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The Saccharomyces cerevisine VPS55 (Y]R044c) gene encodes a small protein of 140 amino acids with
four potential transmembrane domains. VPS55 belongs to a family of genes of unknown function,
including the human gene encoding the obesity receptor gene-related protein (OB-RGRP). Yeast
cells with a disrupted VPS55 present normal vacuolar morphology, but exhibit an abnormal
secretion of the Golgi form of the soluble vacuolar carboxypeptidase Y. However, trafficking of the
membrane-bound vacuolar alkaline phosphatase remains normal. The endocytosis of uracil
permease, used as an endocytic marker, is normal in vps55A cells, but its degradation is delayed
and this marker transiently accumulates in late endosomal compartments. We also found that
Vps55p is mainly localized in the late endosomes. Collectively, these results indicate that Vps55p
is involved in late endosome to vacuole trafficking. Finally, we show that human OB-RGRP
displays the same distribution as Vps55p and corrects the phenotypic defects of the vps55A strain.
Therefore, the function of Vps55p has been conserved throughout evolution. This study highlights
the importance of the multispanning Vps55p and OB-RGRP in membrane trafficking to the

vacuole/lysosome of eukaryotic cells.

INTRODUCTION

The vacuole of Saccharomyces cerevisiae, the equivalent of the
mammalian lysosome, serves as an important storage reser-
voir for amino acids, small ions, and polyphosphates, and is
essential for osmoregulation and ion homeostasis (for a re-
view, see Jones et al., 1997). The vacuole receives endocytic
traffic from the cell surface, biosynthetic traffic from the late
Golgi compartments, and elements from the cytoplasm (Bry-
ant and Stevens, 1998; Conibear and Stevens, 1998; Klionsky
and Emr, 2000). Newly synthesized vacuolar hydrolases
transit through the early stages of the secretory pathway and
are actively sorted away from secreted proteins in the late
Golgi compartment, the equivalent of the mammalian trans-
Golgi network (TGN), before being delivered to the vacuole
(Raymond et al., 1992; Vida et al., 1993; Bryant and Stevens,
1998; Conibear and Stevens, 1998). There are at least two
routes from the Golgi apparatus to the vacuole. Various
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proteins, including the vacuolar carboxypeptidase Y (CPY)
itself, follow the so-called “CPY pathway” and transit
through a prevacuolar/endosomal compartment (PVC;
Conibear and Stevens, 1998). The alkaline phosphatase
(ALP) follows an alternative route to the vacuole, the adap-
tor protein-3-mediated pathway (AP-3), which bypasses the
PVC, leading directly from the late Golgi to the vacuole
(Conibear and Stevens, 1998). Proteins from the plasma
membrane that have undergone endocytosis converge with
the CPY pathway at the PVC (Piper et al., 1995; Rieder et al.,
1996).

The overproduction of CPY or mutations in its gene result
in the missorting and secretion of the protein into the me-
dium (Stevens et al., 1986; Johnson et al., 1987). During the
past years, classical genetic screens in yeast, notably based
on the selection of mutants secreting CPY in the medium,
have led to the identification of >50 gene products involved
in biosynthetic protein trafficking to the vacuole (Bankaitis et
al., 1986; Rothman and Stevens, 1986; Stack et al., 1995; For
review, see Conibear and Stevens, 1998; Lemmon and Traub,
2000). These different genes, referred to as VPS (vacuolar
protein sorting), have been classified in several complemen-
tation groups according to the phenotype and the morphol-
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ogy of endocytic compartments of the cells carrying null
mutations (class A, B, etc.; Raymond et al., 1992).

The sequencing of the S. cerevisine genome permits the use
of new strategies to characterize functionally important
genes, in particular, those involved in the VPS pathway. A
more global approach is the systematic screening of strains
disrupted for one given gene. The European Functional
Analysis Network (EUROFAN) project has established a
collection of 800 strains disrupted for nonessential genes
(Oliver, 1996), and a complete library of S. cerevisine mutant
strains is now available (Delneri et al., 2001). To identify
potential defects in the vacuolar pathway, i.e.,, VPS genes,
we have performed a systematic analysis of the EUROFAN
collection by monitoring the transport of the vacuolar CPY
in the secretory pathway and its targeting to the vacuole
(Avaro et al., 2002). In this study, we report the character-
ization of YJR044c, a new VPS gene that we have named
VPS55.

VPS55 encodes a small protein of 140 amino acids with
four potential transmembrane domains with homologs of
unknown function in a large number of species, including
human OB-RGRP (obesity receptor gene-related protein).
The OB-RGRP transcript is derived by alternative splicing
from the same mRNA as OB-R, the leptin receptor that is
involved in the regulation of body weight, but it does not
display any sequence homology with the leptin receptor
itself (Bailleul et al., 1997). OB-R and OB-RGRP have similar
patterns of expression, suggesting that their functions may
be connected (Bailleul et al., 1997).

This study provides the first clues to the function of a
member of the OB-RGRP family, Vps55p. We show that
disruption of the VPS55 gene leads to secretion of the CPY
precursor into the medium and a delay in the late steps of
endocytosis. We report the localization of Vps55p and show
that human OB-RGRP produced in yeast complements the
disruption of the VPS55 gene.

MATERIALS AND METHODS
Media and Growth Conditions

The S. cerevisiae strains and plasmids used in this study are listed in
Table 1. Cells were grown in YPD medium (1% yeast extract, 2%
peptone, 2% glucose) or in defined YNB minimal medium contain-
ing 0.67% yeast nitrogen base without amino acids (Difco, Detroit,
MI) supplemented with appropriate nutrients (Sherman et al., 1986).
The carbon source was 2% glucose, lactate, or galactose.

Plasmids and Strains Construction

DNA manipulations, including restriction analysis, ligation, and
polymerase chain reaction (PCR) amplification were performed es-
sentially as described by (Maniatis et al., 1982)

To construct pYEF2-GAL10-VPS55-HA and pYEF2-GAL10-OB-
RGRP-HA, BamHI/Notl fragments encoding either Vps55 or OB-
RGRP were obtained by PCR (oligonucleotides VPS55-F and
VPS55-R to amplify Vps55p, and OB-RGRP-F and oligonucleotides
OB-RGRP-R to amplify OB-RGRP). The fragments were inserted
into the BamHI and Notl sites of pYEF2 (Cullin and Minvielle-
Sebastia, 1994) such that they were under the control of the GAL10
promoter and were in frame with the fragment encoding the hem-
agglutinin (HA) epitope.

For the HA, Myc, and green fluorescent protein (GFP) fusion
constructs, the 3’ flanking sequence of VPS55, including the stop
codon, was replaced by a PCR-amplified fragment containing the
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kanMX6 module as a selection marker and the genes encoding the
GFP (S65T) variant, the 13Myc, or the 3HA epitopes (Wach et al.,
1997; Longtine et al., 1998). The PCR fragments were generated by
amplification with oligonucleotides F2-VPS55 and R1-VPS55 using
pFA6a-GFPS65T-kanMX6, pFA6a-13Myc-kanMX6, or pFA6a-3HA-
kanMX6 as the template (Wach et al., 1997). The fragments were
introduced into appropriate strains and clones were selected on
appropriate plates.

Uracil Permease Activity

Uracil permease uptake, used to quantify the amount of cell-surface
permease, was measured in wild-type and vps55A cells transformed
with pFL38gF containing the FUR4 gene, encoding uracil permease,
under the control of the GAL10 promoter as described in Volland et
al. (1994). For complementation studies with yeast and human
VPS55, wild-type and vps55A cells were transformed with pgF and
pYCG-VPS55, pYEF2, pYEF2-GAL10-VPS55-HA, or pYEF2-OB-
RGRP-HA vectors. Cells were grown overnight in a medium con-
taining lactate, and uracil permease uptake was measured after 3 h
of induction in a medium containing galactose.

Yeast Cell Extracts and Immunoblotting

For Western immunoblotting, cells were grown in YPD (for the
detection of CPY, ALP, or Vps10p) or YNB galactose based medium
(for detection of Fur4p), and were collected by centrifugation during
the exponential phase of growth. Protein extracts were prepared
from 1 to 2 ml of culture, and were lysed by incubation with 0.185
N NaOH for 10 min on ice. Proteins were precipitated by incubation
with 10% trichloroacetic acid (TCA) for 10 min on ice, and were
collected by centrifugation for 10 min at 12,000 X g. Protein pellets
were resuspended in 50 ul of SDS sample buffer (4% SDS, 0.3 M
Tris-HCl, 4 mM EDTA, 20% glycerol, 2% B-mercaptoethanol, 0.02%
bromphenol blue) and were heated for 4 min at 95°C, except for
uracil permease (10 min at 37°C). Proteins were separated by SDS-
PAGE in 10% Tricine gels and were analyzed by immunoblotting
with monoclonal or polyclonal antibodies as described below. The
primary antibodies were detected with horseradish peroxidase—
conjugated anti-mouse IgG or anti-rabbit IgG secondary antibodies,
and the secondary antibodies were detected by enhanced chemilu-
minescence (ECL; Boehringer Mannheim. Indianapolis, IN).

Membrane Extraction and Subcellular Fractionation

Cells expressing Vps55-HA were spheroplasted as previously de-
scribed (McNew and Goodman, 1994) and extracts were prepared
as described by (Ossig et al., 1991). The homogenate was aliquoted
in polyallomer microultracentrifuge tubes. Extractions were per-
formed for 30 min on ice with either lysis buffer alone, 1% Triton-
X100 in lysis buffer, or 0.1 M sodium carbonate in water (pH 11.5).
The extracts were separated into membrane and soluble fractions by
centrifugation at 100,000 X g for 1 h at 4°C in an ultracentrifuge
(TL100; Beckman Instruments, Palo Alto, CA). Proteins from the
supernatant were precipitated in 10% TCA for 30 min, pelleted, and
resuspended in SDS sample buffer, as were the membrane pellets.
The organelles from wild-type and vps35A cells were fractionated by
differential centrifugation as described by Kranz ef al. (2001). Pro-
teins from the various fractions containing equal amounts of cells
(2 X 10°% cells) were separated by SDS-PAGE and analyzed by
Western immunoblot as described above.

Detection of Secreted CPY

For the detection of secreted CPY, 10 ul of a culture of exponentially
growing cells (107 cells/ml) were collected and spotted onto YPD or
YNB + 2% galactose plates, and were grown for 48 h in contact with
a 0.45-um nitrocellulose filter (Schleicher & Schuell, Keene, NH).
The filter was then removed from the plate, the cells were washed
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Table 1. Strain and plasmid list

Plasmids

PFL38gFE
pFL38gE-GFP

ARS/CEN, URA3, GAL10-FUR4
ARS/CEN, URA3, GAL10-FUR4-GFP (565G, S72A)

Genotype Source
Strains
FHERO001-03B Mata ura3-52 leu2A1 his3A200 EUROFAN
FHERBN1 Mata ura3-52 his3A200 leu2-1 kanMX6 VPS55-GFP This study
FHERBN2 Mata ura3-52 his3A200 leu2-1 kanMX6 VPS55-HA This study
FFNS008-07C Mata his3A200 leu2A1 ura3 Y[R044c::kanMX4 EUROFAN
RH2605 Mata leu2 ura3 his barl end13-1/vps4 Munn and Riezman, 1994
RH2180 Mata ade6 his4 leu2 ura3 pep4 vpsl-delta2 Munn and Riezman, 1994
RPY2 Mata leu2-3,112 ura3-52 his4-519 ade6 gal2 vps27-1 Piper et al., 1995
SEY5076 Mata ura3-52 leu2, 3, -112 sec7-1 Emr et al., 1984
FY SEC7GFP Mata his3 leu2 ura3 SEC7-GFP Séron et al., 1998
FY SEC7GFPBN1 Mata his3 leu2 ura3 kanMX6 SEC7-GFP VPS55-Myc This study
IW-6A Mata ura3-1 his3-11,-15 leu2-3 112 trpl pep4-3 Volland et al., 1994
RPY2BN1 Mata leu2-3,112 ura3-52 his4-519 ade6 gal2 vps27-1 kanMX6 VPS55-GFP This study
RPY2BN5 Mata leu2-3,112 ura3-52 his4-519 ade6 gal2 vps27-1 kanMX6 VPS55-HA This study
MHY1269 Mata his3-A200 leu2-3,112 ura3-52 lys2-801 trp1-1 vps27-Al::LEU2 Swaminathan et al., 1999
Y01271 Mat « his3A1 leu2 A0 met15A0 ura3A0 vps35A ::kanMX4 EUROSCARF
Y01271BN1 Mat o leu2A0 met15A0 ura3A0 vps35A::kanMX4 VPS55-HA This study
FDRNO008-05A(A) Mato ura3-52 trplA 63 apm3A::kanMX4 EUROFAN

Séron et al., 1999
Dupré and Haguenauer-
Tsapis, 2001

pgF (PAP3) 2w, LEU2, GAL10-FUR4 Jund et al., 1988
PYEF2 2w, URA3 Cullin and Minvielle-
Sebastia, 1994
PYEF2-GAL10-VPS55-HA 2, URA3, GAL10-VPS55-HA This study
PYEF2-GAL10-OB-RGRP-HA  2u, URA3, GAL10-OB-RGRP-HA This study
pYCG-YJR044C (pYCG-VPS55) ARS, URA3, VPS55 EUROFAN
Oligonucleotides Sequence
VPS55-F 5'-CGC GGA TCC ATC GAT ATG ATG GAA TTC AAA GTG TCA CC-3' This study
VPS55-R 5'-CTT TTC CTT TTG CGG CCG CCA CCA AAA AGG GAA TCA TCT TC-3" This study
OB-RGRP-F 5'-CGG GAT CCA TCG ATA TGG CGG GCG TTA AAG CTC TC-3' This study
OB-RGRP-R 5'-GGA ATT CGC GGC CGC CCC ACT GCT CCC AGC TAA AAT C-3' This study
F2-VPS55 5'-TGG TTT TTC AAA AAA GAT TTC AAC GAA GAT GAT TCC CTT TTT  This study
GGT CGG ATC CCC GGG TTA ATT AA-3'
R1-VPS55 5'-ACC CAG TTG GCT TAG TCT GTT GAG GGG ATG AGT AAT TGT TAT This study

ATA GAA TTC GAG CTC GTT TAA AC-3'

with distilled water, and we tested for CPY immunologically as
previously described (Roberts et al., 1991).

Pulse-Chase Labeling and Immunoprecipitation

Yeast cells were cultured in YNB medium to a density of 2 X 107
cells/ml with glucose as a carbon source. Cells were collected by
centrifugation, concentrated to 2 X 10® cells/ml in fresh medium
with 50 mM KPO,, pH 5.7, and 2 mg/ml bovine serum albumin
(BSA), and incubated for 15 min at 30°C. They were then labeled by
incubation for 10 min with 150 uCi [3°S]-Translabel (NEN, Boston,
MA) per milliliter of culture, followed by a chase with 10 mM
unlabeled methionine plus cysteine. Aliquots (0.9 ml) were removed
at various times during the chase, and proteins were precipitated
either from total cell culture or after separating the cells and me-
dium. Precipitated proteins were processed for CPY immunopre-
cipitation as previously described (Volland et al., 1992), except that
samples were heated for 4 min at 95°C. Pulse-chase labeling and
immunoprecipitation of Vpsl0p and Vps55-HA were done as de-
scribed for CPY except that the cells were concentrated in fresh
medium without KPO, and BSA, and the proteins were precipitated
from total cell culture. Proteins were separated by SDS-PAGE in 8%
Tricine gels, and radioactivity was detected by fluorography as
previously described (Volland et al., 1992).
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Antibodies

The following monoclonal antibodies were used throughout this
study: CPY, ALP, Vps10p, and Pep12p (Molecular Probes, Eugene,
OR), HA (F-7 from Santa Cruz Biotechnology, Santa Cruz, CA), and
Myc (9E10 from Roche Diagnostics, Somerville, NJ). The following
polyclonal antibodies were used: CPY, Vps10p, Ssslp, Pmalp (gifts
from H. Riezman, A.A. Cooper, A. Kepes, and R. Serrano, respec-
tively), and Fur4p (Volland et al., 1994). Monoclonal and polyclonal
CPY antibodies were used for CPY colony immunoblotting and
immunoprecipitation, respectively. The secondary antibodies used
for immunoblotting were horseradish peroxidase—conjugated anti-
mouse IgG or anti-rabbit IgG. Bound secondary antibodies were
detected by ECL (Boehringer Mannheim).

Lucifer Yellow (LY) Accumulation Assay

The accumulation of LY carbohydrazide (Sigma, St. Louis, MO) in
vacuoles was assessed essentially as described by Dulic ef al. (1991).
Exponentially growing cells were concentrated to an Ay ., 0f 20 in
fresh medium and were incubated with 8 mg/ml LY in the dark for
30 min at 30°C. Cells were then washed three times in 1 ml of
ice-cold buffer (50 mM sodium phosphate, 10 mM sodium azide, 10
mM sodium fluoride, pH 7). Samples were examined under a mi-
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croscope (Leica, Deerfield, IL) with fluorescein isothiocyanate
(FITC) fluorescence optics.

FM4-64 Endocytosis Assay

Exponentially growing cells were collected by centrifugation, resus-
pended to an Ayy) m, Of 10 in fresh medium with 10 uM FM4-64
(Molecular Probes), and incubated for 30 min at 30°C. Cells were
then collected by centrifugation and were resuspended in 1 ml of
fresh medium for 1 h. Cells were collected, rinsed, suspended in
water, and examined by epifluorescence microscopy with a micro-
scope (Leica) using a rhodamine filter set.

Fur4-GFP Endocytosis Assay

Wild-type and ups55A cells transformed with pFL38gF-GFP were
grown at 30°C in YNB medium with galactose as a carbon source.
Cycloheximide (CHX; 100 pg/ml) was added to exponentially
growing cells. Aliquots were withdrawn at the times indicated after
the addition of CHX and were washed with 10 mM ice-cold sodium
azide. To visualize the vacuolar morphology, cells were collected
and incubated for 15 min in 1.2 M sorbitol, 20 mM KPi, pH 7.4. Cells
were examined by Nomarski optics and for GFP fluorescence with
an FITC filter set.

Immunofluorescence

Yeast cells were grown to a density of 107 cells/ml and were fixed
by incubation for 45 min in 3.7% formaldehyde in buffer A (1.2 M
sorbitol, 20 mM potassium phosphate, pH 7.4). Cells were collected
by centrifugation and were resuspended to a density of 4 X 107
cells/ml in buffer B (10 mM dithiothreitol [DTT], 0.1 M Tris/HC],
pH 9.4). The cells were incubated for 8 min, washed twice in buffer
A, resuspended in 2 ml of buffer A supplemented with 0.2 mg/ml
Zymolyase 20 T (Seikagaku, Tokyo, Japan), and incubated for 15-30
min at room temperature. The resulting spheroplasts were washed
twice in buffer A and were spotted onto polylysine-coated slides for
5 min. They were then permeabilized by incubation in phosphate-
buffered saline (PBS; 50 mM potassium phosphate pH 7.5, 150 mM
NaCl) supplemented with 1% Triton X-100 for 5 min on ice. The
slides were rinsed with PBS and were incubated for 1 h with the
primary antibody diluted 1:50 in PBS supplemented with 1% BSA.
The slides were then washed three times in PBS and were incubated
with rhodamine-conjugated goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories, West Grove, PA) diluted 1:250 for 30 min.
The slides were mounted in Citifluor (Citifluor, London, United
Kingdom). Samples were viewed under a microscope (Leica) with
FITC and rhodamine filter sets and Nomarski optics.

RESULTS

The Vps55A Strain Is Impaired in Trafficking from
the Golgi Apparatus to the Vacuole

The EUROFAN project consisted of the systematic disrup-
tion of 800 genes followed by their functional analysis. Anal-
ysis of the vps55A mutant showed that the disrupted cells do
not present any thermosensitivity (data from the Munich
Information Center for Protein Sequences: http://mips.
gsf.de/). The cells grow normally at 15°C, 24°C, 30°C, and
37°C (our unpublished results). To determine whether
upsb5A cells present any defect in the secretory pathway, we
used Western immunoblots to systematically analyze vari-
ous marker proteins that undergo posttranslational modifi-
cations during their intracellular trafficking: the secreted
pheromone a-factor, the periplasmic glycoprotein invertase,
and the plasma membrane glycosylphosphatidylinositol
(GPI)-anchored protein Gaslp. These three proteins dis-
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played normal electrophoretic patterns, indicating that
upsb5A cells have normal endoplasmic reticulum (ER) trans-
location, ER-associated modifications, and ER to Golgi traf-
ficking (Avaro et al., 2002). The membrane-bound vacuolar
ALP also displayed a normal electrophoretic pattern (Figure
1A). Conversely, the precursor form of ALP (proALP) was
detected in the sec7-1 mutant, which is defective in ER to
Golgi and intra-Golgi transport (Franzusoff and Schekman,
1989; Wolf et al., 1998), and in the apm3A mutant, which lacks
one of the four subunits of the heterotetrameric adaptor
protein complex AP-3 and is thus defective in the transport
of ALP from the TGN to the vacuole (Cowles et al., 1997).
These data indicate that vps55A cells display normal traffick-
ing of ALP. In contrast, vps55A cells accumulate a precursor
form of the soluble vacuolar CPY (Figure 1A).

The prepro-CPY protein is translocated into the lumen
of the ER, where it is converted into the p1-CPY glycosy-
lated precursor form of the protein. During its transit
through the Golgi apparatus, mannose residues are added
to p1-CPY to generate the p2-CPY form. CPY is finally
transported via late endosomes to the vacuole, where it is
processed to the mature form (Graham and Emr, 1991;
Vida et al., 1993). The vps55A cells had lower steady-state
amounts of the mature form of CPY and accumulated the
Golgi precursor form (p2-CPY) of the protein (Figure 1A).
A huge accumulation of the p2-CPY form is observed in a
control strain, the pep4 mutant, which is deficient in pro-
teinase A, the product of the PEP4 gene, which is neces-
sary for the vacuolar maturation of p2-CPY (Ammerer et
al., 1986). Changes in CPY targeting from the Golgi appa-
ratus to the vacuole lead to the secretion of the inactive
zymogen into the medium. Colony immunoblotting anal-
ysis of the extracellular CPY showed that the protein was
secreted by the vps55A mutant, but to a lesser extent than
in the control strains, vpsl and vps4/end13, which are
impaired in Golgi to vacuole targeting (Figure 1B).

We characterized the CPY defect displayed by the
vps55A strain further by analyzing CPY processing in
wild-type, vps1, and vps55A cells using pulse-chase exper-
iments followed by the immunoprecipitation of CPY (Fig-
ure 1C). After a 5-min pulse, the predominant signal was
the p1-CPY and 5 min of chase were necessary to detect
p2-CPY in the three strains (Figure 1C). The mature form
of CPY could be detected in wild-type cells after a 10-min
chase, whereas processing was delayed in vps55A cells
and 20 min of chase were required before the mature form
could be detected. Even after 40 min of chase, processing
was incomplete in vps55A and no mature form could be
detected in vpsl cells, whereas CPY was completely pro-
cessed in wild-type cells. We estimated that the rate of
formation of mCPY was at least a 1.5-fold lower in vps55A
cells.

To characterize the secreted CPY, we separated the cells,
the medium, and immunoprecipitated CPY. After a 40-min
chase, p2-CPY was secreted into the culture medium of vps1
cells (~50% secretion) and ovps55A cells (~20% secretion),
whereas no CPY was detected in the culture medium of
wild-type cells (Figure 1C). These observations indicated
that the secreted CPY detected by colony immunoblot prob-
ably corresponds to the Golgi form of the protein. Thus,
upsb5A cells are impaired in the CPY pathway.
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Figure 1. CPY maturation is delayed and p2-CPY is secreted in the
medium in ovps55A cells. (A) Total protein extracts were prepared
from exponentially growing wild-type, vps55A, sec7-1, apm3A, and
pep4 cells. ALP and CPY were analyzed by SDS-PAGE and immu-
noblotting. The positions of the precursors (p2-CPY and proALP)
and the mature (m) forms are indicated. In addition to proALP, all
cells also display a lumenal aberrantly processed soluble form of
ALP, as described by Stepp et al. (1997). (B) vpsb5A, vpsl, and
end13-1/vps4 cells were grown on YPD plates (10° cells/spot) for
48 h in contact with a nitrocellulose membrane. Secreted CPY was
detected on the membrane by probing with a mAb directed against
CPY. (C) Wild-type, vpsb5A, and vpsIA cells were labeled with
[3°S]-Translabel for 10 min and chased for the indicated times in the
presence of 10 mM unlabeled methionine plus cysteine. CPY was
precipitated either from total cell culture (0, 5, 10, 20, and 40 min) or
after the separation of cells (I, intracellular) and medium (E, extra-
cellular; 40 min of chase). Aliquots corresponding respectively to 1
vol (total cell culture), 3 vol (I), or 6 vol (E) of original proteins were
analyzed by SDS-PAGE, and radioactivity was detected by fluorog-
raphy. As no p2-CPY was recovered in the intracellular fractions
after 40 min of chase, the percentage of CPY secretion was roughly
estimated from the overall CPY pattern in total cell culture at 40
min. The recovery of immunoprecipitated proteins was lower for I
and E than in T. The ER (p1), Golgi (p2), and mature (m) forms of
CPY are indicated.
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Figure 2. Vps55A cells are defective in endocytosis of LY and
FM4-64. (A) Wild-type and oups55A cells were incubated in the
presence of 8 mg/ml LY for 30 min at 30°C as described in “Mate-
rials and Methods” and were then viewed by fluorescence micros-
copy using an FITC filter set. (B) Wild-type and vps55A cells were
incubated in the presence of 10 uM FM4-64 for 30 min at 30°C as
described in “Materials and Methods.” The wvps27-1 cells were
shifted to 37°C for 1 h and were then incubated with FM4-64. The
localization of FM4-64 was detected by fluorescence microscopy
using the rhodamine filter set.

Vpsb5p Is Required for Targeting from Late
Endosomes to the Vacuole

The Golgi to vacuole targeting defect observed in ups55A
cells may result either from a defect in trafficking from the
Golgi apparatus to late endosomes, or a defect in trafficking
from late endosomes to the vacuole. We therefore checked
whether this mutant displayed a defect in the endocytic
pathway that intersects with the Golgi to vacuole trafficking
at the level of late endosomes. We first assessed endocytosis
using the small LY dye (Figure 2). LY was internalized by
fluid phase endocytosis and accumulated in the vacuolar
lumen of wild-type cells (Figure 2A; Dulic et al., 1991). After
incubating the vps55A mutant in the presence of LY for 30
min, most of the cells exhibited a punctuate fluorescent
pattern reminiscent of endosomes and unstained vacuoles
(Figure 2A). The vps55A cells hence display a strong defect in
fluid phase endocytosis. Defective vacuolar accumulation of
LY can arise from either defective internalization or impair-
ment in later endocytic steps. We thus also monitored the
endocytosis of the lipophilic steryl dye FM4-64. In wild-
type cells, FM4—-64 was incorporated into the plasma mem-
brane from where it was endocytosed and transported to the
vacuole, where it accumulated at the limiting vacuolar mem-
brane (Figure 2B; Wendland et al., 1996). When vps55A cells
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Figure 3. Vps55A cells are impaired in the uracil permease endo-
cytic pathway. (A) Wild-type and vps55A cells transformed with
pFL38gF (producing Furdp under the control of a galactose pro-
moter) were grown to the exponential growth phase in galactose
medium. CHX was added to a final concentration of 100 ug/ml, and
uracil uptake was measured at the indicated times. Results are
presented as a percentage of initial activity. (B) Aliquots were
collected at the indicated times after CHX addition and protein
extracts were prepared. Proteins from 1.5 X 107 cells were analyzed
for uracil permease (Furdp) by immunoblot.

were incubated with FM4-64 only, a subset of the cells
displayed vacuolar membrane staining and in addition, the
dye accumulated in two to three spots close to the vacuolar
membrane (Figure 2B). This indicates that FM4-64 was
trapped in an endosomal compartment, delaying its target-
ing to the vacuole. The FM4-64-labeled spots that accumu-
lated in vps55A cells appeared to be smaller than those that
accumulated at a restrictive temperature in thermosensitive
vps27-1 cells, which are known to accumulate FM4-64 in
the enlarged prevacuolar “class E” compartment. Thus, en-
docytosis was considerably altered in vps55A cells. How-
ever, this test cannot clearly discriminate between a defect in
early to late endosomes or in late endosomes to vacuole
trafficking. We therefore assessed the endocytosis of a third
marker, the plasma membrane uracil permease. Uracil per-
mease undergoes basal endocytosis and vacuolar degrada-
tion in exponentially growing cells and accelerated endocy-
tosis in certain conditions such as the inhibition of protein
synthesis (Volland et al., 1994; Galan et al., 1996). We fol-
lowed the fate of plasma membrane uracil permease in a
wild-type strain and in the vps55A mutant after the addition
of CHX (Figure 3, A and B). Uracil uptake, used to assess the
amount of permease at the cell surface, was determined at
various times (Figure 3A), and uracil permease was ana-
lyzed by Western immunoblotting (Figure 3B). The wild-
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type and vps55A strains displayed a similar decrease in
uracil permease uptake, showing that internalization occurs
at the same rate in the two strains (Figure 3A). In contrast,
the rate of permease degradation in wps55A cells was
strongly reduced compared with that of wild-type cells (Fig-
ure 3B). Almost no degradation of uracil permease was
observed 120 min after the addition of CHX in the ups55A
strain, whereas in wild-type cells, almost all the uracil per-
mease had disappeared within this period (Figure 3B).

To determine whether impairment of permease degrada-
tion results from a deficiency in vacuolar protease activities
or from an impairment in permease trafficking, we followed
the endocytosis of uracil permease tagged at its C terminus
with a brilliant version of the GFP (Dupré and Haguenauer-
Tsapis, 2001). Punctuate Fur4-GFP staining was detected at
the cell periphery in exponentially growing wild-type and
upsb5A cells (Figure 4A). Some small dots were also found
throughout the cytoplasm. After 90 min of treatment with
CHX, the fluorescence almost entirely disappeared from
wild-type cells, consistent with the permease degradation
observed on Western immunoblots. In vps55A cells, plasma
membrane staining entirely disappeared after 90 min of
CHX treatment, in agreement with the loss of permease
activity, and Fur4-GFP accumulated in small dots (~3-4 per
cell) often located near the vacuoles, as detected by Nomar-
ski optics (Figure 4A). To characterize these compartments
further, cells that had been treated with CHX for 90 min
were analyzed simultaneously for Fur4-GFP and for Pep12p,
a t-soluble NSF (N-ethylmaleimide-sensitive factor) attach-
ment protein receptor (SNARE) that is a marker of the late
endosomal /PVC (Becherer ef al., 1996). As above, Fur4-GFP
was almost undetectable in wild-type cells (Figure 4B). The
Fur4-GFP signal detected in oups55A cells partially over-
lapped with Pep12p, indicating that these cells transiently
retained uracil permease in late endosomal-type structures
(Figure 4B). These data suggest that Vps55p is required for
the correct trafficking of endocytic material from the late
endosomes to the vacuole.

Vps55A Cells Are Class A Mutant Cells

VPS genes that may act at the same step of the trafficking
pathway have been grouped into six classes (A through F)
based on vacuolar morphology (Raymond et al., 1992; for
review, see Conibear and Stevens, 1998, Lemmon and Traub,
2000). Among these mutants, only class A and class E mu-
tants display wild-type vacuolar morphology. The ups55A
cells present a wild-type vacuolar morphology, as shown by
Nomarski optics on unfixed cells (Figure 2B, compare wild-
type and Vpsb5A cells), and thus can be considered to be
either class A or class E mutants. In contrast to class A
mutants, class E mutants accumulate a structure adjacent to
the vacuole that corresponds to an exaggerated version of
the PVC found in the wild-type cells and is referred to as the
“class E compartment.” Class E mutants accumulate late
endosomal and vacuolar markers in this class E compart-
ment. We examined upsb5A cells by immunofluorescence
using Pep12p as a marker of the PVC. In wild-type cells, the
anti-Pep12p antibody stained the cytoplasm as series of
small dots (Figure 4 and 5). In cells lacking Vps55p, the
anti-Pep12p gave a slightly different pattern, comma-shaped
rather than punctuate (Figure 5), and the Pep12p signal was
slightly enhanced. This was most visible after Triton-X100
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permeabilization for slightly longer periods (10 min in Fig-
ure 4 compared with 5 min in Figure 5). This pattern is
similar to, but less pronounced than, that observed in the
class E vps27-1 mutant. In this thermosensitive mutant,
Pep12p accumulated, at 37°C, in the exaggerated PVC,
which appears mostly as a unique spot close to the vacuole
(Figure 5; Piper et al., 1995). We also investigated the distri-
bution of Vma2p/Vat2p, the peripheral subunit of the vac-
uolar ATPase (Figure 5). In wild-type and vpsb5A mutant
cells, the anti-Vma2p antibody stained the vacuolar mem-
brane, whereas in vps27-1 cells shifted to 37°C, Vma2p was
trapped in the class E compartment (Figure 5). Similar re-
sults were obtained with the anti-Vphlp antibody, which
binds to the transmembrane subunit of the vacuolar ATPase
(our unpublished results), suggesting that vps55A cells are a
class A mutant. However, some vps class E mutants, like the
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Figure 4. Uracil permease accumulates in late en-
dosomal/prevacuolar compartments in vps55A cells.
(A) Wild-type and ups55A cells transformed with
pFL38gF-GFP (expressing Fur4-GFP under the con-
trol of a galactose promoter) were grown at 30°C in
galactose medium. CHX was added to exponentially
growing cells. Aliquots were withdrawn at the times
indicated after addition of CHX and were examined
by Nomarski optics and for GFP fluorescence using
the FITC filter set. (B) Wild-type and vps55A cells
expressing Fur4-GFP and treated with CHX for 90
min were processed for immunofluorescence using
the anti-Pep12p antibody followed by rhodamine-la-
beled goat anti-mouse IgG as described in “Materials
and Methods,” except that cells were permeabilized
with Triton-X100 for 10 min. The Pep12p signal was
detected using the rhodamine filter set and GFP
using the FITC filter set.

nhx1A mutant, were shown to display impaired localization
of Pep12p but normal localization of Vma2p/Vat2p (Bowers
et al., 2000). To determine whether vps55A cells do accumu-
late a class E compartment or not, we monitored the intra-
cellular fate of Vps10p. Vpsl0p binds CPY in the TGN, and
CPY is released in the PVC compartment (Vida et al., 1993;
Marcusson et al., 1994). Vps10p then recycles from the PVC
to the Golgi apparatus (Cereghino et al., 1995; Cooper and
Stevens, 1996). Class E mutants that are impaired in PVC to
vacuole transport and in the retrograde transport from the
PVC to the TGN accumulate Vps10p in the class E compart-
ment where it is proteolytically cleaved, resulting in a lower
molecular weight form (Piper et al., 1995). The intracellular
fate of Vps10p was followed in wild-type, vps55A, and con-
trol ups27 cells by classical pulse-chase analysis (Figure 6A).
We also followed VpslOp processing by Western immuno-
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Figure 5. Vps55A cells do not accumu-
late a class E compartment. The distribu-
tion of Pepl2p and Vat2p in wild-type,
ups55A, and vps27-1 cells was determined
by immunofluorescence. Exponentially
growing cells were fixed and permeabil-
ized with 1% Triton-X100 for 5 min to
preserve vacuolar morphology. Immuno-
fluorescence was performed with mono-
clonal anti-Pep12p or anti-Vat2p antibod-
ies. Fluorescence was viewed using
rhodamine filter set and cell morphology
was observed with Nomarski optics.

Nomarski

blot after the addition of CHX to the culture medium (Figure
6B). Vps10p appeared to be very stable in the wild-type and
in the vpsb5A strains and was not cleaved even after a 3 h
chase. Conversely, the clipped form of VpslOp appeared
after a 2-h chase in the thermosensitive vps27-1 strain (Fig-
ure 6A). Both the normal and clipped forms of Vps10p were
detected in equal amounts in growing vps27A cells, and the
proportion of the clipped form gradually increased after
CHX treatment (Figure 6B). This shows that in contrast to
vps27 cells, proteolytically active class E compartments do
not accumulate in vps55A cells. Thus, vps55A cells can be
classified as class A mutants.

Vpsb5p Is Mainly Localized in Late Endosomes

To visualize Vps55p and to determine its subcellular local-
ization, we tagged the 3’ end of the chromosomal VPS55
gene with a DNA fragment encoding GFP (variant S65T),
13Myec, or 3HA tag (Wach et al., 1997; Longtine et al., 1998).
Colony immunoblotting was used to detect secreted CPY
and it revealed that cells producing the Myc- and HA-
tagged versions of Vps55p exhibit a wild-type phenotype.
This indicates that Vps55-Myc and Vps55-HA are functional.
However, cells producing the GFP-tagged version of Vps55p
displayed a very low-level secretion of CPY (our unpub-
lished results). We first investigated the biochemical status
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vps55A
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of Vps55p by fractionation studies and its stability by pulse-
chase experiments (Figure 7, A and B). Vps55-HA from
lysed spheroplasts fractionated with the 100,000 X g pellet
(Figure 7A). To determine the nature of membrane associa-
tion, lysates were treated with Na,CO; and with the non-
ionic detergent Triton-X100. Vps55-HA was resistant to
Na,CO; extraction, indicating that it is an integral mem-
brane protein, as predicted from sequence data. On the other
hand, Vps55-HA was almost completely solubilized by Tri-
ton-X100 (Figure 7A). Pulse-chase experiments showed that
Vps55-HA is very stable, as the protein was not degraded
even after a 3-h chase.

The subcellular localization of Vps55p was investigated
using the Myc-, the HA-, and the GFP-tagged proteins. The
GFP fusion protein is more readily evidenced in living cells.
The chimeric proteins displayed the same pattern of staining
consisting of a number of small dots, with occasional larger
dots, in the cytoplasm and nascent buds (Figure 7C). This
pattern is reminiscent of that of Pep12p (Figures 4 and 5;
Nass and Rao, 1998) and of Golgi membrane proteins (Fran-
zusoff et al., 1991; Redding et al., 1991). To determine
whether Vps55p was present in the late endosomes or in the
late Golgi compartment, we used vps27-1 cells. The distri-
bution of chromosome-encoded Vps55-GFP was altered
when this mutant was grown at 37°C and this protein accu-
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Figure 6. Vps55A is not affected in the retrieval of Vps10p from the
prevacuolar compartment. (A) Wild-type, vps55A, and vps27-1 cells
were shifted to 37°C for 1 h before labeling with [*3S]-Translabel for
15 min. The chase was performed by adding 10 mM unlabeled
methionine plus cysteine. VpslOp was immunoprecipitated from
the lysate at the indicated times (min) after the chase and was
analyzed by fluorography after SDS-PAGE. VpslOp was clipped
(denoted by an asterisk) in the vps27-1 strain. (B) The wild-type,
vpsb5A, and vps27A strains were grown at 30°C in YPD medium.
CHX was added at a final concentration of 100 ug/ml. Protein
extracts were prepared at the indicated times after CHX addition
and were analyzed by SDS-PAGE and immunoblotting.

mulated in the class E compartment (Figure 8). A similar
distribution was observed for plasmid-encoded HA-tagged
Vpsb5p produced under the control of a galactose promoter
after 3 h of induction in the presence of galactose (Figure 8).
The vps27-1 cells are defective in late endosome to vacuole
trafficking, but also in retrograde transport from late endo-
somes to the late Golgi. Thus, proteins that cycle between
late endosomes and the late Golgi are trapped in the en-
larged PVC of this mutant. The results obtained for the
vps27-1 mutant suggest that Vps55p either resides in late
endosomes or cycles between late endosomes and the late
Golgi. To address this question, we investigated whether
Vpsb5-Myc was colocalized with a marker of the late Golgi,
Sec7p (Franzusoff et al., 1991; Rossanese et al., 1999). We
tagged VPS55 at the chromosomal locus with the 13Myc
epitope in a wild-type strain producing the Sec7-GFP fusion
protein (Séron et al., 1998). An apparent partial colocaliza-
tion of Vps55-Myc and Sec7-GFP was observed (Figure 9).
This colocalization was strengthened when Vps55p was
overproduced (our unpublished results). These results indi-
cate that Vps55p is not entirely restricted to late endosomes,
but could cycle between late endosomes and the late Golgi
or could be present at two locations. A major fraction of the
protein could be localized in the late endosomes and a minor
one in the TGN.

The retrieval from late endosomes back to the Golgi has
been characterized for several TGN proteins such as Kex2p
and VpslOp (for review, see Nothwehr and Stevens, 1994;
Cooper and Stevens, 1996). In vps35A cells lacking a retro-
mer protein, both Kex2p and Vps10p are delocalized to the
vacuole (Seaman et al., 1997). To check whether this was also
the case for Vpsb5p, we used subcellular fractionation to
investigate the localization of Vps55p in wild-type and
ups35A strains. The lysates were separated into pellet and
supernatant fractions by sequential centrifugation at 13,000
and 100,000 X g. Pmalp, the plasma membrane H* ATPase,
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Figure 7. Vps55p is a stable integral membrane protein localized
in small punctuate structures. (A) Cells expressing Vps55-HA were
grown to exponential phase, converted to spheroplasts, and lysed
with glass beads. Cell lysates were treated with lysis buffer alone
(control), 1% Triton-X100, or 0.1 M sodium carbonate (pH 11). The
initial homogenate (H) was separated into supernatant (S) and
pellet (P) by centrifugation at 100,000 X g. Samples were analyzed
by SDS-PAGE and immunoblotting using a monoclonal anti-HA
antibody. (B) Wild-type strain expressing Vps55-HA was labeled
with [3°S]-Translabel for 15 min and was chased for the indicated
times in the presence of 10 mM unlabeled methionine plus cysteine.
Vps55-HA was immunoprecipitated from the cell lysate at the in-
dicated times using a monoclonal antibody directed against the HA
tag. Vps55-HA was analyzed by fluorography after SDS-PAGE. (C)
Cells producing the Vps55-GFP fusion protein were viewed with a
microscope (Leica) using the FITC filter set and Nomarski optics. An
image of a budding cell at higher magnification is presented.

Ssslp, an ER localized protein, and the vacuolar ALP were
mainly localized in the P13 fraction in wild-type cells as
previously described (Figure 10; Marcusson ef al., 1994; Ger-
rard et al., 2000; Kranz et al., 2001). Vps10p was found in both
the P13 and P100 fractions in the wild-type strain, and only
in the P13 fraction, where it displayed proteolytic cleavage,
in the vps35A mutant (Figure 10; Cereghino et al., 1995;
Seaman et al., 1997; Gerrard et al., 2000). In the wild-type
strain, Vps55-HA was found in both the P13 and P100 frac-
tions in the same proportions as Pep12p. Vps55-HA was not
delocalized to the P13 fraction in the vps35A mutant. These
data are consistent with Vps55p being mainly localized in
late endosomes, as observed by fluorescence in the vps27-1

Molecular Biology of the Cell



A Vps55-GFP

Nomarski

B Vps55-HA Nomarski

=N

10 pm

Figure 8. Vps55p is present in the enlarged PVC of vps27-1 mutant
cells. Vps27-1 cells carrying a chromosomal copy of Vps55-GFP (A)
or transformed with pYEF2-GAL10-VPS55-HA (B) were grown over-
night at 30°C in YPD (A) or in YNB medium supplemented with 2%
lactate (B). During logarithmic growth, cells were shifted to 37°C for
3 hin YPD medium to induce the accumulation of an enlarged PVC
adjacent to the vacuole. In the case of cells transformed with pYEF2-
GAL10-VPS55-HA, galactose (2%) was added to induce Vps55p
synthesis when cells were shifted at a restrictive temperature.
Vps27-1 cells producing the Vps55-GFP fusion protein were viewed
directly using an FITC filter set. Vps27-1 cells producing the
Vps55-HA fusion protein were fixed and processed for immunoflu-
orescence using the monoclonal anti-HA antibody followed by rhoda-
mine-labeled goat anti-mouse IgG. Fluorescence was viewed using
rhodamine filter set, and cell morphology was observed with No-
marski optics. Note the altered cellular morphology in cells express-
ing the Vps55-HA fusion protein compared with living cells pro-
ducing the Vps55-GFP fusion protein.

strain. The small proportion of Vps55p that colocalized with
Sec7p, as observed by immunofluorescence, does not corre-
spond to a fraction of the protein that is recycled back to the
TGN via the retromer complex.

Human OB-RGRP Is a Functional Homolog

of Vpsb5p

Searches in data banks indicate that VPS55 has homologs of
still unknown function in many species. These include hu-
man OB-RGRP (GenBank accession no. Y12670), human
LEPROTL1 (GenBank accession no. NP-056159.1), mouse
OB-RGRP (GenBank accession no. AJ011565), rat OB-RGRP
(GenBank accession no. NP-064484), Caenorhabditis elegans
C30B5.2 (GenBank accession no. AAC46738.1), Schizosaccha-
romyces pombe (GenBank accession no. CAB52733.1), Dro-
sophila melanogaster (GenBank accession no. AAD46832), and
Arabidopsis thaliana (GenBank accession no. AAF00667.1).
Hence, it could be of interest to determine if any of these
proteins are functional homologues of Vps55p. Vps55p and
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Vps55-myc Sec7-GFP merge

Figure 9. Vps55p partially colocalizes with Sec7-GFP. Wild-type
cells harboring chromosomal copies of SEC7-GFP and VPS55-MYC
were grown overnight in YPD medium. Cells were fixed and pro-
cessed for immunofluorescence using the monoclonal anti-Myc an-
tibody followed by rhodamine-labeled goat anti-mouse IgG. GFP
fluorescence was visualized with an FITC filter set, and HA distri-
bution was observed with a rhodamine filter set. Arrows indicate
Myec staining colocalizing with Sec7p-GFP.

human OB-RGRP present 29% amino acid sequence identity.
We first examined the distribution of the OB-RGRP-HA
fusion protein in the vps27-1 strain and in the wild-type
strain expressing the Sec7-GFP marker (Figure 11). As ob-
served for Vpsb5p, human OB-RGRP was present in the
class E compartment of vps27-1 cells and was partially co-
localized with Sec7-GFP in wild-type cells (Figure 11). We
thus investigated whether OB-RGRP is able to complement
the phenotypes observed in the vps55A mutant. Therefore,
we produced plasmid-encoded human OB-RGRP and yeast
Vps55p under the control of a galactose promoter in a wild-
type and in the vpsS5A mutant strains. We used colony
immunoblotting to analyze CPY secretion (Figure 12).
Whereas the wild-type cells plated on galactose medium
secreted a very small amount of CPY, vps55A cells trans-
formed with the empty control vector (pYEF2) secreted large
amounts of CPY (Figure 12). The production of Gal-induced
Vps55p or human OB-RGRP clearly abolished the CPY se-
cretion phenotype, as did production of Vps55p expressed
under the control of its own promoter from the ARS-CEN
pYCG-VPS55 plasmid. These data also indicate that limited
overproduction of Vps55p or its mammalian homolog does
not result in CPY secretion. We also determined the effect of
OB-RGRP production on a second phenotype of ups55A
cells, the impaired uracil permease trafficking. Vps55A cells
transformed with pgF, a plasmid producing uracil permease
under the control of a galactose promoter, were or were not
cotransformed with plasmids encoding Gal-inducible VPS55
or OB-RGRP. Cells were grown in the presence of lactate and
galactose was added, resulting in the simultaneous induc-
tion of uracil permease and either Vps55p or OB-RGRP.
CHX was added after 3 h. The production of either Vps55p
or OB-RGRP restored a normal degradation of uracil per-
mease, as did the production of Vps55p from pYCG-VPS55
(Figure 12). These data demonstrate that human OB-RGRP,
which presents the same localization pattern as Vps55p, is
able to complement the loss of VPS55 function in yeast.
Thus, the function of Vps55p has been conserved during
evolution from yeast to human.
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Figure 10. Subcellular fractionation of cells ex-
pressing tagged Vps55p. Wild-type and vps35A cells
expressing chromosomal integrated Vps55-HA
were lysed with glass beads and extracts were frac-
tionated by differential centrifugation. The proteins
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were separated by SDS-PAGE and were analyzed
by immunoblotting for the presence of Vps55-HA
and various marker proteins (an asterisk indicates

oy

W1 vps3SA W vps35A

PI3 PIOD S100 PI3 PI00 S100 P13 PIO0 SI00 PI3 P00 SI00
-
T —

WT vps35A W1 vps35A
P13 PI00 S100 P13 P100 S100 P13 PI100 S100 P13 PI100 S100
Vps55-HA + el s g s AlPm = S — A

clipped VpslOp; ALPm, ALP mature; ALPs, ALP
soluble).

DISCUSSION

We describe here the characterization of a new VPS gene,
VPS55, involved in targeting of newly synthesized and en-
docytosed proteins to the vacuole. Our results suggest that
Vps55p may function in protein transport from endosomes
to the vacuole and that it is mainly localized in late endo-
somes. Interestingly, the human homolog of Vps55p, OB-
RGRP, is able to complement the disruption of VPS55.
Clearly, Vps55p has a role in protein targeting to the
vacuole. Analysis of CPY targeting in the vpsb5A strain
shows a delay in the maturation of this protease and a

OB-RGRP-HA

Figure 11. Human OB-RGRP displays the
same distribution as Vps55p. Vps27-1 and
wild-type cells producing the chromosomal
encoded Sec7-GFP were transformed with
pYEF2-GAL10-OB-RGRP-HA. Cells were
cultured overnight in YNB medium supple-
mented with 2% lactate. Galactose (2%) was
added and the cells were shifted to 37°C for
3 h. Cells were fixed and processed for im-
munofluorescence using the monoclonal
anti-HA antibody followed by rhodamine-
labeled goat anti-mouse IgG. The FITC fil-
ter set was used to visualize GFP fluores-
cence, and the rhodamine filter set was
used to visualize HA fluorescence. Arrows
indicate colocalized Vps55-HA and Sec7-
GFP, and arrowheads indicate HA staining
not colocalized with Sec7p-GFP.
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significant missorting of the immature CPY (the Golgi form
of the protein) into the culture medium, which is character-
istic of mutants impaired in trafficking to the vacuole.
Vps55p is most likely involved in protein transport from
prevacuolar compartments to the vacuole. The internaliza-
tion of uracil permease from the plasma membrane is not
affected in vpsb5A cells, whereas its degradation is drasti-
cally impaired because of its transient accumulation in late
endosome/PVC. Furthermore, the small dyes, LY and FM4-
64, were detected in structures reminiscent of endosomes
after internalization. The vps55A cells present a wild-type

Nomarski
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Figure 12. Human OB-RGRP complements the disruption of
VPS55. (A) Wild-type and ups55A strains transformed with pYEF2,
PYEF2-GAL10-VPS55-HA, or pYEF2-GAL10-OB-RGRP-HA were
cultured overnight in YNB medium supplemented with 2% glucose.
Exponentially growing cells (10° cells/spot) were plated on YNB
supplemented with 2% galactose to induce the production of
Vps55p and OB-RGRP, and were cultured for 48 h in contact with a
nitrocellulose membrane. Wild-type and vps55A cells transformed
with the centromeric pYCG-VPS55 were treated in the same way.
Secreted CPY bound on the nitrocellulose membrane was probed
using a monoclonal antibody raised against CPY. (B) The strains
listed above were transformed with pgF (expressing uracil per-
mease under the control of a galactose promoter) and were grown
overnight in YNB medium supplemented with 2% lactate. Galactose
(2%) was added to the cells for 3 h during exponential growth to
induce uracil permease, Vps55p, and OB-RGRP synthesis. Protein
extracts were prepared at the indicated times (min) after CHX
addition and were analyzed by SDS-PAGE and immunoblotting.
Uracil permease (Fur4p) was detected using a polyclonal antibody.

vacuolar morphology and could thus either be class A or
class E vps mutant. There was a small but detectable accu-
mulation of the t-SNARE Pep12p, a protein resident in late
endosomes, in elongated structures in the vps55A mutant.
However, other proteins such as the vacuolar Vma2p/
Vat2p, which accumulates in the PVC in class E mutants,
displayed a wild-type distribution. Furthermore, Vps10p,
which is cleaved when accumulated in the class E compart-
ment, was not degraded in ups55A cells, which indicates that
upsb5A cells do not accumulate a class E compartment.
Therefore, the vps55A mutant is a class A vps mutant. The
absence of clipping of Vps10p also indicates that vps55A cells
are not defective in the retrieval of Vpsl0p from the late
endosomes to the TGN as are the retromer mutants that are
specifically impaired in this pathway.
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To gain further insight into Vpsb5p function, we used
immunofluorescence and fractionation studies to localize
tagged Vpsb5p. We showed that Vps55p was restricted to
the PVC of vps27-1 mutants and was partially colocalized
with Sec7-GFP, a late Golgi marker, in wild-type strains.
Fractionation studies showed that in contrast to the CPY
receptor, Vpsl0p, Vpsb5p localization was not modified in
ups35A cells. This indicates that the minor Golgi pool of
Vps55p does not result from retromer-dependent retrieval
from late endosomes back to the Golgi. If the only late
endosome to TGN trafficking identified to date in yeast is
mediated by the retromer, other retrieval routes involving
other coats might exist, as in mammalian cells (reviewed in:
Pfeffer, 2001). Our fractionation studies showed that Vps55p
is not recycled back to the Golgi via the retromer complex,
which indicates that there may be two pools of Vps55p, a
major one localized in late endosomes and a minor one in
the TGN. We cannot exclude the possibility that this minor
pool results from a slight delay in Golgi to endosomal traf-
ficking as a result of epitope tagging.

How Vpsb5p can function in protein trafficking to the
vacuole remains an open question that must be addressed in
the future. The overall structure of Vps55p might provide
some clues. Vps55p, as well as its human homolog OB-
RGRP, contains four predicted transmembrane domains
(TMDs) and VPS55 is the first VPS gene characterized that
encodes a protein with four predicted TMDs. Approxi-
mately 80% of the 600 or so small membrane proteins in
yeast (molecular mass < 25 kDa, data from YPD: http://
www.proteome.com/databases) have not yet been studied.
The genes encoding these proteins have probably escaped
from the various genetic screens using random mutagenesis
because of their small size. For instance, 22 proteins with a
molecular mass lower than 25 kDa and containing four
predicted TMDs are referenced in the YPD database. Few of
these proteins have been characterized. Examples of such
small proteins include Vps55p and Syslp, which suppresses
the deficiency of ypt6 a small GTPase involved in the re-
trieval of proteins from late endosomes to the Golgi (Anraku
et al., 1989; Li and Warner, 1996; Tsukada and Gallwitz, 1996;
Hirata et al., 1997, Votsmeier and Gallwitz, 2001). Other
examples include Shr3p, a chaperone required for the exit of
amino acid permeases from the ER, Sft2p and Gotlp, re-
quired for ER to Golgi transport, and Rerlp, involved in the
recycling of membrane proteins from the early Golgi com-
partment back to the ER (Conchon et al., 1999; Gilstring et al.,
1999; Sato et al., 2001). It is noteworthy that a number of
these proteins are involved in trafficking processes. In hu-
mans, one example of small protein with four TMDs in-
volved in vesicular transport is VIP17/MAL, which is re-
quired for Golgi to apical surface trafficking (Zacchetti ef al.,
1995; Cheong ef al., 1999).

Vpsb5p and human OB-RGRP are homologous proteins
that exhibit up to 40% amino acid identity in the second and
the third TMDs. This suggests that the function of Vps55p
relies on these TMDs. What could be the functional impor-
tance of these transmembrane domains? They could be in-
volved in interactions with other transmembrane segments
of membrane proteins. Interestingly, Rerlp, a component of
COPII vesicles, is a small protein with four TMDs that cycles
between the ER and the Golgi apparatus (Sato et al., 2001).
Rerlp acts as a sorting receptor in the cis-Golgi and recog-
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nizes via its TMD the TMD of Sec12p, a guanine-nucleotide
exchange factor (GEF) for Sarlp involved in the formation of
ER vesicles, and allows its retrieval from the Golgi appara-
tus to the ER (Sato et al., 2001). Vps55p could function in a
similar manner, interacting with the TMD of other mem-
brane proteins also involved in various aspects of vacuolar
targeting. Identification of the interacting partners of
Vps55p could help us to elucidate its precise function.

When expressed in yeast, the human OB-RGRP not only
presents the same localization as Vps55p, but also comple-
ments the loss of function of the VPS55 gene. This suggests
that these two proteins function in a similar manner both in
yeast and mammalian cells. Functional complementation
between human and yeast proteins has been reported for
other proteins involved in the secretory pathway. These
include Sec23p and Sec13p, two components of the COPII
complex (Shaywitz et al., 1995; Paccaud et al., 1996); the
v-SNARE Vtilp (Fischer von Mollard and Stevens, 1998);
syntaxin 7 (Nakamura et al., 2000); Gotlp, a small protein
with four TMDs required in ER to Golgi traffic (Conchon et
al., 1999); Rerlp (Fullekrug et al., 1997); and the GTPase
Ypt6p/Rab6 (Tsukada and Gallwitz, 1996). To our knowl-
edge, heterologous complementation with a human protein
has only been observed for one vps mutant, the apg6/vps30
mutant, which is impaired in the CPY vacuolar pathway and
in the cytoplasm to vacuole transport (Liang et al., 1999).
However, although Beclin 1, the human homolog of Vps30p,
restored the autophagic function of autophagy-defective
ups30A cells, it did not complement their vps phenotype.

OB-RGRP and OB-R, the leptin receptor, share the same
promoter but are completely unrelated proteins. OB-R is a
single membrane-spanning receptor that belongs to the cy-
tokine superfamily (Tartaglia, 1997). It is still unknown
whether OB-RGRP is involved in lysosomal targeting in
mammalian cells. If this were true, the conservation of
Vps55p function throughout evolution would be indicative
of a critical function of these proteins in protein transport to
endocytic compartments. In humans, the leptin receptor,
OB-R, and OB-RGRP display the same overall expression
pattern, suggesting that their functions might be connected
(Bailleul et al., 1997). However, OB-RGRP may have a more
general role in membrane trafficking than just in OB-R traf-
ficking. This notion is supported by the following observa-
tions. First, OB-R homologues are not found in yeast and
plants. Second, OB-RGRP mRNA presents a widespread
distribution, consistent with the general role of Vps55p in
protein trafficking (Mercer et al., 2000). Finally, OB-RGRP
expression did not change in conditions that altered OB-R
expression (upregulation in the hypothalamus of ob/ob mice,
reversed by the administration of exogenous leptin; Mercer
et al., 1997). If it remains conceivable that OB-RGRP may be
involved in the leptin receptor trafficking, OB-RGRP may be
involved in the down-regulation of other membrane pro-
teins and their targeting to lysosomes, as we have observed
in this study for Vps55p and the vacuolar targeting of the
uracil permease.
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