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Saccharomyces cerevisiae pep7 mutants are defective in transport of soluble vacuolar
hydrolases to the lysosome-like vacuole. PEP7 is a nonessential gene that encodes a
hydrophilic protein of 515 amino acids. A cysteine-rich tripartite motif in the N-terminal
half of the polypeptide shows striking similarity to sequences found in many other
eukaryotic proteins. Several of these proteins are thought to function in the vacuolar/
lysosomal pathway. Mutations that change highly conserved cysteine residues in this
motif lead to a loss of Pep7p function. Kinetic studies demonstrate that Pep7p function
is required for the transport of the Golgi-precursors of the soluble hydrolases car-
boxypeptidase Y, proteinase A, and proteinase B to the endosome. Integral membrane
hydrolase alkaline phosphatase is transported to the vacuole by a parallel intracellular
pathway that does not require Pep7p function. pep7 mutants accumulate a 40—60-nm
vesicle population, suggesting that Pep7p functions in a vesicle consumption step in
vesicle-mediated transport of soluble hydrolases to the endosome. Whereas pep7 mutants
demonstrate no defects in endocytic uptake at the plasma membrane, the mutants
demonstrate defects in transport of receptor-mediated macromolecules through the
endocytic pathway. Localization studies indicate that Pep7p is found both as a soluble
cytoplasmic protein and associated with particulate fractions. We conclude that Pep7p
functions as a novel regulator of vesicle docking and/or fusion at the endosome.

INTRODUCTION ticular requirements of each process (e.g., synthesis
versus degradation). The presence of endomembrane
organelles requires not only the formation and main-
tenance of the lipid components that delineate the
different compartments but also the synthesis and tar-
geting of proteins that serve either structural or enzy-
matic functions in the organelles. The yeast Saccharo-
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way (reviewed in Ferro-Novick and Jahn, 1994; Roth-
man, 1994).

The yeast vacuole is thought to be analogous to the
mammalian lysosome in that it is an acidic compart-
ment (Preston et al., 1989) that contains many of the
cell’s hydrolytic enzymes (reviewed in Klionsky et al.,
1990; Jones and Murdock, 1994; Van Den Hazel et al.,
1996) and is the destination of many endocytosed
macromolecules (Riezman, 1993). Most vacuolar hy-
drolases are synthesized on the endoplasmic reticu-
lum (ER) as inactive precursors, delivered to the vac-
uole via the secretory pathway, and activated by
proteolytic processing upon delivery to the vacuole
(reviewed in Jones et al., 1989; Klionsky et al., 1990;
Jones, 1991b; Jones and Murdock, 1994; Van Den Ha-
zel et al., 1996). The inactive precursors synthesized on
the ER proceed through the ER and Golgi complex
along with proteins destined for secretion (reviewed
in Klionsky et al., 1990; Jones and Murdock, 1994; Van
Den Hazel et al., 1996). Transport of secreted proteins
through the ER and Golgi complex has been demon-
strated to proceed via vesicle-mediated transport
(Rothman, 1994) and, subsequently, it has been shown
that transport of vacuolar hydrolase precursors
through the ER and Golgi complex also utilizes the
same vesicle formation (Stevens et al., 1982; Graham
and Emr, 1991), docking (Stevens et al., 1982; Banfield
et al., 1995), and fusion components (Stevens et al.,
1982; Klionsky et al., 1988; Mechler et al., 1988; Klion-
sky and Emr, 1989; Moehle et al., 1989; Graham and
Emr, 1991) as transport of secreted proteins. In a trans-
Golgi network-like compartment (TGN) the vacuolar
hydrolase precursors are sorted away from the se-
creted proteins and targeted to the vacuole (Graham
and Emr, 1991). This conclusion is further supported
by the observed involvement of yeast NSF (Sec18p) in
transport through the vacuolar pathway (Graham and
Emr, 1991). Recent evidence indicates that several vac-
uolar enzymes are transported from the TGN to an
endosomal compartment and then subsequently on to
the vacuole (Raymond ef al., 1992; Vida et al., 1993;
Piper et al., 1995; Becherer et al., 1996; Rieder et al.,
1996). Therefore, the yeast endosome is an intermedi-
ate compartment between a TGN-like organelle and
the yeast lysosome (vacuole), and in this respect re-
sembles higher eukaryotic endosomal compartments
(reviewed in Kornfeld, 1987; Kornfeld and Mellman,
1989). Also, like higher eukaryotic endosomes, yeast
endosomes are intermediate compartments between
the plasma membrane and the vacuole in the endo-
cytic pathway (Singer and Riezman, 1990; Davis et al.,
1993; Schimmoller and Riezman, 1993; Singer-Kruger
et al., 1993; Piper et al., 1995; Rieder et al., 1996).

Vesicle-mediated protein transport in the secretory
pathways of eukaryotes has been shown to utilize a
constellation of proteins that impart targeting speci-
ficity so that transport vesicles dock onto and fuse
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only with the appropriate target organelle (reviewed
in Ferro-Novick and Jahn, 1994; Rothman, 1994). This
complex of proteins has been designated the SNARE
(SNAP receptor) complex. Docking specificity is
thought to be effected by interaction between specific
v-SNAREs and t-SNAREs on vesicle and target mem-
branes, respectively.

Work in this laboratory and others has defined more
than 40 complementation groups (PEP and VPS) that
are required for either transport of vacuolar hydro-
lases to the vacuole and/or for formation of the vac-
uolar compartment. The pep mutants were isolated as
deficient for carboxypeptidase Y (CPY) activity (Jones,
1977) and the vps mutants as secretors of vacuolar
hydrolase proteins (Bankaitis et al., 1986; Rothman and
Stevens, 1986; Robinson et al., 1988; Rothman et al.,
1989; Raymond et al., 1992).

Analysis of the predicted PEP and VPS gene prod-
ucts revealed some with similarity to gene products
found in SNARE complexes. These include Pep12p
and Vps45p, which show sequence similarity to syn-
taxin, a t-SNARE (Becherer et al., 1996), and Seclp
proteins, respectively (Cowles et al., 1994; Piper et al.,
1994; Becherer et al., 1996). Both Pep12p and Vps45p
are thought to function in vesicle docking in transport
between the TGN and endosome (Cowles et al., 1994;
Piper et al., 1994). A comparison of the phenotypes of
pepl2 and vps45 mutants indeed suggests that they
operate at the same step of transport (Raymond et al.,
1992; Cowles et al., 1994; Piper et al., 1994; Becherer et
al., 1996).

With the evidence that SNARE component homo-
logues participate in transport between the yeast
Golgi complex and the vacuole, it seems likely that
this nonessential branch of the yeast secretory path-
way can be exploited to investigate the basic eukary-
otic phenomenon of vesicle-mediated transport. Al-
though similarities are evident between TGN/
endosome transport and the multiple steps in the
secretory pathway, at least one difference is evident.
The endosome receives cargo from at least two or-
ganelles (the TGN and plasma membrane; Piper et al.,
1995; Rieder et al., 1996). This is unlike organelles in
the secretory pathway, which are thought to receive
cargo from only one upstream compartment. It is not
clear what this difference might entail functionally.

This article describes the isolation and characteriza-
tion of the PEP7 gene and its encoded gene product.
Mutations in PEP7 lead to a block in trafficking and /or
processing of not only CPY, but also protease A (PrA),
protease B (PrB), and alkaline phosphatase (ALP). Ad-
ditionally, pep7 mutants show defects in transport
through the endocytic pathway. Data presented here
show that PEP7 is a nonessential gene that encodes a
59-kDa protein found both as a peripheral membrane
protein on the outside of a cytoplasmic compartment
and as a soluble cytosolic protein. In strains lacking
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Pep7p function, a 40-60-nm vesicle population accu-
mulates, suggesting that Pep7p may function in a
vesicle docking step of vesicle-mediated transport.
The isolation of a temperature-sensitive allele is de-
scribed and pulse-chase experiments with mutants
carrying this allele are presented. Results from these
experiments indicate that Pep7p is a unique protein
that functions in vesicle-mediated transport of Golgi-
precursor CPY, PrA, PrB, but not ALP from the TGN
to the endosome.

MATERIALS AND METHODS

General Materials

Restriction enzymes were purchased from Boehringer Mannheim
(Indianapolis, IN), New England Biolabs (Beverly, MA), or Promega
Corporation (Madison, WI), T4 DNA ligase and Taq DNA polymer-
ase were purchased from Boehringer Mannheim, and calf intestinal
ALP was purchased from Promega Corporation (Madison, WI). All
enzymes were used according to the manufacturer’s instructions.

Media

YEPD and synthetic media for yeast cells were prepared as de-
scribed previously (Woolford et al., 1990). YEPD solid media with
added ions were produced by making 100 ml of sterile YEPD minus
the volume of sterile salt solution to be added (6 mM ZnCl,: 1.2 ml
of 250 mM ZnCl,; 200 mM CaCl,: 20 ml of 1 M CaCl,; 200 mM SrCl,:
20 ml of 1 M SrCl,; 3 mM MnCl,: 1.2 ml of 250 mM MnCl,; 900 mM
NaCl: 20 ml of 4.5 M NaCl). YPUADT is 1% yeast extract, 2%
peptone (both Life Technologies, Pailsley, United Kingdom) 20
mg/1 uracil, adenine, and tryptophan (E. Merck, Darmstadt, Ger-
many), and 2% glucose. LB and M9 bacterial media have been
described (Sambrook et al., 1989). Ampicillin was purchased from
Sigma Chemical Co. (St. Louis, MO) and used at 100 pg/ml.

General Yeast Methods

Standard procedures were used for all manipulations of yeast
strains and have been described elsewhere (Sherman, 1991). Yeast
transformations were carried out using a lithium acetate/dimethyl
sulfoxide procedure (Hill et al., 1991).

Overlay Assay for CPY Activity

Plate overlay assays for CPY activity were carried out as described
previously (Jones, 1991a). Colonies exhibiting CPY activity stain
pink to red (Pep™), whereas colonies lacking this activity remain
yellow to white (Pep™).

Nucleic Acids Techniques

Molecular genetic techniques were generally those described in
general laboratory manuals (Ausubel et al., 1987; Sambrook et al.,
1989). Plasmid DNA minipreparations were made using the alkaline
lysis method (Sambrook et al., 1989). Yeast genomic DNA was
prepared according to the method of Last et al. (1984). Plasmid
shuttle from yeast to Escherichia coli was accomplished using the
method of Hoffman and Winston (1987). PCR was carried out by
standard methods in a DNA Thermal Cycler from Perkin Elmer-
Cetus (Norwalk, CT; White et al., 1989) using thermal-resistant DNA
polymerase from Promega or Boehringer Mannheim with the man-
ufacturer’s buffers. Polymerase chain reaction (PCR) amplification
of DNA from whole yeast cells was carried out by dispersing a
freshly grown yeast colony (36 h at 30°C) into a standard PCR
reaction.
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Generation of pep Mutants

pep mutants were previously identified (Jones, 1977). Alleles pep7-
10,-12,-13, -14,-15, and -16 were isolated from parent strain B]1983
as those colonies that lacked or exhibited reduced CPY activity as
assayed by plate overlay assay (see above). pep7-11, from parent
strain BJ863, was initially identified as pepl7-1 (Jones et al., 1981).
This mutant was repeatedly backcrossed into the S288c genetic
background. Allele pep7-17 was isolated in a mutant hunt for cells
that could not acidify their vacuole as assayed by 6-carboxyfluores-
cein diacetate (6-CFDA) ratio staining (Preston et al., 1992).

DNA Sequencing

Fragments of the original complementing library plasmid (pBJ3952)
were subcloned into YCp50 and tested for the ability to complement
the Pep™ phenotype of a pep7::LEU2 deletion allele containing strain
(BJ4000). In this way a minimal PEP7 complementing 1.8-kb EcoRV/
Hincll fragment was determined (pBJ4928). This fragment was
cloned into the Smal site of vectors pTZ18U and pTZ19R (Gene-
scribe-Z vectors, United States Biochemical, Cleveland, OH), yield-
ing plasmids pBJ4640 and pBJ4639, respectively. A series of sub-
clones was constructed, transformed into E. coli strain JM101, and
single-stranded DNAs were prepared as templates for sequencing.
The sequencing reactions were carried out using the Sequenase
sequencing kit (United States Biochemical) and Genescribe-Z vector
universal primer (Primer U) and reverse primer (Primer R). All were
used according to the manufacturer’s instructions. The minimal
complementing fragment contained a single open reading frame
(ORF) 1545 bp long. The sequence was deposited in GenBank,
accession number U22070.

The nucleotide changes in the pep7-10 through pep7-17 mutant
alleles were localized by gap repair and were cloned by generating
PCR fragments directly from a fresh colony of the mutant strain (see
Nucleic Acid Techniques) followed by cloning into pKB711 or
YEp24. The mutant strains used were the following: BJ2329 (pep7—
10), BJ2330 (pep7-11), BJ2194 (pep7-12), BJ2202 (pep7-13), BJ2212
(pep7-14), BJ2218 (pep7-15), BJ2231 (pep7-16), and BJ5124 (pep7-17).
For all of the alleles, the region defined as carrying the mutation by
gap repair was sequenced by double-stranded DNA sequencing
(see below) to identify the mutation using PEP7-specific primers. To
confirm that the identified mutation caused the observed Pep~
phenotype, the region containing a mutation was subcloned into a
plasmid containing the PEP7 gene and tested to confirm that the
mutation found was unable to complement the Pep™ phenotype of
yeast strain BJ4000. The reciprocal subcloning was also carried out
to determine whether the observed mutation was the only one in the
allele that would give a Pep~ phenotype.

Different PEP7 constructs utilized in this study (introduced Notl
restriction site and hemagglutinin (HA) epitope-tagged PEP7) were
sequenced using double-stranded miniprepped DNA and primer
PEP7 11 (5'-GTGGAGATTCCGCGAATG-3', located 21 nucleotides
downstream of the PEP7 ORF).

Polyclonal Antibody Production

Polyclonal rabbit antisera to a TrpE-Pep7p fusion protein were
raised according to the procedure of Manolson et al. (1989). Rabbits
were immunized using E. coli-derived protein from a EcoRI-Sall
fragment of PEP7 in the pATHI11 expression vector (yielding
pBJ3960).

Antibody Purification

Pep7p polyclonal antisera were purified by blotting the antiserum
against total proteins from a strain deleted for the PEP7 gene,
BJ4000, as described in the immunoblotting methods at a dilution of
1:200 in Tris-buffered saline + Tween 20 (9 g NaCl, 1.21 g Tris, pH
7.3, 0.5 ml Tween 20/1 1 dH,0). Those antibodies that did not bind
were removed and stored at 4°C. Alternatively, whole undiluted
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antiserum was incubated with 1% wt/vol acetone extracted proteins
from BJ4000 on ice for 15 min followed by centrifugation at 10,000 X
g for 15 min at 4°C.

Electron Microscopy

Cells subjected to electron microscopy were processed by a proce-
dure described elsewhere (Banta et al., 1988), with modifications.
Cells were grown in 5 ml of YEPD to an ODgy, of approximately 0.5.
Cells were fixed for 2 h at 30°C by the addition of 3% glutaralde-
hyde, 5 mM CaCl, buffered with 100 mM sodium cacodylate, pH
6.8. Cells were collected by centrifugation and washed once in 100
mM Tris-HCI (pH 8.0), 25 mM dithiothreitol, 5 mM EDTA, and 1.2
M sorbitol. The cells were incubated in the same solution for 10 min
at 30°C. The cells were then washed once in 0.1 M K,HPO, (adjusted
to pH 5.8 with citric acid) and 1.2 M sorbitol. The cells were
resuspended in 0.5 ml of the same buffer. To this cell suspension
was added 50 pl of B-glucuronidase type H-2 (114,000 U/ml, Sigma)
and 2.5 mg of Zymolyase 20T (20,000 U/g, Seikagaku Corp., Tokyo,
Japan). The cells were incubated for 2 h at 30°C to allow cell wall
removal. After washing three times with 100 mM sodium cacody-
late buffer containing 5 mM CaCl,, the cells were postfixed for 30
min at room temperature in 1% OsO,, 1% K-ferrocyanide, and 5 mM
CaCl, buffered with 100 mM sodium cacodylate, pH 6.8. The sam-
ples were washed four times with dH,O, resuspended for 5 min in
1% thiocarbohydrazide in dH,0O, washed four times with dH,O,
and fixed for 5 min in 1% aqueous OsO,. The samples were washed
four times with dH,0O and dehydrated in an EtOH series (50, 70, 80,
90, and 100%) followed by two washes with 100% propylene oxide.
The samples were infiltrated in a (1:1) propylene oxide:LR White
resin mixture for several hours, transferred to 100% LR White resin,
and infiltrated overnight at room temperature. The next day, a fresh
change of 100% LR White resin was added, and infiltration was
extended for an additional 8 h. The resin was polymerized in gelatin
capsules at 60°C for 24 h. Thin (80 nm) sections were cut using a
DDK diamond knife on a Reichert-Jung Ultracut E. The sections
were picked up on copper grids, stained with Reynolds lead citrate,
viewed, and photographed on a Hitachi 7100 transmission electron
microscope operated at an acceleration voltage of 50 keV.

6-CFDA Staining

Cells were labeled with the vital vacuolar stain 6-CFDA as described
elsewhere (Preston et al., 1989). The cells and filter were placed in an
Eppendorf tube containing 100 ul of ice-cold MHKND buffer. The
cells were then mounted onto microscope slides and viewed on a
Zeiss fluorescent microscope, with excitation at 495 nm.

Lucifer Yellow Staining

The ability of the isogenic strains BJ5416 (PEP7), B]8864 (pep7A), and
BJ8865 (end4A) to carry out endocytosis was assayed by the ability of
these strains to take up and deliver Lucifer yellow to the vacuole as
described previously (Dulic et al., 1991). The stained cells were
visualized using a fluorescence microscope fitted with fluorescein
isothiocyanate and Nomarski optics.

Pheromone Uptake and Degradation

35G-labeled a-factor was prepared and isolated as described previ-
ously (Dulic et al., 1991). Pheromone uptake was performed as
described earlier (Dulic et al., 1991) with the following changes.
Cultures were grown in YPUADT to 0.5-1 X 107 cells/ml and
harvested by centrifugation at 2000 rpm for 5 min in a general
laboratory centrifuge (GLC, Sorvall) in 50-ml Falcon tubes. Cells
were resuspended to 3 X 108 cells/ml in YPUADT and preincubated
for 10 min at the indicated temperature on a rotary-aquashaker
(Kuhner, Birsfelden, Switzerland) before 3°S-labeled a-factor was
added. Cells were harvested at various time points by diluting them
100-fold into ice-cold pH 1 (50 mM sodium citrate) or pH 6 (50 mM
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potassium phosphate) buffer. pH 6 samples were filtered immedi-
ately onto GF/C filters (Whatman, Maidstone, United Kingdom) on
a vacuum pump, whereas pH 1 samples were kept on ice for 20 min
prior to filtering. Filters were washed with the respective ice-cold
buffer, transferred to 20-ml screw-cap polyethylene scintillation vi-
als (Packard, Meriden, CT), and dried at 80°C for 15 min before
adding 5 ml of emulsifier-safe scintillation cocktail (Packard) and
counting each sample in a beta counter (1900 TR, Packard). Percent-
age of internalized a-factor was determined as 100 X cpm (pH
1)/cpm (pH6). Internalization assays were performed twice.

Pheromone degradation assays were performed as follows. Cells
were grown in YPUADT overnight at 24°C on a rotary shaker to
0.9-1.1 X 107 cells/ml. Cells (5 X 10®) were harvested by centrifu-
gation at 3000 rpm for 5 min in a GLC (Sorvall) in 50-ml Falcon
tubes and washed once with 20 ml of ice-cold YPUADT. Cells were
resuspended in 1.6 ml of ice-cold YPUADT, and **S-labeled a-factor
was added and incubation was continued for 60 min on ice. Un-
bound a-factor was removed by pelleting cells in a GLC. Cells were
then resuspended in 1.6 ml of prewarmed YPUADT at 24 and 37°C,
respectively. Aliquots (0.2 ml) were harvested immediately (¢ = 0)
and diluted 100-fold into ice-cold pH 1 (50 mM sodium citrate) or
pH 6 (50 mM potassium phosphate) buffer. After t = 7.5, 15, 30, 60,
and 90 min, 0.2-ml aliquots were harvested into ice-cold pH 1 buffer
as described above. Cells were then filtered through HA 0.45-um
Millipore filters which were presoaked in 1% bovine serum albumin
(BSA, Sigma). Filters were washed once with pH 6 buffer and
transferred to 2-ml Eppendorf tubes. Cells were washed off the
filters with 1 ml of pH 6 buffer and pelleted in a microfuge at 10,000
rpm for 2 min. Cells were then resuspended in 0.2 ml of extraction
buffer (40% methanol, 0.25% trifluoroacetic acid (TFA), 0.1% 2-mer-
captoethanol, 0.6% HOAc) on ice. Radiolabeled a-factor was ex-
tracted by four consecutive cycles of freeze-thawing in liquid nitro-
gen with vigorous vortexing in between. Unbroken cells were
removed by centrifugation and 0.12 ml of the supernatant was
loaded onto TLC plates (silica gel 60, Merck, Darmstadt, Germany).
The plates were run for 12 h in 220 ml of buffer (100 ml butanol, 50
ml propionic acid, 70 ml water), dried, sprayed with En®Hance-
spray (New England Nuclear, Boston, MA) and exposed to Kodak
XAR-5 film at —80°C for 3 d.

Radiolabeling Spheroplasts

Radiolabeling of spheroplasts was carried out by a combination of
protocols as described elsewhere (Robinson et al., 1988; Rothblatt
and Schekman, 1989; Herman et al., 1991). In experiments where
vacuolar hydrolases were immunoprecipitated from medium (ex-
ternal) and spheroplast (internal) fractions, cells were grown to
early log phase in Wickerham’s minimal proline medium contain-
ing 200 uM MgSO, and 0.2% yeast extract. Two to four ODyg, units
of cells/sample for each gel lane were collected by centrifugation.
The cells were resuspended in prewarmed 0.1 M Tris sulfate (pH
9.4)/10 mM dithiothreitol and incubated for 5 min at 30°C. Cells
were collected and resuspended in prewarmed spheroplasting me-
dium (Wickerham’s as above + 0.7 M sorbitol, pH 7.4). Thirty units
of lyticase (Sigma)/ODygy, were added and the cells were incubated
for 30 min at 30°C with gentle agitation. Spheroplasts were pelleted
at approximately 750 X g for 5 min, washed once in prewarmed
spheroplasting medium, and resuspended in prewarmed labeling
medium (same as spheroplasting medium made to 1 mg/ml BSA
and only 20 uM MgSO,). Spheroplasts were allowed to recover for
5 min at 30°C before 50 uCi of Trans**S-labeling reagent (ICN
Radiochemicals, Irvine, CA)/ODyg, units spheroplasts were added.
Spheroplasts were incubated for 20 min at 30°C with gentle agita-
tion. A chase was initiated by adding unlabeled methionine and
cysteine each to 25 mM and yeast extract to 0.4%, and the incubation
was continued for 30 min. The cultures were transferred to Eppen-
dorf tubes and spun for 20 s to separate the medium (containing the
external, secreted hydrolase fraction) from the cell pellet (containing
the internal, cell-associated hydrolase fraction). The medium was
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made 5% trichloroacetic acid (TCA) by the addition of 100% TCA,
and the cell pellet was resuspended in 5% TCA. All samples were
incubated for 20 min on ice. The samples were pelleted and the
pellets were washed twice with ice-cold acetone, dried at room
temperature, and resuspended in 600 ul of suspension buffer [50
mM Tris (pH 7.5)/1 mM EDTA/1% SDS]. Glass beads were added
and the samples were vortexed for 1 min at room temperature,
incubated for 5 min at 105°C, vortexed again for 1 min, and let cool
to room temperature. The fractions were separated into four equal
aliquots, from which CPY, PrA, PrB, and ALP were immunopre-
cipitated (see Immunoprecipitation). Affinity-purified CPY anti-
body was a kind gift from Tom Stevens. Affinity-purified ALP
antibodies were a kind gift from Scott Emr. Affinity-purified PrA
and PrB antibodies were described elsewhere (Moehle et al., 1989;
Woolford et al., 1990). Labeling of temperature-sensitive strains was
carried out essentially as described above, but with the following
modifications: 1) all steps of spheroplast formation were done at
room temperature; 2) spheroplasts were preincubated at restrictive
temperatures for 5 to 10 min prior to initiating; and 3) labeling was
carried out for 5 min at temperatures indicated in the figure legends
with 50 uCi of Trans**S-labeling reagent/ODgq, units spheroplasts,
followed by a 45-min chase.

In experiments where hydrolases were immunoprecipitated from
whole-cell fractions (external and internal combined), cells were
grown to early log phase, and 2-4 ODg, units of cells/sample for
each lane were collected and washed once with labeling medium (as
above, but lacking 0.7 M sorbitol). Cells were then labeled as de-
scribed above for spheroplasts. Following a chase incubation, the
labeled culture was brought to 10% TCA by the addition of 100%
TCA and incubated on ice for 20 min. The precipitated culture was
then treated as described above.

Protease K Protection Assay and Salt Extraction

For protease K protection assays and salt extraction experiments,
radiolabeled extracts were produced as described elsewhere (Roth-
blatt and Schekman, 1989). Briefly, strain BJ7995 was grown in
low-sulfate Wickerham’s medium [200 mM (NH,),SO,] to early log
phase (ODg,, = 0.5). Viable spheroplasts were produced as de-
scribed above using osmotically supported (0.7 M sorbitol) low-
sulfate Wickerham’s medium. Spheroplasts were labeled by the
addition of Na,>*SO, (ICN Radiochemicals) to 170 uCi/ODgy, and
incubation for 60 min at 30°C. Labeling was stopped by the addition
of 0.01 volume of 100 mM (NH,),SO,/0.3% cysteine/0.4% methio-
nine followed by a chase incubation of 20 min at 30°C. Cell extracts
with intact membrane compartments were produced by centrifuga-
tion of the spheroplasts onto a 1.9 M sorbitol/50 mM Tris (pH 7.5)
cushion, resuspension in lysis buffer [27-40 ml/ODg4; 0.3 M man-
nitol/0.1 M KC1/50 mM Tris (pH 7.5)/1 mM EGTA/10 mM
Na,N3/1 uM phenylmethylsulfonyl fluoride/0.1 uM leupeptin],
and homogenization (three times for 1 min at approximately 60
rpm/min with 1 min in between on ice) in a 4-ml homogenizer
fitted with a Teflon pestle (Kontes Glass Co., Vineland, NJ). Unlysed
cells were removed by centrifugation for 4 min at 650 X g at 4°C.

For protease K protection assays, a total of 21 ODy, spheroplasts
were labeled as described in the preceding paragraph and resus-
pended in 820 ul of lysis buffer prior to homogenization. The cell
extract was divided into three equal aliquots and treated with or
without protease K (0.3 mg/ml) and Triton X-100 (0.4%) for 15 min
at 4°C. The reaction was stopped by the addition of TCA to 20%. The
precipitated protein was collected by centrifugation, washed once
with ice-cold acetone, dried, and resuspended in 200 ul of suspen-
sion buffer [50 mM Tris (pH 7.5)/1 mM EDTA/1% SDS] by incu-
bating for 5 min at 95°C. Pep7:HAp was immunoprecipitated as
described below with monoclonal antibodies directed against the
HA epitope tag (clone 12CA5, Berkeley Antibody Co., Richmond,
CA). As a control for organelle membrane integrity, ALP was im-
munoprecipitated from the same extracts.

For salt extraction studies of Pep7::HAp, radiolabeled extract was
produced as described above from a total of 28 ODg, spheroplasts
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(in 1 ml of lysis buffer). The cell extract was divided into three equal
aliquots and treated with an equal volume of one of the following
for 10 min on ice: 2 M NaCl in lysis buffer, 10 M urea in lysis buffer,
or unmodified lysis buffer. The samples were loaded into Beckman
13 X 51-mm TLA100 tubes and centrifuged in a Beckman bench top
ultracentrifuge for 60 min at 103,000 X g (50,000 rpm) at 4°C.
Supernatants were removed and 100% TCA was added to them to
a final concentration of 10%. The pellets were resuspended in 10%
TCA. Both were incubated on ice for 20 min and treated as de-
scribed above.

Immunoprecipitation

Immunoprecipitations were carried out as described elsewhere
(Rothblatt and Schekman, 1989). Because antigens were serially
precipitated, antigens were removed from the first antigen/anti-
body complex by the addition of 200 ul of 1% SDS/50 mM Tris (pH
7.5) and heating to 105°C for 5 min. The supernatant was removed
to a fresh tube, and immunoprecipitation with the same antibody
was carried out with the addition of BSA at a final concentration of
150 ug/ml as carrier protein. Following the final wash in detergent-
free wash buffer, the precipitates were resuspended in 25 ul of
denaturation (Laemmli) buffer (1% SDS/1% B-mercaptoethanol/
10% glycerol, 50 mM Tris, pH 6.8, 0.1% bromphenol blue; Laemmli,
1970), heated to 105°C for 5 min, cooled to room temperature, and
the supernatant loaded on SDS-denaturing polyacrylamide gels (see
figure legends for percentage of acrylamide in each gel).

Autoradiography

Polyacrylamide gels were submerged in Resolution autoradiogra-
phy enhancer (EM Corp., Chestnut Hill, MA) for 30 min followed by
a 45-min incubation in cold dH,0, all with gentle mixing. The gels
were then dried for 45 min at 65-70°C under vacuum and then
exposed to film (Kodak X-OMAT AR or BIOMAX MR). Quantita-
tion of autoradiographs was carried out on an Ambis 4000 optical
imager using core software version 4.0.

Generation of a pep7' Allele

A pep7® allele was generated by hydroxylamine mutagenesis of
plasmid DNA followed by transformation directly into yeast (Rose
and Fink, 1987). A Scal/Sall fragment containing PEP7 cloned into
PRS316 was used as the plasmid DNA and BJ8081 (MATa ura3-52
leu2 pep7:LEU2) was used as the recipient yeast strain. Seventy
micrograms of Qiagen column (Qiagen Inc., Chatsworth, CA) pre-
pared plasmid DNA was dissolved in 3.5 ml of a freshly made
ice-cold hydroxylamine solution: 0.09 g NaOH/0.35 g hydroxyl-
amine hydrochloride (Sigma MO)/5 ml ice-cold sterile dH,0. The
DNA was mutagenized for 20 h at 42°C. The reaction was termi-
nated by the addition of 87.5 ul of 4 M NaCl, 350 ug of BSA, and 7
ml of cold ethanol. The DNA was pelleted, resuspended in 700 ul
dH,0, reprecipitated with sodium acetate and ethanol, pelleted
again, and dried. The DNA was dissolved in a small volume of
dH,0O and transformed into yeast strain BJ8081 using the LiAc/
DMSO protocol. DNA was also transformed into E. coli (B]J7253:
pyrF::TN5-sup trp-am lac-am) to test the mutagenesis frequency: 1 of
34 amp" colonies (2.9%) was unable to grow on M9 plates, indicating
a mutation in the plasmid-borne URA3 sequence. Transformed
yeast cells were plated onto 42 C-Ura plates, yielding approximately
18,000 colonies total. These colonies were replica plated onto two
YEPD/6 mM ZnCl, plates and incubated at 23°C or 37°C. Those
colonies that grew at 23°C but not at 37°C were picked, phenotypes
retested, plasmids shuttled through E. coli, and phenotypes again
tested. One plasmid, pBJ8234, gave the expected results in all of
these assays. The mutation was localized by subcloning and double-
strand sequencing (see sequencing methods in this section) and the
plasmid was found to contain a single nucleotide change (cytosine-
756 to guanine) that changes Cys-252 to Trp.
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Epitope Tagging Pep7p

To epitope tag Pep7p with a triple HA tag, a NotI restriction site was
introduced between the last sense codon and the stop codon of PEP7
by PCR. PCR was carried out using primer PEP7 E (5'-CCGCA-
CAGTAGTACC-3', matching nucleotides 344-359 of the PEP7 ORF)
and primer PEP7 3’ NotI (5'-TTA GCG GCC GCC ATT AAA CCC
ATG GTC ACC-3’, matching nucleotides 1545-1530 of the PEP7
ORE). The resulting PCR fragment of PEP7 was reintroduced to the
complete ORF by “polishing” the ends of the resulting PCR product
with Klenow enzyme (Boehringer Mannheim) and cutting with Clal.
A complete PEP7 ORF (Scal/Sall fragment) in vector pKB711X
(Becherer et al., 1996) was cut with Pacl, blunted with mung bean
nuclease (Boehringer Mannheim), and cut with Clal. The polished
and cut PCR product was ligated into this DNA and transformed
into E. coli strain LM1035. The resulting construct (pBJ7687) was
sequenced as described in DNA Sequencing. With the completion of
these manipulations, the 3’ end of PEP7 contains the following
sequence: GGT GAC CAT GGG TTT AAT GGC GGC CGC TAA
TAA GAC ATA. This construct was cut with Notl and a Notl
fragment encoding a triple influenza HA epitope tag (kind gift from
Bruce Futcher, Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY and Susan Michaelis, Johns Hopkins University, Baltimore, MD)
was inserted by ligation. The insertion orientation was monitored
by restriction digest. The resulting construct (pBJ7720) was digested
with BstEIl and Sacll, and the resulting fragment was ligated into
the BstEIl/ Sacll site of pBJ4272 (pBJ4272 = 3.8-kb Sall genomic PEP7
fragment in the Sall site of Yep24), yielding the plasmid pBJ7686.
The-3.8 kb PEP7::HA Sall fragment from pBJ7686 was used to trans-
place the pep7A::LEU2 allele in the yeast strain BJ4000 by single-step
gene transplacement yielding yeast strain BJ7995.

Cell Fractionation by Differential Centrifugation

Fractionation by differential centrifugation was carried out as de-
scribed previously (Becherer et al., 1996) using strain BJ7995.

Preparation of Yeast Nuclei

Nuclei were prepared as described previously (Kalinich and Doug-
las, 1989) using strain BJ1983. To be able to load sufficient amounts
of proteins onto denaturing polyacrylamide gels, preparations were
TCA precipitated and resuspended in Laemmli buffer (1% SDS/1%
B-mercaptoethanol/10% glycerol, 50 mM Tris, pH 6.8) at appropri-
ate concentrations.

Buoyant Density Preparation of Vacuolar Pathway
Compartments

Buoyant density “floats” were prepared as described previously for
vacuole preparations (Woolford et al., 1990) using strain BJ1983.

Immunoblots

Protein extracts were subjected to SDS-PAGE (Laemmli, 1970). For
Pep7p, RNA polymerase II, Vphlp, Kex2p, and CPY detection,
extracts were separated on 10% polyacrylamide gels. PrA was sep-
arated on 12% gels. Immunoblotting was carried out as described
elsewhere (Woolford et al.,, 1990). RNA polymerase II antibodies
were a kind gift from Sha-Mei Liao, Kex2p antibodies were a kind
gift from Robert Fuller. Pep7p immune complexes were detected
using a Vectastain avidin/biotin enhancement kit (Vector Labora-
tories, Burlingame CA) whereas all others were detected using
secondary antibodies conjugated to horseradish peroxidase (Bio-
Rad Laboratories, Richmond, CA). Inmunoblots were incubated in
100 ml phosphate-buffered saline/0.06% H,O,, to which was added
60 mg of 4-chloro-1-naphthol (Sigma) in 20 ml of acetone-free meth-
anol to detect horseradish peroxidase activity.
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Figure 1. Characterization, disruption, and epitope tagging of the
PEP7 locus. The restriction map of complementing clone pBJ3953
(3.8-kb Sall fragment) and smallest complementing fragment in
pBJ4928 (1.8-kb EcoRV/Sall fragment) are shown with the 1.545-kb
PEP7 OREF indicated with the solid arrow. The nucleotides from
+165 (+1 is the A of the ATG) to +1617 were deleted and a BgIII
fragment bearing LEU2 was inserted yielding plasmid pBJ3958. A
triple HA epitope tag was inserted between the last sense codon and
the stop codon yielding plasmid pBJ7686. Both the Pep phenotype
and growth phenotype on YEPD containing 4 mM ZnCl, are indi-
cated to the right. S, Sall; RV, EcoRV; B, BgIII; and 3XHA, triple HA
epitope tag.

RESULTS

Identification and Cloning of PEP7

The PEP7 gene was cloned from a YCp50 genomic
library (supplied by M. Rose) by complementation of
the CPY deficiency of a pep7 mutant (Jones, 1977).
Eighteen Pep™ transformants were identified among
6800 Ura™ transformants obtained by transformation
of strain BJ2406 (MATa ura3-52 leu2 trpl pep7-11; see
Tables 1 and 2 for strains and plasmids). Five identical
plasmids were identified after shuttling through E.
coli. The plasmid, pBJ3952, contained approximately
10 kb of insert DNA. An internal 3.8-kb Sall fragment
was found to be able to fully complement the Pep™
phenotype (pBJ3953; Figure 1). To verify that this frag-
ment contained the PEP7 locus, the fragment was
cloned into YIp5 (plasmid pBJ3954) and, after cleavage
within the insert by Hpal, used to direct the integraﬁon
of the plasmid into strain BJ2406. When a Ura™-Pep™*
integrant was crossed to wild-type PEP7 strains, mei-
otic analysis of the resulting diploids gave 47 tetrads
that all segregated 4:0 Pep™:Pep~, indicating that the
3.8-kb Sall fragment contained the wild-type PEP7
locus.

A minimal complementing 1.8-kb EcoRV/Sall DNA
fragment (pBJ4928; Figure 1) was cloned into sequenc-
ing vectors and sequenced. A 1545-bp ORF was found
that encodes a predicted polypeptide 515 amino acids
long and that is hydrophilic (isoelectric point of pH
8.4; Figure 2A). No signal sequence or hydrophobic
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205 LERTVTPWRDDRSVLFCNICSEPFGLLLRKHHCR
G
Y -12,-15 W -20
239 LCGMVVCDDANRNCSNEISIGYLMSAASDLPFEY

* -13 -14 Y Y -11
273 NIOKDDLLHIPTISTRICSHCIDMLFIGRKFNKDV
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Figure 2. Predicted amino acid sequence of the PEP7 gene
product and identified mutations. The predicted amino acid se-
quence of the 515 residue polypeptide encoded by PEP7 (Gen-
Bank accession number U22070) is shown. Changes in the amino
acid sequence brought about by mutations that lead to a mutant
phenotype are shown in bold above the wild-type sequence. The
allele numbers are located to the right or left of the encoded
change. Nonsense mutations are indicated by an asterisk. Muta-
tions that do not lead to a mutant phenotype are indicated below
the wild-type sequence in plain text. Sequence motifs are under-
lined.
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domain that could serve as a transmembrane domain
was predicted by computer analysis. There are several
cysteine-rich sequences in the amino-terminal half of
the polypeptide that show varying degrees of similar-
ity to motifs found in other proteins. The most N-
terminal of these (amino acids 6-29) shows similarity
to the zinc finger repeats found in transcription factor
TFIIIA of Xenopus laevis (Figures 2 and 3A; Berg, 1990).
The cysteine-rich region found between amino acids
212-294 shows striking similarity to a tripartite cys-
teine-rich motif found in several eukaryotic proteins
and uncharacterized ORFs (Figure 3B). These include
regions of FABI and VPS27, genes also thought to be
involved in vacuolar function in yeast (Figure 3B;
Piper et al., 1995; Yamamoto et al., 1995), as well as two
additional uncharacterized ORFs in yeast (Figure 3).
The order of the three parts of the motif is strictly
conserved among the various proteins and ORFs,
while some variability in the spacing of the three
elements is observed. Furthermore, the location of the
tripartite motif within the polypeptides varies among
the proteins. Lysine/arginine-rich sequences located
between amino acids 49-54, 62-65, and 70-75 show
similarity to nuclear localization sequences (Figure 3C;
Robbins et al., 1991; Gorlich et al., 1995). The PEP7
sequence was deposited into GenBank, and accession
number U22070 was assigned. While this work was in
progress the PEP7 locus was recloned and addition-
ally designated VAC1 (Weisman and Wickner, 1992).
Moreover, complementation analysis between the PEP
and VPS complementation groups revealed that PEP7
and VPS19 are allelic. Because mutations at this locus
were first reported as pep7 mutations (Jones, 1977),
and the locus was mapped and is listed in the S.
cerevisize genome database as PEP7, we will use the
PEP7 designation.

A deletion of the PEP7 locus was constructed by
replacing a 1.4-kb BgIII fragment of the PEP7 OREF in
plasmid pBJ3954 with a 3.0-kb BglII fragment from
YEp213 containing the selectable marker LEU2 (yield-
ing plasmid pBJ3958; Figure 1). This construct re-
moves nucleotides 165-1545 of the PEP7 ORF plus 72
nucleotides downstream of the stop codon. This con-
struct, when digested with Sall, and transplaced into
the genome of a diploid homozygous PEP7 leu2, di-
rected the removal of one wild-type PEP7 gene.
Sporulation of the heterozygous diploid produced
meiotic segregants in the ratio of 2 Pep” Leu ::2 Pep™
Leu™ for all 65 tetrads analyzed, as expected.

The mutations in the PEP7 gene in the pep7-10
through pep7-17 mutants were sequenced; the changes
are indicated above the sequence in Figure 2. Muta-
tions recovered that did not affect PEP7 function are
indicated below the wild-type sequence. Interestingly,
all missense alleles recovered (pep7-11, -12, -14, and
-15, and including the pep7-20 ts allele) changed cys-
teine residues in the highly conserved C8 tripartite
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motif, and therefore, this motif is essential for Pep7p
function.

pep7 Mutants Contain a Vacuole with an Abnormal
Morphology and Accumulate a Vesicle Population
in the Cytoplasm

Electron microscopy was used to analyze the ultra-
structural defects brought about by the loss of PEP7
function. Although S. cerevisine lacks many of the vi-
sual cytoplasmic landmarks of higher eukaryotic cells,
the vacuole is usually a prominent feature of the yeast
cell and therefore gross perturbations that affect the
vacuole are easily detectable by several microscopic
techniques. In electron micrographs stained to high-
light the vacuole in cells, a wild-type strain presents
several (three to five) darkly staining vacuoles (Figure
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Figure 3. Sequence motifs found in
the PEP7 gene product. (A) Pep7p
amino acids 6-29 show sequence sim-
ilarity to the zinc finger repeat motif
found in the X. laevis transcription fac-
tor TFIIIA. (B) Pep7p amino acids
212-294 show striking similarity to a
tripartite cysteine-rich motif found in
several other eukaryotic proteins and
putative ORFs. The entries are identi-
fied as: C.e. ORF 1 from Caenorhabditis
elegans (NCBI  accession number
1326382) amino acids 193-252; Hrs
from Mus musculus (NCBI accession
number 1089781) amino acids
160-219; Vps27p from S. cerevisiae
(NCBI accession number 1353233)
amino acids 170-230; EEA1 from
Homo sapiens (NCBI accession number
1016368) amino acids 1348-1408; C.e.,
OREF 2 from C. elegans (NCBI accession
number 732235) amino acids 149-212;
P.d. ORF 1 from Phoenix dactylifera
(NCBI accession number 1246823)
amino acids 215-277; S.c. ORF 1 from
S. cerevisiae (NCBI accession number
849227) amino acids 14-87; Fablp
from S. cerevisize (NCBI accession
number 462047) amino acids 237-297;
C.e. ORF 3 from C. elegans (NCBI ac-
cession number 746516) amino acids
538-600; FGD1 from M. musculus
(NCBI accession number 722343)
amino acids 726-788; C.e. ORF 4 from
C. elegans (NCBI accession number
100859) amino acids 790-855; C.e.
ORF 5 from C. elegans (NCBI accession
number 529701) amino acids 341-401;
S.c. ORF 2 from S. cerevisize (NCBI
accession number 1322491) amino ac-
ids 449-513; and C.e. ORF 6 from C.
elegans  (NCBI  accession number
642176) amino acids 285-346. (C)
Pep7p amino acids 48-67 show se-
quence similarity to nuclear localiza-
tion sequences in viral large T antigen.
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4A). As demonstrated in this profile, the vacuole is par-
titioned to the developing bud as “streaming” of some of
the vacuole fragments through the bud neck during the
cell cycle. A strain deleted for PEP7 shows a strikingly
different profile. They contain a single large vacuole-like
compartment (Figure 4D). Furthermore, as noted by oth-
ers, neither this single large vacuole nor fragments of it
are distributed to the bud as the cell divides (Weisman
and Wickner, 1992). The fact that each cell ultimately
acquires a single large vacuolar compartment despite
not inheriting a vacuole from the mother cell suggests
that strains lacking PEP7 function are still capable of
forming a vacuole de novo.

These observations on the vacuole morphology phe-
notype of pep7 mutants were confirmed by fluores-
cence and differential interference contrast (DIC) mi-
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Figure 4. Morphology of the pep7A mutant strain. A-C are strain BJ2665 (PEP7). D-F are strain BJ8081 (pep7A::LEU2). (A and D), cells were
prepared and stained for electron microscopy as described in MATERIALS AND METHODS. The vacuoles stain dark in these preparations.
Bars, 1 um. (B and E), cells were labeled with vital vacuolar stain 6-CFDA as described in MATERIALS AND METHODS. (C and F),
Nomarski images of the same fields of cells shown in B and E, respectively.

croscopy using the vital dye 6-CFDA; free
6-carboxyfluorescein (6-CF) becomes trapped in the
vacuole as a charged fluorescent molecule (Preston
et al., 1992). In these preparations, a wild-type strain
contains multiple vacuolar compartments that cor-
respond to cytoplasmic depressions seen in the DIC
images (Figure 4, B and C). Again, as was seen in the
electron microscopic profiles, cells of the pep7 mu-
tant strain contain a single large, very round vacu-
olar compartment as demonstrated by both 6-CF
staining and DIC profiles (Figure 4, E and F). Be-
cause the fluorescence of 6-CF is pH dependent
(Preston et al., 1989), these and previous studies
with 6-CFDA revealed that pep7 strains contain
vacuoles that are neutral in pH rather than the
mildly acidic pH 6.2 typical of vacuoles in wild-type
strains (Preston et al., 1989, 1992).

A closer examination of electron micrographs of
the pep7A strain revealed the presence of multiple
small vesicles distributed throughout the cytoplasm
(Figure 5, A and C, low magnification, B and D, high
magnification). The vesicles are indicated by arrows
(Figure 5, B and D). These vesicles measure 40-60
nm in diameter. They are present at a frequency of
5.8 vesicles per mutant cell profile (n = 50, SD = 3.5)
as compared with a frequency of 1.8 vesicles per
wild-type cell profile (n = 50, SD = 1.2). Because
plasma membrane-directed secretory vesicles have
been demonstrated to measure approximately 100
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nm in diameter (Novick et al., 1981), the 40—-60-nm
vesicles seen to accumulate in pep7 mutants are not
likely to involve transport between the TGN and
plasma membrane. However, it has been shown that
intraorganelle transport vesicles found in the secre-
tory and vacuolar pathways measure 30-60 nm
(Novick et al., 1981; Newman and Ferro-Novick,
1987; Shim et al., 1991; Cowles et al., 1994; Piper et
al., 1994; Becherer et al., 1996), and therefore it is
possible that the vesicles seen to accumulate in the
pep7 mutant may be a transport vesicle population.
Because pep7 mutants are not blocked in production
of the secreted enzyme invertase (Garlow, 1989), it
is unlikely that these accumulated vesicles result
from a block in the secretory pathway.

The above data on vacuole morphology suggested
that the lack of CPY activity seen in this mutant (the
basis for isolation) was indeed due to perturbations
in vacuolar function. Because CPY and other hydro-
lases are thought to be delivered from the TGN to
the vacuole via vesicle-mediated transport ulti-
mately (Vida et al., 1993; Cowles et al., 1994; Piper et
al., 1994; Becherer et al., 1996), the accumulation of a
40-60-nm vesicle population in the pep7 mutant
suggested that this perturbation might be in trans-
port of hydrolases in the vacuolar branch of the
secretory pathway.
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Figure 5. Vesicle accumulation in the pep7A mutant strain. Strain BJ8081 (pep7A::LEU2) was prepared and stained for electron microscopy
as described in MATERIALS AND METHODS. (A and C) Low magnification views. Bars, 1 um. Insets are shown at higher magnification
in B and D, respectively. Bars, 100 nm. Arrows indicate vesicles seen in pep7A cells.

pep7 Mutants Demonstrate Sensitivity to Divalent
Ions in Growth Medium

In wild-type cells, the vacuole is thought to be the site
of divalent cation homeostatic regulation (Serrano,
1991). To test whether the vacuoles in pep7 mutants are
able to perform this function, both wild-type and
pep7A strains were tested for the ability to grow on
media containing excess divalent cations. Both wild-
type and pep7A strains were streaked for single colo-
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nies on YEPD media containing either 3 mM ZnCl,,
200 mM CaCl,, 200 mM SrCl,, or 3 mM MnCl,. As
noted in Figure 1 and Table 3, wild-type strains were
able to grow robustly to form single colonies, whereas
a pep7A strain showed very poor or no growth on
ZnCl,, CaCl,, or SrCl, containing media and was
slowed for growth on plates containing MnCl,. This
growth phenotype was not due to the excess Cl™
anion present, as 900 mM NaCl did not significantly
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Table 1. Strain list

Saccharomyces cerevisiae

BJ863 MATa his5 s126

BJ1983 MATa trpl

BJ2194 MATa trpl pep7-12

BJ2202 MATa trpl pep7-13

BJ2212 MATa trpl pep7-14

BJ2218 MATa trpl pep7-15

BJ2231 MATa trpl pep7-16

BJ2329 MATa trpl pep7-10

BJ2330 MATa trpl pep7-11

BJ2406 MATa ura3-52 leu2 trpl pep7-11

BJ2665 MATa ura3-52 leu2

BJ4000 MATa ura3 leu2 trpl hisl ade6 pep7A:LEU2

BJ5124 MATa ura3 leu2 pep7-17

BJ5416 MATa ura3-52 leu2A1 his3A200 lys2-801

BJ7995 MATa ura3 leu2 trpl ade6 PEP7:HA

BJ8081 MATa ura3-52 leu2 pep7A:LEU2

BJ8253 MATa ura3-52 leu2 pep7-20

BJ8286 MATa ura3-52 leu2 Al his3A200 lys2-810 end4A::HIS3
BJ8669 MATa ura3-52 leu2 lys2-801 pep7-20 end4A::HIS3
BJ8670 MATa ura3-52 leu2 his3A200 pep7-20 end4A::HIS3
BJ8751 MATa ura3-52 leu2 lys2 bar1A:LYS2

BJ8752 MATa ura3-52 leu2 lys2 bar1A::LYS2 pep7-20

BJ8753 MATa ura3-52 leu2 lys2 bar1A:LYS2 pep7A::LEU2
BJ8864 MATa ura3-52 leu2 Al his3A200 lys2-801 pep7A::LEU2
BJ8865 MATa ura3-52 leu2A1 his3A200 lys2-801 end4A::HIS3

impede growth. Furthermore, the growth defect is not
likely to be a response to increased osmolarity, since
inclusion of 1 M sorbitol did not impede growth.
Included as a negative control, a strain deleted for the
V-type ATPase subunit encoding gene VAT2 was also
severely inhibited for growth on media containing
excess divalent ions. vat2 mutants are unable to acidify
their vacuoles and, therefore, thought to be unable to
sequester divalent cations in the vacuole via vacuolar
H™ /divalent cation antiporters (Serrano, 1991). These
results with the pep7 mutant suggest that the large
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vacuole found in pep7 mutants is unable to buffer the
cells against excess ions in the medium. Because pep7
mutants have been demonstrated to be unable to acid-
ify their vacuole (Preston et al., 1992), it is possible that
the ion® phenotype is based on this pH defect.

pep7 Mutants Are Unable to Properly Process
Vacuolar Hydrolases

pep7 mutants were analyzed for the ability to properly
process and target the CPY precursor by metabolically
radiolabeling spheroplasts and immunoprecipitating
CPY from spheroplast fractions as well as from the
medium in which the spheroplasts were incubated. In
radiolabeling experiments, after a 20-min pulse and
30-min chase, a wild-type strain presented nearly all
of the CPY antigen intracellularly as the mature en-
zyme (61 kDa), indicating proper delivery to the vac-
uole where the final processing reactions take place
(Figure 6, lanes 1 and 2). The pep7A strain demon-
strated a very different CPY antigen profile. The pep7A
mutant strain secreted >89% of the CPY antigen into
the medium as P2CPY (69 kDa; Figure 6, lanes 3 and
4), consistent with proper passage through the ER and
Golgi, but lacking the final processing step(s) that
indicates arrival at the vacuole (Figure 6, lane 4). Fur-
thermore, the small fraction of CPY retained in the
spheroplast fraction (<11%) is present as the P2 form,
consistent with a block in transport somewhere be-
tween the Golgi compartment and the vacuole (Figure
6, lane 3).

To determine whether the lack of processing was
specific to CPY, a similar analysis was carried out on
three other vacuolar hydrolase: PrA, PrB, and ALP.
The wild-type strain was able to process all three of
these hydrolase precursors to mature forms during the
20-min pulse and 30-min chase (Figure 6, lanes 1 and
2), whereas all three of the hydrolase precursors failed

Table 2. Plasmid list

Plasmid Insert Vector
pBJ3952 10.5-kb genomic library complementing clone YCp50

pBJ3953 3.8-kb Sall PEP7 fragment YCp50 (Sall)

pBJ3954 3.8-kb Sall PEP7 fragment YIp5 (Sall)

pBJ3958 BglII deletion of pBJ3954, LEU2 BgIII fragment inserted YIp5 (Sall)

pBJ3960 1.3-kb EcoRI/Sall PEP7 fragment pATH11 (EcoRI/ Sall)
pBJ4272 3.8-kb Sall PEP7 fragment YEp24

pBJ4639 1.8-kb EcoRV/Hincll PEP7 fragment PTZ19R (Smal)
pBJ4640 1.8-kb EcoRV/HincIl PEP7 fragment pTZ18U (Smal)
pBJ4928 1.8-kb EcoRV/Sall PEP7 fragment YCp50

pBJ6171 1.8-kb EcoRV/HincIl PEP7 fragment pKB711

pBJ7686 3.9-kb Sall PEP7::HA fragment YEp24

pBJ7687 2.0-kb Scal/Sall PEP7 (Notl) fragment pKB711 (Eco47111/ Sall)
pBJ7720 2.1-kb Scal/Sall PEP7:HA fragment pKB711 (Eco47111/ Sall)
pBJ8168 2.0-kb Scal/ Sall pep7-20 fragment (original isolate) PRS316 (Smal/ Sall)
pBJ8234 2.0-kb Scal/Sall pep7-20 fragment (subcloned) pRS316 (Smal/ Sall)
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Table 3. Growth phenotype on media containing excess divalent ions

YEPD containing
ZnCl, CaCl, SrCl, MnCl, NaCl Sorbitol -
PEP7 ++ ++ ++ ++ ++ ++ ++
pep7A::LEU2 - - - +/- +4+ ++ ++
vat2A::LEU2 - - - - ++ ++ ++

YEPD media containing the above listed divalent ions were made as described in MATERIALS AND METHODS. The final concentrations
were 3 mM ZnCl,, 200 mM CaCl,, 200 mM SrCl,, 3 mM MnCl,, 900 mM NaCl, or 1 M sorbitol. Strains BJ2665 (PEP7), BJ8081 (pep7A::LEU2),
and BJ6704 (vat2::LEU2) were streaked for single colonies on the above media and incubated for 2 d at 30°C. The resulting growth was

scored as follows: ++, robust growth to single colonies; +, strong growth to single colonies; +/—, weak growth to single colonies; —, no

growth to single colonies.

to undergo significant vacuolar processing in the
pep7A strain (Figure 6, lanes 3 and 4). Like CPY, PrA
and PrB were found in precursor forms consistent
with transport through the ER and Golgi complex.
Unlike CPY, however, which was secreted from the
pep7A strain, the precursors to the soluble hydrolases
PrA and PrB were not secreted into the medium in
significant amounts. Because precursors to CPY, PrA,
and PrB are thought to transit the same compartments
en route to the vacuole (Klionsky et al., 1990), this may
be an indication that the sorting mechanism of CPY is
significantly different from that utilized by PrA and
PrB. The integral membrane hydrolase ALP, which
was matured to its 72-kDa form in the wild-type strain
(Figure 6, lane 1), was not processed in the pep7A
strain but instead was found in a 76-kDa precursor

PEP7
I E 1 E

Figure 6. Sorting and pro-
cessing of vacuolar hydro-
lases. Spheroplasts of strains
BJ1983 (PEP7) and BJ4000

pep7A

P2CPY — |

(pep7A::LEU2) were pulse-la-
mCPY — beled with Tran®®S for 20 min
and chased for 30 min at
30°C. The labeled cultures
were separated into sphero-
proPrA — plast (internal, I) and me-
dium (external, E) fractions.

PrA —
e 1 Vacuolar hydrolases CPY,

PrA, PrB, and ALP were im-
munoprecipitated from each
fraction. The precipitated
proteins were subjected to
denaturing PAGE on gels of
the following acrylamide
concentrations: 8% for ALP,
10% for CPY and PrA, and
12% for PrB. Autoradiogra-
phy was carried out as de-
scribed in MATERIALS AND
METHODS. The position of
Golgi-modified  precursor
forms (P2CPY, proPrA, pro-
PrB, and proALP) and mature vacuolar forms (mCPY, mPrA,
mPrB, and mALP) of the hydrolases are indicated.

1 2 3 4
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form (Figure 6, lane 3), again consistent with transport
through the ER and Golgi complex. Because ALP is an
integral membrane protein, not surprisingly, nearly all
of the precursor remained cell associated (Figure 6,
lane 3).

Isolation and Characterization of a pep7* Allele

Because the precursors to CPY, PrB, and ALP undergo
PrA-dependent processing during their maturation
(reviewed in Jones et al., 1989; Klionsky et al., 1990;
Jones, 1991b; Jones and Murdock, 1994; Van Den Ha-
zel et al., 1996), it was possible that the effects of a loss
of PEP7 function on maturation of these hydrolases
was a secondary effect due to loss of mature active PrA
in pep7A strains. To address this concern of primary
versus secondary effects of loss of PEP7 function, a
temperature-conditional allele of PEP7 was generated
by in vitro mutagenesis of plasmid-borne PEP7 fol-
lowed by transformation into a pep7A strain. Transfor-
mants were screened for temperature conditional
growth on YEPD medium containing 6 mM ZnCl,. A
single colony was found whose contained plasmid
caused a conditional Zn® phenotype after shuttling the
plasmid through E. coli (Figure 7A). This PEP7 allele
was designated pep7-20. A single nucleotide change
was found in pep7-20 DNA that changes Cys 252 to
Trp (Figure 2). The pep7-20 mutant proved to be con-
ditionally defective for CPY targeting and maturation.
At both the permissive (23°C) and restrictive temper-
atures (37°C), wild-type cells were able to process
nearly all CPY to the mature 61-kDa size (Figure 7B,
lanes 1 and 4), whereas a strain deleted for PEP7 was
unable to process P2CPY at either temperature (Figure
7B, lanes 3 and 6). At the permissive temperature a
strain carrying the pep7-20 allele was able to process
CPY nearly as well as the wild-type strain (lane 2), but
was as defective as the deletion strain at the restrictive
temperature (lane 5). Therefore, the pep7-20 mutant
showed nearly wild-type function at the permissive
temperature, but was nearly completely nonfunctional
at the restrictive temperature.

Molecular Biology of the Cell
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Figure 7. Isolation of a pep7 temperature-conditional allele. (A)
The pep7-20 mutation was generated by in vitro mutagenesis of
plasmid-borne PEP7 DNA. The resulting DNA was transformed
into strain BJ8081 (pep7A:LEU2) yielding transformants that were
screened for temperature-conditional growth on YEPD containing 6
mM ZnCl,. One plasmid conferred the desired temperature-sensi-
tive growth phenotype. This allele was designated pep7-20. Shown
are strains BJ2665 (PEP7), BJ8081 transformed with centromeric
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To assess the kinetics of induction of the mutant
phenotype in a pep7-20 strain, spheroplasts of a single
large pep7-20 culture were preincubated at 37°C for 5
min followed by the addition of label. At 1, 2.5, 5, 10,
or 15 min after labeling one-fifth of the culture was
removed and subjected to a 25-min chase with nonra-
dioactive cysteine and methionine at 37°C. CPY was
immunoprecipitated from both cell (internal) and me-
dium (external) fractions. This experimental regimen
allows a determination of the time of onset of the
secretion and processing defects. At the first time
point examined (5-min temperature shift, 1-min label-
ing, 25-min chase), the mutant cells were unable to
transport a significant fraction of CPY to the vacuole
as determined by the lack of internal mature CPY
(Figure 7C, lane 1). As cells at this time point, like all
those following, underwent a 25-min chase incuba-
tion, the block in transport to the vacuole appears to
be firmly in place. Additionally, the mutant secreted a
significant fraction of the P2CPY into the medium
(Figure 7C, lane 2). This same trend is continued at
later time points (Figure 7C, lanes 3-10). These data
indicate that the Pep7p function must have been inac-
tivated during the 5-min preincubation and that the
sorting and processing defects were manifested very
rapidly upon loss of Pep7p function. The data thus
imply that a primary function of Pep7p is in transport
and/or sorting of CPY at a step distal to Golgi modi-
fication.

pep7** Mutants at Restrictive Temperatures Are
Blocked in Transport of Three Soluble Vacuolar
Hydrolases, But Not a Membrane Vacuolar
Hydrolase

To address the extent of pleiotropy attendant on loss
of PEP7 function, the production of CPY, PrA, PrB,
and ALP in radiolabeled spheroplasts was examined

Figure 7 (cont). plasmid-based pep7-20 DNA, pBJ8234 (pep7-20),
and BJ8081 (pep7A) grown on 6 mM ZnCl, YEPD at both 23 and
37°C. (B) The same strains described in A were grown at 23°C to
early log phase (PEP7 = WT, pep7-20 = ts, and pep7A = A). Cells
were preincubated for 10 min at either 23°C or 37°C prior to labeling
at the respective temperatures. The cells were pulse-labeled for 5
min with Tran®®S and chased for 45 min. Extracts were made by
glass bead breaking. CPY was immunoprecipitated, separated on a
10% polyacrylamide gel, and subjected to autoradiography as de-
scribed in MATERIALS AND METHODS. The position of the Golgi-
modified precursor CPY (P2CPY) and mature vacuolar CPY
(mCPY) are indicated. (C) Spheroplasts of strain BJ8081 carrying
plasmid pBJ8234 (pep7-20) were preincubated at 37°C for 5 min. A
pulse-label with Tran®S was initiated and carried out at 37°C. At 1,
2.5, 5, 10, and 15 min after pulse, one-fifth of the culture was
removed and a 25-min chase was carried out on the aliquot at 37°C.
The labeled aliquots were treated as described in Figure 6. CPY was
immunoprecipitated from the fractions, separated on a 10% poly-
acrylamide gel, and subjected to autoradiography as described in
MATERIALS AND METHODS.
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at both 23°C and 37°C. Wild-type, pep7-20, and pep7A
strains were grown at 23°C to early log phase, sphero-
plasts were formed, the cultures were split, and one-
half was incubated for 5 min at 37°C while the other
half continued to incubate at 23°C. The spheroplasts
were then radiolabeled in a pulse-chase experiment.
CPY, PrA, PrB, and ALP were immunoprecipitated
from both spheroplast extracts (internal) and medium
fractions (external). The wild-type strain was able to
process the great majority of all four hydrolases at
either temperature (Figure 8, lanes 1 and 2). The pep7A
strain was unable to efficiently process any of the
hydrolase precursors at either temperature, and again
secreted a significant fraction of CPY into the medium
(Figure 8, lanes 5 and 6). For synthesis, transport, and
processing of the CPY, PrA and PrB precursors, at
23°C the pep7-20 mutant looked strikingly like the
wild-type strain, but at 37°C the conditional mutant
looked like the pep7A strain (Figure 8, A-C, lanes 3 and
4). This includes the slightly aberrant secretion of CPY
demonstrated by both the wild-type and pep7-20
strains at 23°C (Figure 8A, lanes 2 and 4). These data
indicate that the lack of processing of hydrolase pre-
cursors of CPY, PrA, and PrB is due to a nearly im-
mediate block of transport at some step between the
Golgi and the vacuole upon loss of PEP7 function and
not secondarily due to depletion of vacuolar pools of
mature processing proteases in the vacuoles of pep7
strains.

The synthesis of ALP, however, presented a differ-
ent profile. Like the wild-type strain, the pep7-20 mu-
tant was able to efficiently synthesize and process the
ALP precursor at both the permissive and restrictive
temperatures (Figure 8D, lanes 1-4), therefore sug-
gesting that the vacuole in the conditional mutant at
the restrictive temperature was not only competent to
receive vesicle traffic from the secretory path, but that
it was also still competent to carry out PrA-dependent
processing of the ALP precursor. Because all of the
newly synthesized PrA precursor was precluded from
reaching the vacuole, as demonstrated by its failure to
be processed to mature form at 37°C (Figure 8B, lanes
3 and 4), processing of the ALP precursor must be
catalyzed by the PrA delivered to the vacuole and
proteolytically processed prior to the temperature
shift and radiolabeling. The fact that the ALP precur-
sor was processed to its mature form at the restrictive
temperature indicates that this hydrolase precursor
can reach the vacuole via a Pep7p-independent mech-
anism.

ALP Does Not Reach the Vacuole via Endocytosis
in pep”* Mutants at Restrictive Temperatures

Because ALP was able to reach the vacuole via a
Pep7p independent mechanism (Figure 8D, lane 3), we
determined whether ALP travels to the vacuole via
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endocytosis (Nothwehr et al., 1995). Strains were con-
structed that carried both the end4A mutation and the
temperature-sensitive allele pep7-20, and therefore
precluded delivery to the vacuole via endocytosis
(Raths et al., 1993). In pulse-chase experiments, a wild-
type strain was able to process ALP to the mature size
(76 kDa) as expected (Figure 9A, lane 1). Furthermore,
an end4A strain was also able to process ALP (Figure
9A, lanes 4 and 8), as ALP does not usually travel to
the vacuole via the plasma membrane (Nothwehr et
al., 1995). Again, a pep7A strain was unable to process
precursor ALP to its mature form (Figure 94, lane 2),
whereas a pep7-20 mutant was able to process precur-
sor ALP to its mature size at both permissive and
restrictive temperatures (Figure 9A, lanes 3 and 7).
Two different pep7-20 end4A doubly mutant strains
were able to process the ALP precursor at both per-
missive (Figure 9A, lanes 5 and 6) and restrictive
temperatures (Figure 9A, lanes 9 and 10), demonstrat-
ing that in the absence of Pep7p function, the precur-
sor to ALP was routed to the vacuole, but this route
was not via the plasma membrane.

To ensure that a thermal block of PEP7 function had
been induced under the conditions of the experiment
in Figure 9A, CPY was immunoprecipitated from the
same extracts (Figure 9B). As expected, neither wild-
type nor end4A strains showed a defect in CPY pro-
cessing (Figure 9B, lanes 1, 4, and 8), whereas a pep7A
stain showed little or no processing (Figure 9B, lane 2).
The strains containing pep7-20 either alone or with
end4A were fully capable of processing the CPY pre-
cursor at the permissive temperature as expected (Fig-
ure 9B, lanes 3, 5, and 6), but were severely defective
in precursor CPY processing at the restrictive temper-
ature (Figure 9B, lanes 7, 9, and 10), indicating that the
thermal block had been successfully induced.

Interestingly, whereas the strain carrying the
pep7-20 allele alone had the predicted CPY pheno-
types at the restrictive temperature (complete lack of
P2CPY processing; Figure 9B, lane 7), the pep7-20
end4A double mutants both processed some small
amount of P2CPY to a mature form at the restrictive
temperature (Figure 9B, lanes 9 and 10). The signifi-
cance of this observation is not immediately evident,
except to suggest that perturbations to the endocytic
pathway impinge on the Golgi to vacuole traffic. Al-
ternatively, because these strains are not isogenic, this
small variation in phenotype may originate from vari-
ation in the genetic background of these three strains.

Endocytosis in pep7 Mutants

Studies in class E vacuolar protein-sorting mutants
have led to the hypothesis that transport between the
TGN and vacuole merge with transport between the
plasma membrane and the vacuole at a common en-
dosomal compartment (Davis et al., 1993; Piper et al.,

Molecular Biology of the Cell



A PEP7 pep7-20 pep7A
I E I E I E
P2 CPY _ &
mCPY — } 23°C
P2 CPY _
1 2 3 4 5 6
PEP7 pep7-20 pep7A
B I E I E 1 E
proPrA _ o
mPrA — }23°C
proPrA _
1 2 3 4 5 6
PEP7 pep7-20 pep7A
c I E I E I E
proPrB —
} 23°C
mPrB —
proPrB _
} 37°C
mPrB —
1 2 3 4 5 6
PEP7 pep7-20 pep7A
D I E I E I E
proALP _ o
mALP } 23°C
proALP __
mALP — }37°C

Figure 8. Vacuolar hydrolase sorting and processing in the
pep7-20 mutant. Spheroplasts of strain BJ8081 carrying the plasmid
pBJ8271 (PEP7), the plasmid pBJ8234 (pep7-20), or pRS316 (pep7A)

Vol. 8, May 1997

Pep7

A 23°C 37°C

END{: WT|WT|WT|A |A |A I"WTlA |A |A
PEP7: WT| A ts [Wrts | ts [ s [wr] ts | ts

proALP __
mALP —

P2 CPY _
mCPY
1 2 3 4 5 6 7 8 9 10

Figure 9. ALP processing in pep7-20/end4A strains. Strains BJ2665
(WT), BJ8081 (pep7A), BJ8253 (pep7ts), B]8286 (end4A), BJ8669 (pep7ts,
end4A), and BJ8670 (pep7ts, end4A) were preincubated for 5 min at
either 23°C or 37°C as indicated. A 5-min pulse-label with Tran®*S
followed by a 45-min chase at the respective temperatures was
carried out. Cell extracts were made by glass bead breaking. ALP
(A) and CPY (B) were immunoprecipitated from the labeled extracts
and separated on 8 and 10% polyacrylamide gels, respectively.
Autoradiography was carried out as described in MATERIALS
AND METHODS. The positions of both Golgi-modified precursor
forms of the hydrolases (proALP and P2CPY) and mature vacuolar
forms (mALP and mCPY) are indicated.

1995; Rieder et al., 1996). Therefore, we were interested
in testing whether the loss of Pep7p function impinges
upon endocytic processes. To test fluid phase endocy-
tosis, the ability of a pep7 mutant strain to take up and
deliver Lucifer yellow to the vacuole was tested. A
wild-type strain endocytosed and accumulated Luci-
fer yellow in the vacuole (Figure 10A). The vacuole is
identified by its prominent profile in the Nomarski
exposure (Figure 10, B, D, and F). The pep7A strain
appeared to take up Lucifer yellow nearly as well as
the wild-type strain did (Figure 10C). As expected, an
end4 mutant, which is unable to carry out endocytosis
(Raths et al., 1993), does not take up Lucifer yellow
(Figure 10C).

Furthermore, we investigated the ability of pep7 mu-
tants to carry out receptor-mediated endocytosis. We
first assayed pep7 mutants for internalization of a-fac-
tor at both 23°C and 37°C. An isogenic wild-type
strain was tested and demonstrated no defect for in-

Figure 8 (cont). were preincubated at the indicated temgsesratures
for 5 min. The spheroplasts were pulse-labeled with Tran>S at the
indicated temperatures for 5 min and chased for 45 min. Labeled
cultures were treated as described in Figure 6. The positions of
Golgi-modified precursor forms (P2CPY, proPrA, proPrB, and
proALP) and mature vacuolar forms (mCPY, mPrA, mPrB, and
mALP) of the hydrolases are indicated.
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Figure 10. Lucifer yellow uptake by pep7 mutants. Isogenic strains
BJ5416 (PEP?), B]8864 (pep7A::LEU2), and BJ8865 (end4A::HIS3) were
tested for their ability to take up and deliver fluid-phase endocytotic
marker Lucifer yellow to the vacuole as described in MATERIALS
AND METHODS. Fluorescence and Nomarski images of the same
field of cells were acquired using a multimedia fluorescence micro-
scope fitted with FITC and Nomarski optics. Shown are fluorescence
and Nomarski images, respectively, of BJ5416 (PEP7; A and B),
BJ8864 (pep7A::LEU2; C and D), and BJ8865 (end4A::HIS3; E and F).

ternalization capabilities at either 23 or 37°C (Figure
11, A and B). Uptake of a-factor in both pep7A and
pep7—20 mutants at both the permissive and restrictive
temperatures demonstrated nearly wild-type kinetics
(Figure 11, A and B). Then we tested the pep7-20
conditional mutant for the ability to deliver the endo-
cytosed a-factor to the vacuole by assaying for vacu-
olar degradation of endocytosed pheromone. The
wild-type strain internalized nearly all of the surface
bound a-factor within 7.5 min at 24°C. Compare Fig-
ure 12A, lane 1 (total bound pheromone) to lanes 2
(0-min internalization) and 3 (7.5-min internalization).
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Figure 11. a-factor uptake from the plasma membrane in pep7
mutants. Isogenic strains BJ8751 (PEP7), BJ8752 (pep7-20), and
BJ8753 (pep7A::LEU2) were tested for their ability to take up radio-
labeled a-factor via receptor-mediated endocytosis as described in
MATERIALS AND METHODS. Cells were preincubated for 10 min
at either 24°C (A) or 37°C (B) prior to carrying out the uptake assay
at these respective temperatures. The percentage of uptake was
determined by a scintillation counter. The amount of pheromone
internalized was divided by the total cell-associated pheromone and
this was multiplied by 100 to equate percentage of uptake. The assay
was performed twice and SDs are shown by error bars.

Degradation of the intact a-factor was evident by 30
min (Figure 12A, lane 5) and was nearly complete at
the 60-min time point (Figure 12A, lane 6). This wild-
type strain behaved similarly at 37°C (Figure 12B, B).
The isogenic pep7-20 mutant was nearly indistinguish-
able from the wild-type strain at 24°C for both uptake
and degradation (Figure 12C). At 37°C, this condi-
tional mutant showed wild-type uptake kinetics (Fig-
ure 12D, lanes 1-3); however, the mutant was signifi-
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Delivery of radiolabeled a-factor to the vacuole in pep7 mutants. Isogemc strains BJ8751 (PEP7; A and B) and BJ8752 (pep7-20;

C and D) cultured at 24°C were allowed to bind **S-labeled a-factor for 1 h on ice followed by incubation at either 24°C (A and C) or 37°C
(B and D). At the indicated time after the temperature shift, aliquots were taken and diluted into pH 6 or pH 1 buffer to measure
internalization. a-factor degradation was assayed by extracting cell-associated radiolabel, separating the components on TLC plates, and
carrying out autoradiography as described in MATERIALS AND METHODS. Intact and degraded a-factor are indicated.

cantly blocked in transport of the internalized a-factor
to the vacuole as indicated by the persistence of intact
pheromone 90 min into the assay (Figure 12D, lane 7).

Pep7p Is Found as Both a Soluble Cytoplasmic
Protein and Associated with a Particulate Cellular
Compartment

We have utilized two approaches to localize Pep7p. In
the first, we determined whether Pep7p was enriched
in particular organelle preparations. Because the pep7
mutant phenotype involves vacuole function but the
protein structure (zinc finger domains and putative
nuclear localization sequences) might suggest a nu-
clear involvement, standard procedures were used to
purify nuclei (Kalinich and Douglas, 1989) and vacu-
oles (Woolford et al., 1990). The latter fraction almost
certainly enriches for endosomal compartments, and
therefore is considered a preparation of vacuolar path-
way components (at least vacuole and endosomes;
Becherer and Jones, personal communication). In im-
munoblots of the purified organelle fractions, the 95-
kDa integral membrane subunit of the vacuolar ATP-
ase (Vphlp) was highly enriched in the vacuolar/
endosomal preparation (Figure 13, lanes 3 and 4) and
was not enriched in unfractionated cell extracts or
nuclear preps (Figure 13, lanes 1, 2, and 5). This is
consistent with its localization in the vacuolar mem-
brane. This ATPase subunit was also retained in a
membrane fraction derived from the vacuole/endoso-
mal preparation, as expected for an integral mem-
brane protein (Figure 13, lane 4). Antibodies to RNA
polymerase II were used to determine the fraction-
ation profile of soluble nuclear components. RNA
polymerase II was found in the nuclear fraction (Fig-
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ure 13, lane 2), but was significantly depleted in the
vacuolar/endosomal fractions (Figure 13, lanes 3 and
4). Pep7p, blotted with polyclonal antibodies raised to
a TrpE-Pep7p fusion protein (see MATERIALS AND
METHODS), was highly enriched in endosomal/vac-
uolar fractions as well as in membrane preparations
derived from this preparation (Figure 13, lanes 3 and
4). The observed enrichment of Pep7p in the vacuole/
endosomal preparations was not due to TGN contam-
ination, as TGN marker Kex2p did not show a similar
enrichment (Figure 13, lanes 3 and 4). As expected, the
lumenal vacuolar marker, PrA, showed a substantial

Figure 13. Localization of
Pep7p by organelle preparation.
Nuclei (N) were purified from a
cell extract of strain BJ1983 (E1)
as described in MATERIALS
AND METHODS. Vacuolar
pathway organelles (VP), and

E1 N VPM E2

PrA

vacuolar pathway organelle
Kex2p membranes (M) were also puri-
Vphlp fied from a second cell extract

from strain BJ1983 (E2) as de-

- scribed in MATERIALS AND
Pep7p METHODS. Equal amounts of
1 23 4 5 protein of each fraction were

separated on denaturing poly-
acrylamide gels followed by im-
munoblotting with polyclonal antibodies to organelle marker pro-
teins and Pep7p. RNA polymerase II (RNA p.Il) was used as a
nuclear marker. PrA and Vphlp were used as vacuolar pathway
markers. Kex2p was used as a TGN marker. RNA p.Il and Pep7p
were blotted from the same gel that received 75 ug of protein/lane.
Kex2p and Vphlp were blotted from the same gel that received 5 ug
of protein/lane. PrA was immunoblotted from a gel that received 5
pg of protein/lane. The positions of the marker proteins and Pep7p
are indicated.
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Figure 14. Subcellular fractionation of Pep7p. (A) Spheroplasts of
strains BJ4000 transformed with pBJ7686 (PEP7::HA/2u), B]J7995
(containing the PEP7::HA construct integrated at the PEP7 locus)
(PEP7:HA/int.), and BJ4000 (PEP7:HA/—) were pulse-labeled
with Na,**SO, for 90 min at 30°C. The spheroplasts were lysed and
Pep7:HAp was immunoprecipitated from the labeled cell extracts
with monoclonal antibody that recognizes the HA epitope (12CA5).
The precipitated protein was separated on a 10% polyacrylamide
gel and subjected to autoradiography as described in MATERIALS
AND METHODS. The position of the epitope-tagged Pep7p is in-
dicated. (B) Spheroplasts of strain BJ7995 were pulse-labeled with
Tran®S for 30 min, and chased for 60. The spheroplasts were lysed
and fractionated by differential centrifugation. First, the lysate was
subjected to centrifugation at 13,000 X g, yielding a low-speed pellet
(P13) and a low-speed supernatant fraction. The supernatant frac-
tion was then subjected to a second centrifugation at 100,000 X g,
resulting in a high-speed pellet (P100) and high-speed supernatant
(5100). Pep7:HAp was immunoprecipitated from each of the indi-
cated fractions, as were the following marker proteins: ALP (vacu-
ole), Kex2p (TGN), and glucose 6-phosphate dehydrogenase (G6PD,
cytoplasm). The precipitated proteins were separated on polyacryl-
amide gels (Pep7:HAp and G6PD on a 10% gel; ALP and Kex2p on
8.5% gel) and subjected to autoradiography as described in MATE-
RIALS AND METHODS. Quantitation of the autoradiographs was
carried out on an Ambis 4000 optical imager using core software
version 4.0 and is indicated below the pellet fractions as the per-
centage of the total amount of the antigen that pelleted in either the
P13 or P100 pellets.

enrichment in the vacuole/endosome preparation,
like Vphlp and Pep7p (Figure 13, lane 3). However,
unlike Pep7p and Vphlp, PrA was somewhat dimin-
ished in preparation of membranes from this fraction
(Figure 13, lane 4). This agrees with the observation
that Pep7p does not appear to contain a signal se-
quence and would not be expected to enter the secre-
tory pathway and thus reside as a soluble lumenal
protein.

In conjunction with these experiments, whole-cell
fractionation via differential centrifugation was car-
ried out on cell extracts from radiolabeled sphero-
plasts. The polyclonal antibodies used above for im-
munoblotting Pep7p were ineffective in precipitating
Pep7p in single or high copy from radiolabeled cell
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extracts. Therefore, a triple HA epitope tag was intro-
duced at the C terminus of Pep7p by cloning.
PEP7:HA was able to fully complement the
pep7A:LEU2 mutation (Figure 1). Monoclonal antibod-
ies that recognize this epitope tag precipitated a
Pep7::HAp-specific protein in extract from cells carry-
ing this construct, but not from cells lacking this con-
struct (Figure 14A, lanes 2 and 3). Expression of this
construct from a high copy vector led to its overex-
pression (Figure 14A, lane 1).

Radiolabeled cell extracts were subjected to differ-
ential centrifugation to separate the various organelles
on the basis of velocity sedimentation as described in
Becherer et al. (1996). Lysates were fractionated by
centrifugation into a 13,000 X g pellet (P13), a
100,000 X g pellet (P100), and a 100,000 X g superna-
tant (5100). Nearly all of the vacuolar protein ALP was
found in the P13 fraction (>95%; Figure 14B, lane 2),
whereas the TGN protein Kex2p was approximately
equally distributed between the P13 and P100 frac-
tions (57% and 43%, respectively; Figure 14B, lanes 2
and 3). Pep7p fractionated neither like TGN nor vac-
uolar proteins. Instead it was found both as a soluble
protein in the S100 fractions and as a pelletable protein
(Figure 14B, lanes 1-3). Furthermore, the population
of Pep7p that pelleted with the cellular membranes
presented a distribution pattern distinct from those of
both TGN and vacuolar proteins. Pep7p was enriched
in the P100 fraction (>75%), suggesting that the pel-
letable fraction of Pep7p may be associated with an
organelle smaller than either the TGN membranes or
the vacuolar membranes. Because of the above de-
scribed mutant phenotypes, this might be predicted to
be either the endosome or a transport vesicle that
mediates transport between the TGN, endosome,
and/or vacuole.

To further study the association between Pep7p
and cellular membranes and to determine whether
Pep7p was wholly exposed to the cytoplasm as pre-
dicted, radiolabeled unfractionated cell extracts
were subjected to a protease K protection assay
followed by immunoprecipitation. Immunoprecipi-
tates from extract treated with neither protease nor
detergent contained stable Pep7p (Figure 15A, lane
1). Pep7p was fully digested by exogenously added
protease K both in the absence and presence of
detergent (Triton X-100) to dissolve cellular mem-
branes (Figure 15A, lanes 2 and 3). This observation
indicates that all of Pep7p, both that in the soluble
pool (as expected) as well as the membrane-associ-
ated fraction, is exposed to the cytoplasm. As a
control for membrane integrity, ALP was immuno-
precipitated from the same extracts. ALP serves as a
particularly good control for membrane integrity in
protease K protection assays as an antigen of unique
size is found for each of the three assay conditions
(Klionsky and Emr, 1989). The mature 72-kDa ALP
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(Figure 15A, lane 1) contains two domains that are
susceptible to protease K digestion. The N-terminal
cytoplasmic tail of approximately 30 amino acids
can be proteolyzed in the absence of detergent (Fig-
ure 15A, lane 2), and a short C-terminal lumenal
domain can be additionally removed if detergent is
added with protease K, leaving a core domain that is
resistant to further proteolysis (Figure 15A, lane 3).
The fact that only ALP of the intermediate size was
present in extracts that had been treated with pro-
tease K alone indicates that membrane compart-
ments were sealed and, therefore, that Pep7p must
lie outside cellular organelles.

To characterize the interaction of Pep7p and the
cellular membrane(s), a similarly labeled whole-cell
extract was treated with 1 M NaCl, 5 M urea, or as
control, unaltered lysis buffer, followed by immuno-
precipitation. Control treatment of extracts with lysis
buffer again revealed Pep7p in both a soluble and
pelletable fraction (Figure 15B, lanes 5 and 6). Extrac-
tion with 1 M NaCl solublizes Pep7p (Figure 15B,
lanes 1 and 2), indicating that Pep7p associates with
cellular organelles through ionic interactions. Finally,
5 M urea was able to solublize Pep7p (Figure 15B,
lanes 3 and 4), further indicating that Pep7p is not held
in a complex by covalent interactions. As a control for
membrane integrity, integral membrane protein ALP
was also immunoprecipitated from the samples. As
expected, the distribution of ALP was not altered by
treatment with lysis buffer (Figure 15B, lanes 5 and 6)
or NaCl (Figure 15B, lanes 1 and 2). Five molar urea
was able to partially extract ALP into the soluble
fraction (Figure 15B, lanes 3 and 4), indicating that this
extraction, though harsh, was not sufficient to com-
pletely dislodge integral membrane proteins. Because
5 M urea was sufficient to completely move Pep7p into
the soluble fraction, this suggests that Pep7p, as ex-
pected, is not likely to be an integral membrane pro-
tein.

DISCUSSION

PEP7 is one of over 40 genes thought to function in
some capacity in vacuolar hydrolase synthesis, and as
such offers an opportunity to study how the synthesis
and targeting of proteins are brought about in the
partitioned eukaryotic cell.

Comparison of the Pep7p protein sequence in vari-
ous databases revealed several sequence motifs held
in common with a variety of proteins. The N-terminal
two-thirds of Pep7p contains several cysteine-rich re-
gions. The most N-terminal of these (AA 8-29) is
similar in sequence to the zinc finger motif found in
transcription factor TFIIIA from X. laevis (Berg, 1990;
Figure 3A). Also, amino acids 212-294 show striking
sequence similarity to tripartite cysteine-rich regions
found in yeast genes VPS27 and FABI, both of which
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Figure 15. Protease K protection assay and extraction assay of
Pep7:HAp. (A) Spheroplasts of strain BJ7995 were pulse-labeled
with Na,>SO, for 60 min and chased for 20 min. The spheroplasts
were lysed and treated with protease K and/or Triton X-100 as
indicated. The reactions were stopped by the addition of TCA to
20%. Both Pep7:HAp and ALP were immunoprecipitated from the
resulting protein extracts, separated on polyacrylamide gels (10%
polyacrylamide for Pep7:HAp and 8.5% polyacrylamide for ALP),
and subjected to autoradiography as described in MATERIALS
AND METHODS. (B) Spheroplasts of strain BJ7995 were radiola-
beled and an extract made as described in MATERIALS AND
METHODS. The cell extract was divided into three equal aliquots
and treated with equal volumes of one of the following: 2 M NaCl
in lysis buffer (final concentration of 1 M NaCl), 10 M urea in lysis
buffer (final concentration of 5 M urea), or unmodified lysis buffer
(—). The samples were then centrifuged at 100,000 X g to produce
a high-speed supernatant (S) and high-speed pellet (P). Both
Pep7:HAp and ALP were immunoprecipitated from the resulting
fractions, separated on polyacrylamide gels (10% polyacrylamide
for Pep7::HAp and 8.5% polyacrylamide for ALP), and subjected to
autoradiography as described in MATERIALS AND METHODS.

are thought to impinge upon vacuolar function (Piper
et al., 1995; Yamamoto et al., 1995; Figure 3B). The
similarity between these proteins has been noted pre-
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viously (Piper et al., 1995). Other uncharacterized
yeast ORFs as well as proteins and ORFs from higher
eukaryotes also contain this sequence motif (Figure
3B). This tripartite motif is essential for Pep7p function
as demonstrated by the observation that all missense
alleles uncovered in this study change conserved cys-
teine residues in this motif to tyrosine or tryptophan.

The N terminus of Pep7p also contains sequences
with similarity to known nuclear localization se-
quences (Robbins et al., 1991; Gorlich et al., 1995; Fig-
ure 3C). Despite this sequence similarity, it does not
appear that these stretches of amino acids function as
a nuclear localization sequence in Pep7p. In the pro-
cess of sequencing various PEP7 mutant alleles, silent
mutations were found that changed conserved amino
acids in these motifs (Figure 2). Additionally, neither
localization studies nor phenotypic analysis are con-
sistent with a nuclear localization of Pep7p (see be-
low).

The C-terminal one-third of Pep7p (amino acids
295-515) shows characteristics of a heptad repeat mo-
tif (Hodges et al., 1972; Hu et al., 1990) that often
function in protein—protein interactions (Hu et al.,
1990). Nonsense mutations found in alleles pep7-16
and pep7-17 truncate part or nearly all of this region
and lead to a null phenotype. Therefore, this region of
the protein, whatever its structure, is necessary for
Pep7p function.

pep7 mutants were isolated as CPY deficient (Jones,
1977). CPY, like several other vacuolar hydrolases, is
known to be transported to the vacuole via the secre-
tory pathway (reviewed in Klionsky et al., 1990; Van
Den Hazel et al., 1996). In a TGN-like compartment
these vacuolar hydrolases are sorted away from the
secreted proteins (Graham and Emr, 1991). The vacu-
olar hydrolases are transported first to the endsome
and subsequently to the vacuole (Vida et al., 1993).
These steps in the vacuolar pathway are thought to be
accomplished via vesicle-mediated transport utilizing
specific SNARE complex components (Cowles et al.,
1994; Piper et al., 1994; Becherer et al., 1996). The fol-
lowing observations presented in this study demon-
strate that Pep7p acts directly on transport of hydro-
lases through the vacuolar branch of the secretory
pathway: 1) pep7 mutants showed an abnormal vacu-
olar morphology; 2) pep7 mutants accumulated mem-
brane vesicles in the cytoplasm; 3) pep7 mutants dem-
onstrated both transport and sorting defects of various
vacuolar hydrolases within 5 min of loss of function;
and 4) Pep7p was found in both a soluble fraction and
a particulate fraction consistent with a post-Golgi
complex, prevacuolar compartment.

The observation that pep/ mutants contain a single
large vacuolar compartment and wild-type yeast cells
normally contain three to five moderately sized vacu-
olar compartments suggests that Pep7p does impinge
on vacuolar function (Figure 4), and in this way may
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affect the production of active CPY. Furthermore, the
accumulation of a 40-60-nm vesicle population in
pep7 mutants further suggests that this defect is in
vesicle-mediated transport (Figure 5). Previous work
on transport through the secretory pathway and the
vacuolar branch of this pathway demonstrates that a
block at a vesicle consumption step in these pathways
can lead to the accumulation of vesicle populations of
this size (Novick et al.,, 1981; Newman and Ferro-
Novick, 1987; Shim et al., 1991; Cowles et al., 1994;
Piper et al., 1994; Becherer et al., 1996). Indeed, in many
cases, vesicles in the size range of 30—-60 nm have been
demonstrated to be transport vesicles between or-
ganelle compartments in these pathways (reviewed in
Ferro-Novick and Jahn, 1994; Rothman, 1994). These
accumulated vesicles are significantly smaller than the
secretory vesicles that transport secreted proteins
from the yeast TGN to the plasma membrane; these
secretory vesicles measure approximately 100 nm in
diameter (Novick et al., 1981). Therefore, the
40-60-nm vesicles seen in pep7 mutants are not likely
to be plasma membrane-targeted secretory vesicles.
Furthermore, the defect in pep7 mutants does not ap-
pear to involve any step in the ER/Golgi complex/
plasma membrane portion of the secretory pathway
because synthesis of secreted enzyme invertase is not
affected in these mutants (Garlow, 1989). Furthermore,
the loss of Pep7p function leads to a block in synthesis
of vacuolar hydrolases at points where they have re-
ceived both ER and Golgi complex posttranslational
modifications (Figures 6-8). Thus, the vesicles that
accumulate in pep7 mutants likely originate from the
vacuolar branch of the secretory pathway. These ob-
servations indicate that Pep7p may function in vesicle-
mediated transport somewhere between the yeast
TGN and the yeast vacuole.

Analysis of vacuolar hydrolase synthesis in pep7A
and pep7-20 allele containing strains demonstrated
that pep7 mutants are indeed defective in transport not
only of the CPY precursor to the vacuole but also of
precursors to PrA and PrB. In pep7 mutants, these
three hydrolases are found in forms consistent with
proper transport through the ER and Golgi complex,
but not with transport to the vacuole where the final
processing steps take place to produce active hydro-
lases of the mature size (Figures 6 and 8). The lack of
processing of Golgi forms of CPY, PrA, and PrB is
truly indicative of a transport defect and not an initial
defect in processing, because in pep7-20 mutants at the
restrictive temperature the precursors to CPY, PrA,
and PrB are not processed, whereas the ALP precursor
is properly processed (see below). The processing of
CPY, PrA, PrB, and ALP are all dependent on active
PrA and are thought to occur at the same site near to
or upon delivery to the vacuole (reviewed in Klionsky
et al., 1990; Jones and Murdock, 1994). Thus, the ALP
precursor reaches the vacuole at the restrictive tem-
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perature, whereas the CPY, PrA, and PrB precursors
do not.

Although CPY, PrA, and PrB are all blocked in
transport to the vacuole, the consequences of this
blockage differ for these hydrolases. The vast majority
of Golgi form CPY is secreted at the cell surface,
whereas the Golgi forms of PrA and PrB are predom-
inantly held in the cells but not delivered to the vac-
uole (Figures 6 and 8). The basis for this difference in
behavior is not known but has been observed in other
vacuolar pathway mutants (Robinson et al., 1988;
Becherer et al., 1996). The observation that CPY is
rapidly secreted at the plasma membrane again indi-
cates that the secretory pathway leading to the plasma
membrane is intact and unperturbed in pep7 mutants.
The small fraction of precursor CPY that accumulated
internally in the pep7-20 mutant at the restrictive tem-
perature was not processed to the mature form upon
incubation at the permissive temperature, suggesting
that the accumulating compartment is not subse-
quently available for transport of CPY once, presum-
ably, Pep7p function is restored. The origin of this
nonproductive complex or compartment is unknown
and awaits a detailed investigation of Pep7p function.

Localization studies presented here are also consis-
tent with the above phenotypic observations. Pep7p
was enriched in preparations that are thought to con-
tain both vacuolar and endosomal membranes (Figure
13). Significantly, these preparations were not en-
riched for the TGN compartment, as seen by the lack
of enrichment for TGN protein Kex2p (Figure 13).
Fractionation by differential centrifugation indicated
that Pep7p is not likely to be associated solely with the
vacuole (Figure 14B), and therefore the enrichment
seen in the vacuole/endosome preparation was likely
to be due to endosomal association. We cannot, how-
ever, rule out the possibility that Pep7p is associated
with transport vesicles that travel between the TGN
and endosome. A portion of Pep7p was also found in
the soluble fractions (Figure 14B), indicating that
Pep7p may be found both as a soluble cytoplasmic
protein and as an organelle-associated protein. Pro-
tease K protection assays indicate that all of the Pep7p
is freely accessible to exogenously added proteases
and therefore is not sequestered in the lumen of a
cellular organelle (Figure 15A). This is consistent with
the observation that Pep7p is not predicted to contain
a signal sequence for entry into the secretory pathway.
Salt and urea treatment of cell extracts indicate that
the portion of Pep7p associated with cellular or-
ganelles is peripherally bound (Figure 15B). Again,
this is consistent with the prediction that Pep7p does
not contain transmembrane domains. Because Pep7p
was found both as a soluble cytoplasmic protein and
associated with a cellular organelle, it is possible that
Pep7p cycles between these two pools in executing its
function. This is thought to be a common characteristic
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of many of the proteins known to function in vesicle-
mediated transport (reviewed in (Ferro-Novick and
Jahn, 1994; Rothman, 1994).

The conclusion that Pep7p is involved in vesicle-
mediated protein transport between the TGN and en-
dosome is further supported by our recent isolation of
VP545 and PEP12 as high copy suppressors of pep7-20
mutant phenotypes (Webb et al., 1997). Vps45p is sim-
ilar to Seclp, whereas Pep12p is similar to syntaxins
(Cowles et al., 1994; Piper et al., 1994; Becherer et al.,
1996). Because both of these proteins are thought to be
SNARE complex components involved in TGN-de-
rived transport vesicle docking and/or fusion at the
endosome, these genetic interactions further suggest
that Pep7p functions at this step of transport. Indeed,
the phenotypes of pep7, pep12, and vps45 mutants are
very much alike and include an enlarged single vac-
uolar compartment that is neutral in pH, extensive
secretion of P2CPY, and accumulation of 40-60-nm
vesicles. These common characteristics in part have
been used to classify these mutants as class D vacuolar
mutants (Raymond et al., 1992). Furthermore, work in
the laboratory of S. Emr reveals that Pep7p and
Pepl12p may be found in a complex (Burd and Emr,
personal communication). The above described obser-
vations indicate that Pep7p indeed functions in the
vesicle docking or fusion step in vesicle-mediated
transport to the endosome via SNARE complex inter-
actions.

Using the a-factor internalization and degradation
assays, the endocytic pathway can be dissected into
two steps: the internalization event and subsequent
transport of internalized material to the vacuole. Mu-
tations in PEP7 differentially affected these two endo-
cytic events. The internalization of a-factor was not
impaired but degradation of internalized pheromone
was delayed, suggesting that transport of pheromone
to the vacuole was slowed but not completely blocked
(Figures 12 and 13). It should be noted that imposition
of the conditional pep7-20 block requires a 5-min in-
cubation at 37°C. Because of experimental constraints,
this preincubation was not possible in the a-factor
internalization and degradation assay (see MATERI-
ALS AND METHODS). Therefore, the partial block
seen in a-factor degradation may underestimate the
severity of the block because of a delay in imposition
of the block upon transfer to 37°C. The assays of
Lucifer yellow accumulation are consistent with an
incomplete block in transport to the vacuole (Figure
10). There are several possibilities to explain these
observations. First, Pep7p could act directly in the
endocytic pathway, but there would be another pro-
tein that could partially substitute for its function.
Second, there may be two alternative routes from an
early endocytic compartment to the vacuole and the
pep7 mutation would only block one of these routes. In
this case, one would have to postulate that a-factor
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can only be transported by one of these routes. Finally,
the major site of action of Pep7p may be in the vacu-
olar biosynthetic pathway before intersection with the
endocytic pathway or in recycling of transport factors
from the endocytic pathway. In this event, the result of
the pep7 mutation on the endocytic pathway would be
indirect. Resolution of these possibilities would ap-
pear to await further development in defining path-
way and compartment identity in vacuolar/endoso-
mal transport.

As noted above in the discussion of hydrolase trans-
port in a pep7-20 conditional mutant, transport of
Golgi forms of CPY, PrA, and PrB are blocked quickly
after the loss of Pep7p function (Figure 8, A-C). The
transport of ALP, however, is not immediately
blocked (Figure 8D). In wild-type cells the precursor
to ALP was initially thought to follow the same route
to the vacuole as the precursor forms of CPY, PrA, and
PrB (Klionsky et al., 1990). Previous work on another
vacuolar pathway mutant, the vps] mutant, indicated
that in some mutants ALP can be routed from the
TGN to the vacuole via the plasma membrane (Noth-
wehr et al., 1995). Experiments with pep7-20 end4A
double mutants indicate that the ALP precursor still
reaches the vacuole when both the Pep7p-dependent
route and the endocytic route are blocked. These data
indicate that ALP does not reach the vacuole via en-
docytosis in the pep7 mutant. Therefore, in wild-type
cells at least two paths exist for transport of proteins
from the TGN to the vacuole. One pathway is Pep7p-
dependent and is responsible for transport of the pre-
cursors to CPY, PrA, and PrB, and the second pathway
is Pep7p-independent and is responsible for transport
of the precursor to ALP. This second Pep7p-indepen-
dent pathway does not include transport to the
plasma membrane followed by endocytosis, and
therefore is likely to operate in parallel with the path-
way taken by CPY, PrA, and PrB. While this work was
ongoing the same phenomenon was observed in
vps15, vps34 (Herman et al., 1991; Stack et al., 1995), and
pep12 conditional mutants (Rieder and Emr, personal
communication), suggesting that an entire set of pro-
teins function exclusively on one of two pathways. It is
not clear at this point whether the precursor to ALP is
routed separately through the same endosomal com-
partment, a separate endosomal compartment, or does
not include an endosomal compartment between the
Golgi complex and the vacuole. Recent evidence from
multiple steps in the secretory pathway indicate that
parallel paths for transport of different cargo between
cellular organelles may be common (reviewed in
Bednarek et al., 1995; Harsay and Bretscher, 1995;
Schekman and Orci, 1996). Therefore, transport be-
tween the yeast TGN and endosome and/or vacuole
may use not only similar components to carry out
vesicle-mediated transport (SNARE components), but
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may also be structured similarly on a larger scale
through the incorporation of parallel pathways.

It should be noted that although ALP is properly
transported and processed in pep7-20 mutants at the
restrictive temperature (Figure 8D, lane 3), mutants
carrying null alleles of pep7 are unable to process
precursor ALP (Figure 6, lane 3; Figure 8D, lane 5).
Failure to process a vacuolar hydrolase precursor is
usually taken to indicate that the precursor has not
been delivered to the vacuole where this modification
normally takes place. However, when the processing
hydrolase itself (PrA) is present in an inactive form
and/or not present in the vacuole, this inference is not
valid. At permissive temperatures, the pep7-20 strain
demonstrates no defect in hydrolase transport or pro-
cessing and therefore the vacuole is likely to contain a
full complement of processing enzyme (Figure 8D,
lane 3). It is reasonable to conclude that the vacuoles in
these mutants will remain competent to carry out
PrA-dependent processing for some finite amount of
time following a shift to the restrictive temperature,
despite the near immediate loss in the ability to trans-
port newly synthesized processing enzyme (PrA) to
the vacuole. This is in fact what we see with precursor
ALP processing in the pep7-20 mutant at the restrictive
temperature (Figure 8B, lane 3). However, following
growth for multiple generations without the ability to
produce active processing enzyme, the cells should
lose the ability to process even those hydrolases that
can be delivered to the vacuole. We infer that this is
what we observe in the strains deleted for PEP7. A
similar phenomenon in the form of phenotypic lag has
been observed previously for ALP synthesis (Zubenko
et al., 1982).

Previous work carried out on PEP7 (designated
VAC1) suggested that Pep7p functioned directly in the
process of vacuolar inheritance during the cell cycle
(Weisman and Wickner, 1992). The defect in sorting
and transport of P2CPY is manifested within 5 min of
transfer of the pep7-20 mutant to 37°C (Figure 7C;
Figure 8, lanes 3 and 4). If vacuolar inheritance were to
be the primary defect, with sorting and processing
defects secondary to the inheritance defect, the sorting
and processing deficiency should only be seen near to
or after the doubling time of the culture (more than
120 min in this regimen). This expectation is clearly at
odds with the data. The results presented here indi-
cate that a primary defect is transport to the endo-
some. This same phenomenon has been seen in several
other class D vacuolar pathway mutants (Raymond et
al., 1992).

From the above discussed data, we propose the
following working model for transport of yeast vacu-
olar hydrolases from the TGN (Figure 16). We postu-
late that Pep7p functions to facilitate the docking
and/or fusion of a subset of TGN-derived transport
vesicles at the endosome. This subset of vesicles trans-

Molecular Biology of the Cell



Endocytosis
Pep7p
\?
P2 CPY Endosome
proPrA
proPrBo ° OQ

A

(o)
TGN o
(o}
ALP
o
Secreted Proteins

Figure 16. Proposed site of function of Pep7p. The presented ob-
servations of vesicle accumulation and hydrolase sorting/transport
defects along with protein localization data indicate that Pep7p
functions to dock and/or fuse TGN-derived transport vesicles onto
the yeast endosome. These vesicles transport precursors to CPY,
PrA, and PrB but not the precursor to ALP. The ALP precursor is
transported to the vacuole by a separate pathway that does not
include delivery to the plasma membrane followed by endocytosis.
Data further indicate that pep7 mutations perturb an internal portion
of the endocytic pathway but are inconclusive as to the site and
degree of involvement of Pep7p.

Vacuole

ports precursors to CPY, PrA, and PrB. A second set of
transport vesicles transports the precursor to ALP and
does not utilize Pep7p function. We consider it likely
that Pep7p cycles on and off a complex at the endoso-
mal membrane. The loss of Pep7p function results in
the accumulation of transport vesicles in the cyto-
plasm. Because of the block in transport, the P2CPY-
sorting apparatus becomes sequestered in the accu-
mulated transport vesicles, and in this way is
rendered unable to perform subsequent rounds of
sorting, resulting in secretion of P2CPY. The block at
this early step of transport leads secondarily to the
coalescence of the downstream vacuolar compartment
to form a single large vacuole by unknown mecha-
nisms. Perhaps related to this coalescence event, the
mutants lose the ability to partition vacuolar frag-
ments to the developing bud. The ability of the vacu-
ole to carry out the PrA-dependent processing of ALP
is eventually lost because the remaining PrA activity is
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diluted out by cell division and by the lack of inheri-
tance of vacuolar material by newly formed cells.

Concomitantly with these changes, the loss of Pep7p
function leads either primarily or secondarily to a
block in transport of receptor-mediated endocytosed
macromolecules at an internal compartment or vesicle
population. It is not clear at this point if this endocytic
pathway perturbation is in docking/fusing at the en-
dosome, as indicated above, or a separate transport
step.
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