and P13,
the 13,000 x g supernatant and pellet fraction respec-
tively, as well as the S100 and P100, the supernatant
and pellet fractions of the 100,000 x g spin) was de-
termined by immunoprecipitation. Vps5p fractionated
away from the P13 cell pellet fraction (Figure 8A, lane
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3) which contained plasma membranes, ER, and vac-
uolar membranes (our unpublished results). How-
ever, a significant portion of Vps5p was found in the
high-speed cell pellet fraction (P100) in wild-type cells
(lane 5), cofractionating with the Golgi markers
Mnnlp (Figure 6) and Kex2p (our unpublished re-
sults). When Vps5p was overexpressed (Figure 8B),
the vast majority of the overexpressed material was
found in a soluble cell fraction (S1O0), indicating that
the association of Vps5p with the P100 fraction could
be saturated. Because vps5 and vpsl7 mutants show
the same protein-sorting and vacuole morphology
phenotypes, the fractionation pattern of Vps5p also
was examined in vpsl7Al cells (Figure 8C). Interest-
ingly, Vps5p's association with the P100 cell fraction
was dependent on the presence of Vpsl7p. The vast
majority of Vps5p shifted from the P100 to the S100
cell fraction in cells that lacked Vps17p (Figure 8C). In
addition, Vps5p could be quantitatively extracted
from the P100 fractions with 1 M NaCl, indicating that
Vps5p was peripherally associated with this cell frac-
tion (our unpublished results).

Vps5p/Vpsl7p Cofractionate with Dense
Cellular Membranes
To further characterize the membrane compartment
with which Vps5p associates, the distribution of
Vps5p was examined using Accudenz density gradi-
ents. Spheroplasts generated from wild-type cells
were labeled for 15 min with [35Slmethionine and
[35S]cysteine and chased for another 45 min. The
pulse-labeled spheroplasts were lysed, the lysate was
cleared by centrifugation at 13,000 x g, and the super-
natant was subjected to a 100,000 x g centrifugation.
The resultant pellet was resuspended and loaded onto
a 9-37% Accudenz gradient and spun to equilibrium.
Fractions were collected, and Vps5p, Vpsl7p, VpslOp,
as well as the Golgi membrane protein Kex2p, were
recovered by immunoprecipitation and then resolved
by SDS-PAGE. As shown in Figure 9, Vps5p and
Vpsl7p cofractionated with virtually identical pat-
terns (A), concentrating in fractions 11 and 12. Fur-
thermore, Vps5p and Vps17p associated with mem-
branes with a density distinct from those that contain
the late-Golgi marker protein Kex2p which were con-
centrated in fractions 8 and 9 (Figure 9A). VpslOp was
found predominantly in the Kex2p-positive fractions
and to a lesser degree in lighter membrane fractions
that most likely represent a prevacuolar endosomal
compartment (Becherer et al., 1996). When the P100
membranes were loaded on a 20-50% Accudenz gra-
dient, Vps5p migrated to a midway position in the
gradient corresponding to a density of 1.18 g/cm3 (our
unpublished results), which was similar to the den-
sity observed in Figure 9. These data indicate that
Vps5p and Vps17p are associated with the same

Figure 8. Subcellular frac- SS S13 P13 S100 P100
tion of the VPS5 gene product. A
Wild-type cells (SEY6210; A),
wild-type cells overexpressing Vps5p - __ _ --
Vps5p (B) or vpsl7Al cells
(KKY10; C) were converted to
spheroplasts, labeled with B
Tran35S-label for 15 min,
chased for 45 min at 30°C, Vps5p- _ _
lysed, and subjected to se-
quential differential centrifu-
gation. Equivalent amounts of C
the 500 x g supernatant (S5),
13,000 x g supernatant (S13),
13,000 x g pellet (P13), i"S5P- - -
100,000 x g supernatant
(S100), and 100,000 x g pellet
(P100) fractions were sub- 1 2 t 4 s
jected to quantitative immu-
noprecipitations with antiserum directed against Vps5p. The immu-
noprecipitates were resolved by SDS-PAGE and Vps5p was visual-
ized by fluorography.

dense membrane fraction, distinct from that of
Golgi membranes.

Vps5p and Vps17p Are Part of a Protein Complex
The shared phenotypic characteristics of vps5 and
vpsl7 mutants and the fact that both proteins appear
to be associated with dense membranes indicates that
Vps5p and Vps17p may function at a similar point in
the vacuolar-sorting/biogenesis pathway. Although
no genetic interactions have been uncovered between
vps5 and vps17 mutants, the possibility that Vps5p and
Vps17p physically interact was explored using chem-
ical cross-linking agents. In the experiments shown in
Figure 10, the homobifunctional cross-linking agent
Dithiobis(succinimidylpropionate) (DSP) was used.
DSP contains a disulfide bond in the linker between its
two functional groups so that once isolated, the indi-
vidual components of a cross-linked complex can be
released by treating samples with a reducing agent.
35S-labeled wild-type cells, vps5Al or vpsl7Al cells
were gently lysed, the crude extracts were treated or
not treated with DSP for 30 min and the cross-linking
reaction was quenched with hydroxylamine. The ex-
tracts were then subjected to immunoprecipitation
with Vps5p antiserum under denaturing conditions
and resolved by SDS-PAGE (Figure 10A). A 70-kDa
protein could be cross-linked to Vps5p in wild-type
cell extracts (lane 2). This protein did not coimmuno-
precipitate in the absence of cross-linking agent (lane
1) or when Vps5p was absent (lane 3). The 70-kDa
protein was also absent if the cross-linking reaction
was performed with vpsl7A1 cell extracts, suggesting
that this protein was Vps17p (which migrates at 70
kDa). To confirm that Vps5p and Vps17p formed a
complex, a second set of cross-linking studies were
performed (Figure lOB). 35S-labeled wild-type cell ex-
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Figure 9. Localization of Vps5p and Vps17p by Accudenz density
gradient analysis. Spheroplasts generated from TVY614 cells were
labeled with [35S]methionine and [35Slcysteine for 15 min and then
chased for 45 min. After lysis, large membranes were removed by
centrifugation at 13,000 x g for 10 min, and the cleared lysate was
subjected to centrifugation at 100,000 x g for 60 min. The resultant
pellet (P100) was suspended in lysis buffer, loaded onto a 9-37%
Accudenz gradient, and spun to equilibrium. Twelve fractions were
collected, and Vps5p, Vpsl7p, Kex2p, and VpslOp were immuno-
precipitated from each fraction; the immunoprecipitates were re-
solved by SDS-PAGE and visualized by fluorography. The density
of each gradient fraction was derived from its refractive index.

Figure 10. Cross-linking
11 12 Vps5p and Vpsl7p. (A)

Spheroplasts generated
from wild-type cells (wt),
vps5Al, and vpsl7A1 cells
(A5 and A17, respectively)

_90M_dow-
were labeled with [35S]me-
thionine and [35S]cysteine
for 10 min and then chased
for 30 min. Labeled
spheroplasts were osmoti-
cally lysed and the lysates
were untreated (-) or
treated (+) with the cross-
linking agent DSP. The ex-

Blottom tracts were immunopre-
cipitated with antiserum
directed against Vps5p, the
immunoprecipitates were
reduced with SDS sample
buffer, resolved by SDS-
PAGE, and the cross-
linked products were visu-
alized by fluorography. (B)
Spheroplasts were labeled
and cross-linked as de-
scribed above. Cross-linked
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extracts were subjected to sequential
denaturing but nonreducing condi-

tions using Vps5p or Vps17p antiserum (10 AB). The immunopre-
cipitates there then treated with a reducing or nonreducing buffer
(Red+, Red-, respectively) and then reimmunoprecipitated with a
second antiserum as indicated (2° AB). The final immunoprecipi-
tated material was treated with a reducing sample buffer, resolved
by SDS-PAGE, and visualized by fluorography.

tated, indicating these proteins are complexed in
equimolar amounts. The presence of the Vps5p/
Vps17p protein complex was further confirmed by
native immunoprecipitation (our unpublished re-
sults).

tracts were treated with DSP and then subjected to
sequential immunoprecipitations with Vps5p- and
Vpsl7p-specific antiserum or vice versa under reduc-
ing or nonreducing conditions. In the first set of ex-
periments, cross-linked proteins were immunopre-
cipitated with Vps5p (lane 2) or Vps17p (lane 4)
antiserum under denaturing conditions. The DSP was
reduced and samples were reimmunoprecipitated
with Vpsl7p (lane 2) or Vps5p (lane 4) antiserum.
Vps5p and Vps17p coimmunoprecipitated in both
cases demonstrating a physical interaction between
these two proteins. In a second set of experiments,
sequential immunoprecipitations were performed as
described above, except the cross-linker was not re-
duced between the immunoprecipitations. Under
these conditions only the Vps5p and Vps17p present
in a complex would be isolated and an estimate of
Vps5p and Vpsl7p stoichiometry was generated
(lanes 1 and 3). In both cases, approximately the same
amount of Vpsl7p and Vps5p was coimmunoprecipi-

DISCUSSION

Vps5p is a highly charged 76-kDa phosphoprotein
that peripherally associates with a dense membrane
fraction in a manner that is dependent on the presence
of Vpsl7p, another component of the vacuolar protein
delivery system (Kohrer and Emr, 1993). Chemical
cross-linking studies demonstrate that Vps5p and
Vps17p physically interact. Cells that lack Vps5p func-
tion exhibit defects in vacuolar protein sorting. Al-
though the vast majority of CPY is missorted in these
mutants, the sorting of another soluble hydrolase,
PrA, is only partially affected. The sorting defects in
vps5 mutants appear to result, in part, from the mis-
localization of the vacuolar protein-sorting receptor,
VpslOp. These data indicate that Vps5p together with
Vps17p may participate in the intracellular trafficking
of the VpslO-sorting receptor.
Further support for the role of Vps5p function in

CPY-sorting receptor trafficking comes from the obser-
vation that Vps5p and the mammalian protein SNX1
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share sequence homology. SNX1 was isolated in a
yeast two-hybrid screen designed to uncover proteins
that interact with a cytoplasmic domain of the EGF
receptor. SNX1 was shown to interact with a domain
of the EGF receptor that included the predicted lyso-
some targeting signal (Tyr-Leu-Val-Ile) (Kurten et al.,
1996). Subsequent overexpression of SNX1 resulted in
a decrease in the amount of EGF receptor at the cell
surface of CV-1 cells and an overall decrease in the
total amount of receptor found in the cells, consistent
with its degradation in the lysosome. These results
indicate that SNX1 participates in EGF receptor traf-
ficking to the lysosome (Kurten et al., 1996). Vps5p
may play a similar role in the vacuolar protein-sorting
system by regulating the trafficking of the CPY-sorting
receptor (see below). However, a direct physical inter-
action between Vps5p and the CPY-sorting receptor
has yet to be demonstrated.
Vps5p also shares a limited homology with another

yeast protein Mvplp. Like most vps mutants, cells that
lack Mvplp function missort CPY yet exhibit wild-
type vacuolar morphology (Ekena and Stevens, 1995).
MVP1 was originally identified as a multicopy sup-
pressor of a vpsl dominant mutant (Ekena and
Stevens, 1995). VPS1 codes for a protein that is 45%
identical to the mammalian GTPase dynamin and is
thought to function in the formation of transport ves-
icles that facilitate vacuolar protein targeting (Roth-
man et al., 1990; Vater et al., 1992; Wilsbach and Payne,
1993). The role Mvplp plays in vacuolar protein sort-
ing is unknown, but it has been suggested that Mvplp
may regulate GTP binding to Vpslp or GTP hydroly-
sis (Ekena and Stevens, 1995).

The Vps5/Vpsl7 Protein Complex
Since Vps5p and Vpsl7p form a heteromeric complex,
they appear to function together in the vacuolar pro-
tein-sorting pathway. A large portion of this complex
is peripherally associated with a dense membrane
fraction. Interestingly, the association of Vps5p with
this membrane fraction is dependent on Vpsl7p. It is
unclear if Vpsl7p recruits Vps5p to the membrane or
if only the Vps5p/Vpsl7p complex is capable of mem-
brane association. Although these two proteins lack
significant sequence homology, Vps5p and Vps17p
share two interesting physical characteristics; both
proteins are very hydrophilic and they are both phos-
phorylated on a serine residue(s). An analysis of the
Vps5p phosphorylation state in other vps mutant back-
grounds have failed to identify any potential modula-
tors of phosphorylation (e.g., protein kinases or phos-
phatases; our unpublished results), and the role these
phosphorylation events play has yet to be determined.
However, phosphorylation may be involved in regu-
lating Vps5p and Vpsl7p function by serving to mod-
ulate the membrane association/dissociation of the

Vps5p/Vpsl7p complex or by participating in the re-
cruitment of other potential members of this complex.
The exact nature of the membrane fraction with which
the Vps5p/Vpsl7p complex is associated is unknown,
but it is clearly distinct from Golgi, endosomal, and
vacuolar membranes. The density of the Vps5p/
Vpsl7p containing membranes are strikingly similar
to that observed for COPI- (1.18 g/cm3) and COPII-
(1.19 g/cm3) coated vesicles (Serafini, et al., 1991;
Schekman, personal communication). We are cur-
rently examining the possibility that Vps5p and
Vps17p may be associated with transport vesicles that
function in the endosome to Golgi recycling pathway
(see below).

Vps5p and Receptor Trafficking
The role of VpslOp in yeast vacuolar protein sorting is
similar to that of the M6P receptor in lysosomal pro-
tein sorting in mammalian cells (Horazdovsky et al.,
1995; Stack et al., 1995). Both receptors bind their pro-
tein ligands in a late Golgi compartment or TGN. The
receptor/ligand complexes are packaged into trans-
port vesicles which are then delivered to an interme-
diate endosomal compartment where the ligands dis-
sociate from the receptor. The ligands/hydrolases are
then delivered to the vacuole or lysosome, whereas
the receptors recycle back to the late Golgi for another
round of sorting. The process of receptor recycling
appears to be highly regulated (Cereghino et al., 1995;
Cooper and Stevens, 1996). In yeast, a number of VPS
gene products have been implicated specifically in
VpslOp recycling including Vps29p, Vps3Op, Vps35p,
and Vps27p (Piper, et al., 1995; Seaman et al., 1997). As
seen in vps5 mutants, mutations in VPS29, 30, and 35
result in a shift of VpslOp from a Golgi-enriched frac-
tion to the vacuole membrane (Seaman et al., 1997).
This has led to the proposal that these three proteins
act in the retrieval of VpslOp from the prevacuolar
endosome to the late Golgi. Thus, in vps29, 30, and 35
mutants, VpslOp accumulates in endosomes and is
eventually missorted to the vacuole. Interestingly, un-
like vps5 mutants, vps29, 30, and 35 mutant cells con-
tain normal-appearing vacuoles. This key difference
indicates that Vps5p may be involved in a different
aspect of VpslOp trafficking. One possibility is that
Vps5p functions as a more generalized factor involved
in the formation of recycling vesicles at the endosome
that return VpslOp back to the Golgi or Vps5p may be
a critical component of the recycling vesicles them-
selves. In cells that lack Vps5p, VpslOp would become
trapped in the prevacuolar endosome and ultimately
be missorted to the vacuole. However, the missorting
of VpslOp alone cannot explain the fragmented ap-
pearance of the vacuole in vps5 mutants since vps29,
30, and 35 mutants exhibit a more severe mislocaliza-
tion of VpslOp yet contain morphologically normal
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vacuoles. It is likely that other proteins mislocalized in
vps5 mutants (but not in vps29, vps3O, and vps35 mu-
tants) are required for normal vacuolar integrity.
Although the exact function of Vps5p in vacuolar

protein localization is still unknown, the evidence pre-
sented in this study is consistent with its participation
in VpslOp trafficking events. It is becoming increas-
ingly clear that many aspects of vesicle-mediated pro-
tein sorting are conserved in a wide variety of eukary-
otic systems. The homology between Vps5p and
mammalian SNX1 suggests that the basic mechanisms
involved in intracellular receptor protein trafficking
are also shared. Determining the precise role Vps5p
plays in trafficking the VpslO-sorting receptor be-
tween the endosome and Golgi should lead to insights
into the role this family of proteins plays in a wide
variety of receptor trafficking events.
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