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ABSTRACT
The 

 

PEP12

 

 homolog Pth1p (Pep twelve homolog 1) is predicted to be similar in size to Pep12p, the en-
dosomal syntaxin homolog that mediates docking of Golgi-derived transport vesicles and, like other mem-
bers of the syntaxin family, is predicted to be a cytoplasmically oriented, integral membrane protein with a
C-terminal transmembrane domain. Kinetic analyses indicate that 

 

D

 

pth1

 

/

 

vam3

 

 mutants fail to process the
soluble vacuolar hydrolase precursors and that PrA, PrB and most of CpY accumulate within the cell in
their Golgi-modified P2 precursor forms. This is in contrast to a 

 

pep12

 

 mutant in which P2CpY is secreted
from the cell. Furthermore, 

 

pep12

 

 is epistatic to 

 

pth1

 

/

 

vam3

 

 with respect to the CpY secretion phenotype. Al-
kaline phosphatase, a vacuolar membrane hydrolase, accumulates in its precursor form in the 

 

D

 

pth1

 

/

 

vam3

 

mutant. Maturation of pro-aminopeptidase I, a hydrolase precursor delivered directly to the vacuole from
the cytoplasm, is also blocked in the 

 

D

 

pth1

 

/

 

vam3

 

 mutant. Subcellular fractionation localizes Pth1/Vam3p
to vacuolar membranes. Based on these data, we propose that Pth1/Vam3p is the vacuolar syntaxin/
t-SNARE homolog that participates in docking of transport vesicles at the vacuolar membrane and that the
function of Pth1/Vam3p impinges on at least three routes of protein delivery to the yeast vacuole.

 

secretory pathway is blocked, the precursor of vacuolar
membrane hydrolase ALP travels to the vacuole via the
plasma membrane and the endocytic pathway (

 

Noth-

wehr

 

 

 

et al.

 

 1995). However, the evidence indicates that
ALP normally travels to the vacuole via a pathway that
does not involve either the plasma membrane or the
prevacuole/endosome; direct delivery from the Golgi
to the vacuole has even been suggested (

 

Cowles

 

 

 

et al.

 

1997; 

 

Webb

 

 

 

et al.

 

 1997). The vacuolar hydrolases 

 

a

 

-man-
nosidase (

 

Yoshihisa

 

 and 

 

Anraku

 

 1990) and amino-
peptidase I (ApI) (

 

Klionsky

 

 

 

et al.

 

 1992) reach the vac-
uole directly from the cytoplasm independent of the
secretory pathway.

Mutants defective in vacuolar biogenesis and/or
function have been recovered in several screens and se-
lections: 

 

pep

 

, defective in vacuolar peptidase activity
(

 

Jones

 

 1977); 

 

vps

 

, defective in protein sorting to the
vacuole (

 

Bankaitis

 

 

 

et al.

 

 1986; 

 

Robinson

 

 

 

et al.

 

 1988;

 

Rothman

 

 and 

 

Stevens

 

 1986; 

 

Rothman

 

 

 

et al.

 

 1989); or

 

vam

 

, abnormal vacuolar morphology (

 

Wada

 

 

 

et al.

 

1992). Along with a few other mutants, these mutants
define over 40 complementation groups, with extensive
genetic overlap among mutant collections. These com-
plementation groups identify molecular components
that are involved in trafficking between the Golgi and
the vacuole and/or in maintaining integrity of the vac-
uolar compartment.

Intracellular protein translocation between mem-
brane-bound organelles has been shown to occur using
transport vesicles that employ a set of proteins desig-
nated as the “SNARE complex” to ensure docking fol-

 

Corresponding author: 

 

Amit Srivastava, Department of Biological
Sciences, Carnegie Mellon University, Mellon Institute, 4400 Fifth Av-
enue, Pittsburgh, PA 15213. E-mail: amits@cmu.edu

 

T

 

HE lysosome-like vacuole of 

 

Saccharomyces cerevisae

 

is an acidic organelle containing an ensemble of
cellular hydrolases, including the major proteases car-
boxypeptidase Y (CpY), proteinase A (PrA), proteinase B
(PrB) and the repressible integral membrane alkaline
phosphatase (ALP) (

 

Jones

 

 and 

 

Murdock

 

 1994; 

 

Jones

 

et al.

 

 1997; 

 

Van den Hazel

 

 

 

et al.

 

 1996). The vacuolar hy-
drolases are known to catalyze specific limited cleavages
necessary for protein maturation; they are also known
to be active on a global scale mediating protein turn-
over in response to the cellular environment (

 

Jones

 

 1991;

 

Jones

 

 and 

 

Murdock

 

 1994; 

 

Jones

 

 

 

et al.

 

 1989; 

 

Jones

 

 

 

et al.

 

1997; V

 

an

 

 

 

den

 

 H

 

azel

 

 

 

et al.

 

 1996). The vacuole plays an
important role in ion homeostasis and also acts as a re-
pository for polyphosphate, amino acids and other
small molecules (

 

Wiemken

 

 and 

 

Durr

 

 1974; 

 

Wiemken

 

et al.

 

 1979; 

 

Urech

 

 

 

et al.

 

 1978; 

 

Cooper

 

 1982; 

 

Ohsumi

 

and 

 

Anraku

 

 1983; 

 

Serrano

 

 1991; 

 

Dunn

 

 

 

et al.

 

 1994).
The vacuole receives proteinaceous cargo in a vari-

ety of ways. Soluble hydrolases like PrA, PrB and CpY,
travel through the early stages of the secretory path-
way—from the endoplasmic reticulum (ER) to the
Golgi; they are actively sorted away from the secretory
bulk flow in a late-Golgi compartment and then reach
the vacuole via the prevacuolar endosome-like com-
partment (

 

Stevens

 

 

 

et al.

 

 1982; 

 

Jones

 

 

 

et al.

 

 1997). In a

 

D

 

vps1

 

 mutant, in which the vacuolar branch of the
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lowed by fusion at the appropriate target organelle
(

 

Rothman

 

 1994). The specificity of docking is believed
to be achieved by interaction between the specific
v-SNAREs/synaptobrevins and t-SNAREs/syntaxins on
the vesicle and target membranes, respectively. Ancil-
lary factors such as NSF, SNAP, Sec1p and SNAP-25 ho-
mologs assemble around the two SNAREs to accom-
plish fusion in an ATP-dependent manner. Members of
the Rab family of small GTP-binding proteins are be-
lieved to participate in regulation of the docking and
fusion reaction (

 

Pryer

 

 

 

et al.

 

 1992; 

 

Rothman

 

 1994;

 

Sudhof

 

 1995). Functional homologs of the SNARE
complex proteins have been found at almost every
stage of the secretory pathway and its vacuolar branch,
testifying to the notion that trafficking between the
Golgi and the vacuole makes use of transport vesicles
(

 

Bennet

 

 and 

 

Scheller

 

 1993; 

 

Ferro-Novick

 

 and 

 

Jahn

 

1994; J

 

ones

 

 

 

et al.

 

 1997).
Our laboratory has previously reported the identifi-

cation and characterization of a syntaxin homolog,
Pep12p, that functions at the first step of the vacuolar
branch of the secretory pathway mediating docking
and/or fusion of Golgi-derived transport vesicles at the
prevacuolar endosome-like compartment (

 

Becherer

 

 

 

et
al.

 

 1996). In this article we report the identification and
characterization of a member of the syntaxin family
that functions at the second and final step of the vacu-
olar protein targeting pathway. Pth1p (Pep twelve ho-
molog 1) was identified in a genome database search
for new members of the yeast syntaxin family using the
heptad repeat region of Pep12p, which is the most
highly conserved region among the syntaxins. In the
absence of Pth1p, delivery of hydrolases to the vacuole
is impaired, implicating it in the vacuolar protein tar-
geting pathway.

 

MATERIALS AND METHODS

 

Materials: 

 

Restriction enzymes and T4 DNA ligase were
purchased from Boehringer Mannheim Biochemicals (India-
napolis, IN) and were used according to manufacturer’s in-
structions. Taq DNA polymerase was purchased from Fisher
Scientific (Pittsburgh, PA). Lyticase L-8012, 

 

b

 

-glucuronidase
G-7770 and Ponceau S were obtained from Sigma Chemical
Co. (St. Louis, MO). Protein A–Sepharose CL4B was pur-
chased from Pharmacia (Piscataway, NJ). Trans

 

35

 

S was pur-
chased from ICN Biochemicals (Costa Mesa, CA). Goat anti-
rabbit IgG-HRPO conjugate was purchased from Bio-Rad
(Hercules, CA). Nitrocellulose membrane “Optitran” type
HA85 was obtained from Schleicher & Schuell (Keene, NH).
Other chemicals were from Sigma Chemical Company, stan-
dard sources, or as indicated. Oligonucleotide primers were
obtained from Ransom Hill Bioscience (Ramona, CA). Anti-
HA 12CA5 monoclonal antibodies were purchased from Boeh-
ringer Mannheim Biochemicals. Antibodies to glucose-6-phos-
phate dehydrogenase (G6PDH) were purchased from Sigma
Chemical Company. We are thankful for the kind gifts of anti-
bodies to the following proteins: Pep12p and ALP for immuno-
precipitation from 

 

S. Emr

 

; ALP for immunoblot from 

 

G.

Payne

 

; Kex2p from 

 

R. Fuller

 

 and ApI from 

 

D. Klionsky.

 

Media and strains: 

 

YPD and synthetic yeast media (

 

Jones

 

et al.

 

 1982) and LB medium (

 

Sambrook

 

 

 

et al.

 

 1989) were pre-
pared as described previously. Ampicillin (Sigma) was used at
100 

 

m

 

g/ml. YPD, 0.5 

 

m

 

 K

 

2

 

HPO

 

4

 

 pH 7 medium was prepared
as follows: YP (yeast extract and peptone) solution, dextrose
solution and the buffer were autoclaved in separate flasks; the
three solutions were mixed aseptically just before pouring
plates (

 

Preston

 

 

 

et al.

 

 1989). Media containing various con-
centrations of divalent cations (ZnCl

 

2

 

, CaCl

 

2

 

, SrCl

 

2

 

, MnCl

 

2

 

,
LiCl, NaCl) were prepared by autoclaving YPD medium and
the stock salt solutions separately; after cooling to 55

 

8

 

, the ap-
propriate amount of salt solution was added to achieve the
desired concentration (

 

Webb

 

 

 

et al.

 

 1997). Standard genetic
methods were used (

 

Hawthorne

 

 and 

 

Mortimer

 

 1960). The

 

D

 

pth1

 

-associated CpY deficiency was scored by the N-acetyl-dl-
phenylalanine-b-napthyl ester (APE) overlay plate assay
(Jones 1977).

All yeast strains were derived in our laboratory from strain
X2180-1B (MATa gal2 SUC2) or from crosses between strains
in our isogenic series and strains congenic to strain X1280-1B
that we obtained from D. Botstein or P. Hieter. The strains
and their genotypes are given in Table 1. All plasmids were
propagated in the strain LM1035 (Cepko et al. 1984).

Nucleic acid preparation and manipulation: Bacterial plas-
mid DNA was extracted by the alkaline lysis method of Birn-

boim and Doly (1979) and used directly. The CaCl2 method
was used for bacterial transformation (Sambrook et al. 1989).
The lithium acetate/dimethyl sulfoxide method was used for
yeast transformation (Hill et al. 1991). Yeast genomic DNA
was prepared by the method of Hoffman and Winston

(1987), as was the plasmid DNA that was isolated from yeast to
be shuttled into Escherichia coli. Polymerase chain reaction
(PCR) was carried out by standard methods in a Perkin-Elmer
Cetus thermal cycler. The techniques for preparation and
analysis of DNA fragments have been described previously
(Sambrook et al. 1989). After electrophoresis in 1% agarose
gels run in TBE buffer, staining in ethidium bromide and vi-
sualization by the use of long-wave UV light, gel slices contain-
ing DNA fragments were excised from agarose gels and DNA
was extracted using a QIAGEN gel extraction kit (Santa Clar-
ita, CA) following the manufacturer’s instructions.

Plasmid constructions: A null allele of PTH1 was con-
structed by replacing the entire open reading frame (ORF)
with the HIS3 gene using the PCR deletion technique (Bau-

din et al. 1993). pBJ8793 carrying a 2.4-kb EcoRI–BamHI ge-
nomic DNA fragment bearing PTH1 was constructed as fol-
lows: using the sequence from the Saccharomyces Genome
Database (SGD), primers against regions approximately 540
nt upstream and 1050 nt downstream of YOR106w were syn-
thesized. PCR on genomic DNA yielded a 2.4-kb amplification
product with restriction sites at each end introduced by the
primers. The amplification product was digested with EcoRI
and BamHI; the restriction fragment was gel purified and
then cloned into the corresponding sites of single and high
copy plasmids of the pRS series (Sikorski and Hieter 1989).

Epitope tagging of Pth1p: Construction of a HA-tagged
version of PTH1 was carried out as follows: an EcoRI site was
introduced by PCR immediately before the first ATG codon
of the PTH1 ORF. A XhoI site was introduced by PCR approxi-
mately 830 bp downstream of the stop codon. The PCR ampli-
fication product obtained by using the EcoRI and XhoI prim-
ers was digested using the same enzymes and the restriction
fragment was ligated into the EcoRI and XhoI sites in the HA-
tagging vector pRD54 GAL1::HA in pRS316 (constructed by
R. Deshaies) yielding the plasmid pBJ9068 with a single copy
of the HA epitope fused in frame at the 59 end of the PTH1
ORF; the ATG for the fusion is provided by the HA epitope.
The 670 bp GAL1 promoter in pBJ9068 was completely re-
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placed with the native upstream region of PTH1 (without
adding any extraneous sequence) as follows: the 540 bp re-
gion upstream of the PTH1 ORF was amplified flanked by the
restriction sites, XbaI and BamHI, introduced by PCR; the
fragment was cloned into the corresponding sites of pBJ9068,
resulting in the plasmid pBJ9070. For introduction of the tri-
ple HA tag, EcoRI sites were engineered by PCR on both ends
of a 121 bp DNA fragment encoding the triple HA epitope
(kind gift from B. Futcher, Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, and S. Michaelis, Johns Hopkins
University, Baltimore, MD). The amplification product was di-
gested with EcoRI and then ligated into the EcoRI site between
the resident single HA tag and the first ATG of the PTH1 ORF
in pBJ9070. Orientation of the triple tag was checked by PCR
followed by testing the ability to complement the Dpth1 muta-
tion. The plasmid pBJ9100 satisfied both criteria. This HA-
tagged version of PTH1 could be detected in immunoblots
and also by immunoprecipitation from radiolabeled whole-
cell protein extracts; no corresponding protein band was ob-
served in strains carrying the vector alone.

Spheroplast labeling and immunoprecipitation: Radiolabel-
ing of spheroplasts was carried out as described in Webb et al.
(1997). In brief, cells were grown to early log phase in Wicker-
ham’s minimal (WM) medium, 4–6 OD600 units of cells/sam-
ple were collected and spheroplasts prepared. Spheroplasts
were resuspended in labeling medium (WM plus 0.7 m sorbi-
tol plus 1 mg/ml bovine serum albumin), preincubated for 5
min at 308, pulse labeled at 308 with Trans35S (50 mCi/OD600)
for 20 min and chased for 30 min by adding unlabeled me-
thionine, cysteine and yeast extract to final concentrations of
5 mm, 1 mm and 0.2%, respectively. The cultures were then
spun for 1 min at 13,000 3 g to generate intracellular sphero-
plast and extracellular medium fractions. TCA was added to a
final concentration of 8%. The TCA-precipitated protein was
pelleted, washed twice with chilled acetone and resuspended
in suspension buffer (50 mm, TRIS pH 7.5, 1 mm EDTA, 1%
SDS). Proteins were resolubilized by disrupting the pellet by
vortexing in the presence of glass beads. Vacuolar hydrolases
PrA, PrB, CpY and ALP were immunoprecipitated and then
analyzed by SDS-PAGE and autoradiography.

Immunoblots: Yeast protein extracts were subjected to
SDS-PAGE. CpY, PrA, ALP and ApI were separated on 10%
and PrB on 12% acrylamide gels. Immunoblotting was carried
out as described elsewhere (Woolford et al. 1990). Immune
complexes were detected using goat anti-rabbit IgG-HRPO-
conjugated antibodies (Bio-Rad). 4-Chloro-1-naphthol was
used as chromogenic substrate.

Subcellular fractionation: Subcellular fractionation by dif-
ferential centrifugation was carried out as described in
Becherer et al. (1996).

Electron microscopy: Cells subjected to electron micros-
copy were processed as described in Webb et al. (1997). In
brief, cells were grown in YPD to an OD of approximately 0.5
A600. Cells were fixed for 2 hr, washed and then resuspended
in the presence of b-glucuronidase and lyticase for 2 hr to al-
low cell wall removal. After washing, cells were embedded,
stained and viewed as previously described (Webb et al. 1997).

6-CFDA staining: Cells were labeled with the vital vacuolar
stain 6-carboxyfluorescein diacetate (6-CFDA), as described
elsewhere (Preston et al. 1989).

RESULTS

Identification of a Pep12p homolog: We have previ-
ously reported the identification and characterization
of Pep12p, a syntaxin or t-SNARE resident in the endo-
somal membrane that mediates docking and/or fusion
of Golgi-derived transport vesicles along the vacuolar
protein targeting pathway (Becherer et al. 1996). The
heptad repeat sequence from Pep12p was used to
search the SGD for homologous sequences that might
encode syntaxin or t-SNARE proteins involved in simi-
lar docking and fusion processes along intracellular
protein translocation pathways. An ORF—YOR3220w
(old ORF name, current designation: YOR106w) on
chromosome XV was identified that exhibited 34%
identity and 57% similarity with Pep12p. YOR106w is
283 amino acids long with a predicted molecular mass
of 32,495 Daltons. The amino acid sequence contains
two potential N-linked glycosylation sites. Hydropathy
analysis by the method of Kyte and Doolittle (1982)
revealed a 20 amino acid long C-terminal hydrophobic
region flanked by positively charged residues. YOR106w
was thus predicted to be a cytoplasmically oriented in-
tegral membrane protein (Figure 1, A and B).

The region between amino acids 226 and 258 of
YOR106w (just upstream of the transmembrane do-
main) contains a heptad repeat that is predicted to

TABLE 1

Yeast strains

Strain Genotype Source

BJ5414 MATa his3D200 ura3 -52 lys2-801 trp1D101 Laboratory strain
BJ6252 MATa his3D200 ura3 -52 leu2D1 Laboratory strain
BJ8765 MATa/MATa Dpth1::HIS3/1 his3D200/1 ura3-52/ura3-52 leu2D1/1

lys2-801/1 trp1D101/1
This study

BJ8771 MATa Dpth1::HIS3 his3D200 ura3 -52 leu2D1 lys2-801 This study
BJ8776 MATa Dpth1::HIS3 his3D200 ura3 -52 leu2D1 lys2-801 trp1D101 This study
BJ8917 MATa pep4 -3 his3D200 Laboratory strain
BJ8922 MATa pep12::LEU2 his3D200 ura3 -52 leu2D1 trp1D101 This study
BJ8926 MATa his3-D200 ura3 -52 leu2D1 This study
BJ8927 MATa Dpth1::HIS3 his3 -D200 ura3 -53 leu2D1 This study
BJ8928 MATa pep12::LEU2 his3 -D200 ura3 -52 leu2D1 lys2-801 trp1D101 This study
BJ8929 MATa Dpth1::HIS3 pep12::LEU2 his3 -D200 ura3 -52 leu2D1 lys2-801 trp1D101 This study
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adopt an a-helical coiled-coil conformation. The prob-
ability that regions within the amino acid sequence
would form coiled coils was calculated using the COILS
2.1 program (McLachlan and Stewart 1975; McLach-

lan and Karn 1982; Parry 1982; Cohen and Parry

1986; Lupas et al. 1991). This putative coiled-coil do-
main in YOR106w was found in the region most con-
served in the syntaxins. The residues at positions a and d
of the heptad repeat are especially conserved within
the family and these residues (except two) are identical
between Pep12p and YOR106w (Figure 2). An addi-
tional heptad repeat exists further upstream of the
transmembrane domain between amino acids 86 and
111 and is also strongly predicted to form an a-helical
coiled coil by the COILS program (Figure 1, A and C).

In view of the several similarities between Pep12p
and YOR106w at the sequence level and also the fact
that YOR106w was identified using the heptad repeat
region of Pep12p, we decided to name the ORF, Pep
twelve homolog 1 or PTH1. [During the course of this

work, a GenBank submission identified YOR106w as
VAM3 (Wada et al. 1992; Wada et al. 1997)].

Deletion of the PTH1 gene: A null allele of PTH1
was constructed by replacing the entire ORF with the
HIS3 gene using the PCR deletion technique (Baudin

et al. 1993) (Figure 3B). Two primers each 60 bases
long were synthesized; 41 nt of each primer corre-
sponded to the sequence immediately upstream or
downstream of the ORF, followed by a stretch of 19 nt
homologous to the HIS3 selectable marker. Using the
primers, along with the cloning vector pRS303 (HIS3)
(Sikorski and Hieter 1989) as template, PCR amplifi-
cation was carried out, generating a 1.2 kb amplifica-
tion product. The amplified DNA molecule contained
the entire HIS3 gene flanked by 40 nt of sequences ho-
mologous to the region flanking the PTH1 ORF. The
PCR mixture was used to transform a His2 diploid re-
cipient strain to His1. This recipient strain (BJ5414/
BJ6252) carried the his3-D200 deletion that removes all
sequences homologous to the HIS3 gene used for the

Figure 1.—Features of Pth1p. (A)
Like other members of the syntaxin
protein family, Pth1p (YOR106w) is
predicted to be a 283 amino acid
polypeptide with a C-terminal trans-
membrane domain (TMD) and a hep-
tad repeat just upstream of the TMD
(with an additional, more N-terminal
heptad repeat region). (B) Hydropa-
thy plot of the predicted Pth1p poly-
peptide (Kyte and Doolittle 1982).
(C) Coiled-coil formation probability
generated using the COILS-2.1 pro-
gram (MTIK matrix, a and d positions
weighted, 21 residue window).

Figure 2.—Sequence alignment of Pep12p and Pth1p (YOR106w) in the heptad repeat region, upstream of the C-terminal
transmembrane domain. Identical amino acid residues are in boldface. Overall the two proteins are 34% identical and 57% simi-
lar. Pep12p has a heptad repeat region—amino acids 205–245—and the amino acid residues at positions a and d within this repeat
are especially conserved among members of the syntaxin family of proteins. These residues are also conserved in Pth1p, and all
but two amino acids are identical between Pep12p and Pth1p.
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disruption. The solitary His1 transformant obtained
(BJ8765) was sporulated and tetrads were dissected. All
four spores of each tetrad grew equally well (at both 308
or 378), indicating that PTH1 is not essential for growth
and that loss of Pth1p does not cause a growth defect
(Figure 4). The spores were tested for CpY activity by
means of the APE overlay plate assay ( Jones 1977). In
24 tetrads CpY deficiency and His protrophy segre-
gated 2:2, and all His1 spores were CpY deficient. This
was a strong indication that Pth1p function impinged
on the vacuolar protein targeting pathway. Closer ex-
amination of the CpY deficiency indicated that the
Dpth1::HIS3 mutant displayed a level of CpY activity in-
termediate between the positive (WT ) and negative
(pep4-3) controls. The CpY deficiency phenotype was
more pronounced at 378 (Figure 4).

Cloning of the PTH1 gene: Using the sequence ob-
tained from the S. cerevisiae genome sequencing project,
the PTH1 gene was cloned by genomic PCR. Primers
were designed such that the amplified insert contained
sufficient upstream (540 bp) and downstream (1050
bp) regions to ensure proper expression of the gene.
Restriction sites were introduced into the primers to fa-
cilitate cloning of the amplification product (pBJ8793)
(Figure 3A). The cloned insert was able to complement
the CpY deficiency of the Dpth1::HIS3 mutant as exam-
ined by the CpY plate assay.

Phenotypic consequences of the deletion of the PTH1
gene: As was seen for PEP12, deletion of PTH1 also

conferred sensitivity to high levels of divalent cations.
The Dpth1 mutant was sensitive to growth in medium
containing Zn21 (.5 mm), Ca21 (.400 mm), Sr21

(.500 mm), Mn21 (.5 mm) or Li21 (.100 mm) at
both 308 and 378. Interestingly, however, extended in-
cubation for a period greater than 72 hr resulted in
growth. In contrast, pep12 mutants never overcome sen-
sitivity to the presence of divalent cations in the growth
medium even after an extended incubation (Becherer

et al. 1996). Growth of the Dpth1 mutant was retarded
in medium buffered at pH 7.

To evaluate the effects of Pth1p deficiency on vacu-
olar protein sorting, we performed kinetic studies of
hydrolase maturation and targeting to the vacuole us-
ing spheroplasts of wild-type and Dpth1::HIS3 strains.
Wild-type cells completely processed the CpY precursor
to mature CpY during the 20 min pulse and 30 min
chase, indicating that CpY was properly delivered to the
vacuole (Figure 5, lane 1). In contrast, in the Dpth1
strain, most CpY remained in its Golgi-modified precur-
sor form, P2CpY, and was retained within the cell; little
was recovered in the extracellular secreted fraction
(Figure 5, lanes 3 and 4). A modest amount of process-
ing of the precursor to mature form was also observed,
which is consistent with the intermediate CpY plate as-
say phenotype. The Dpth1 mutant proved to be defec-
tive in maturation of two additional lumenal hydro-
lases, PrA and PrB. For both enzymes, wild-type cells
processed PrA and PrB precursors to their mature
forms during the 20 min pulse and 30 min chase (Fig-
ure 5, lane 1). In the Dpth1 mutant, PrA and PrB were
recovered in their Golgi-modified precursor forms:
proPrA (P2PrA) and proPrB (P3PrB). As was seen for
CpY, however, the Golgi-modified PrA and PrB precur-
sors remained primarily within the cell; they were re-
covered in the intracellular spheroplast fraction (Fig-
ure 5, lane 3). Thus, kinetic experiments indicate that
the Dpth1 mutant is defective in delivery of soluble vac-
uolar hydrolases to the vacuole. Processing of the type

Figure 3.—Characterization, disruption and epitope tag-
ging of the PTH1 locus. (A) Restriction map of the cloned
genomic region of PTH1 (2.4-kb EcoRI/BamHI fragment,
pBJ8793) is shown with the 0.849-kb PTH1 ORF indicated
with the solid arrow. E, EcoRI; B, BamHI; P, PstI; K, KpnI; X,
XbaI; parentheses indicate restriction enzyme sites engi-
neered by PCR. The plasmid carrying this insert—pBJ8973
(see Table 2) was able to complement the CpY deficiency of
the Dpth1::HIS3 mutant (BJ8776, see Table 1). (B) The entire
PTH1 ORF (YOR106w) was replaced with a fragment bearing
the HIS3 gene by PCR deletion (Baudin et al. 1993). A strain
in which this disruption construct had been integrated into
the genome displayed a deficiency in CpY activity. (C) The
quadruple HA epitope tag was inserted immediately before
the first ATG of the PTH1 ORF (pBJ9100, see materials and

methods; Table 2). This PTH1::HA fusion was able to com-
plement the CpY deficiency of the Dpth1::HIS3 mutant
(BJ8776, see Table 1).

Figure 4.—Effects of deleting PTH1 on viability and CpY
activity at both 308 and 378 were examined. CpY activity of
Dpth1::HIS3 mutant was assessed by CpY (APE overlay) plate
assay (Jones 1977). PTH1 (BJ6252), Dpth1::HIS3 (BJ8776),
pep4-3 (BJ8917).



90 A. Srivastava and E. W. Jones

II vacuolar membrane hydrolase ALP was also blocked
(Figure 5, lane 3). In the above-mentioned time course
the Dpth1 mutant accumulated proALP in the intracel-
lular fraction. Thus, deletion of PTH1 causes a defect
in the processing of both soluble and membrane hy-
drolases.

Vacuolar morphology of the Dpth1 mutant: To assess
the vacuolar morphology in cells lacking the PTH1
gene product, we subjected wild-type and Dpth1 cells to
electron microscopy to examine vacuolar structures.
The wild-type cell exhibits normal vacuolar structures
with two to three lobes and one to three vacuoles per
cell (Figure 6A). Dpth1 mutant cells exhibit “frag-
mented” vacuoles (five to six small, ellipsoidal vesicular
structures) (Figure 6B). The cytoplasm of the Dpth1
mutant appeared more dense and granular compared
with that of the wild-type strain. Furthermore, closer
examination of the electron micrographs of the Dpth1
mutant strain revealed the presence of multiple small

vesicles distributed throughout the cytoplasm (Figure 6, C
and E, low magnification; Figure 6, D and F, high magnifi-
cation). The vesicles measure approximately 40–60 nm in
diameter and are indicated by arrows (Figure 6, D and F).

Epistatic relationship between pep12 and pth1: To in-
vestigate the epistatic relationship between the two syn-
taxins, near isogenic pep12::LEU2 (BJ8922) and
Dpth1::HIS3 (BJ8771) strains were crossed and tetrads
dissected. Using the ability to process and deliver CpY
to the vacuole as a measure, epistasis was examined at
two levels—by the CpY plate assay and by kinetic in vivo
labeling experiments. For the CpY plate assay, spores
from a single tetratype tetrad were streaked out on YPD
plates along with controls. Cells were grown at both 308
and 378 for at least 48 hr before carrying out the test. At
308, the wild-type strain tested red and was thus Cpy1.
The pep12::LEU2 strain tested white or Cpy2, indicating
a deficiency in CpY activity. The Dpth1::HIS3 strain also
exhibited a CpY deficiency, although it was less severe
than that of the pep12 mutant strain. The pep12::LEU2
Dpth1::HIS3 double mutant displayed a CpY activity
phenotype more like that of a pep12 mutant than a pth1
mutant. Raising the temperature to 378 did not cause
any change in the CpY activity phenotypes. However,
the double mutant exhibited a synthetic growth defect
and was unable to grow at 378 (Figure 7A).

The epistatic relationship was examined kinetically
by assessing the ability of cells to correctly process and
deliver CpY to the vacuole using spheroplasts of spore
clones from the tetratype tetrad. During a 20 min pulse
and 30 min chase, the wild-type strain processed the
CpY precursor to its mature form, indicating proper
delivery to the vacuole (Figure 7B, lane 1). As observed
earlier, the Dpth1::HIS3 mutant accumulated most of
the precursor, P2CpY, intracellularly (Figure 7B, lanes 3
and 4). In the pep12::LEU2 mutant almost all P2CpY
was secreted into the extracellular medium fraction
(Figure 7B, lanes 5 and 6). In the pep12::LEU2
Dpth1::HIS3 double mutant, CpY accumulated in its
Golgi-modified precursor form, P2CpY, and almost all
of it was secreted into the extracellular medium frac-
tion (Figure 7B, lanes 7 and 8). The CpY maturation
phenotype of the double mutant is like that of the
pep12 mutant, indicating that pep12 is epistatic to pth1
with respect to the CpY secretion phenotype.

Subcellular fractionation of Pth1p: To examine the
intracellular location of Pth1p, we constructed an HA-
tagged version of the gene. Four copies of the 9 amino
acid HA epitope were introduced at the N-terminus of
Pth1p by cloning (see materials and methods and
Table 2). PTH1::HA was able to fully complement the
CpY deficiency of the Dpth1::HIS3 mutant (Figure 3C,
pBJ9100). Monoclonal antibodies that recognize this
epitope tag precipitated a Pth1::HAp-specific protein in
extracts prepared from cells carrying this construct, but
not from cells lacking this construct (Figure 8A, lanes 1
and 2).

Figure 5.—Sorting and processing of vacuolar hydrolases.
Spheroplasts of PTH1 (BJ6252) and Dpth1::HIS3 (BJ8776)
were pulse labeled with Trans35S for 20 min and chased for 30
min at 308. The labeled cultures were separated into sphero-
plast (Internal) and medium (External) fractions. Vacuolar
hydrolases CpY, PrA, PrB and ALP were immunoprecipitated
from each fraction, subjected to SDS-PAGE (ALP, 8.5%; CpY
and PrA, 10%; PrB, 12%) followed by autoradiography. The
positions of Golgi-modified precursors (P2CpY, proPrA, pro-
PrB and proALP) and mature forms are indicated.
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Figure 6.—Vacuolar morphology and vesicle accumulation in the Dpth1::HIS3 mutant. Strains were prepared and stained for
electron microscopy as described in materials and methods. (A) PTH1 (BJ6252), (B) Dpth1::HIS3 (BJ8776). Scale bars, 5 mm.
(C–F) Accumulation of 40–60 nm vesicles in the Dpth1 (BJ8776) mutant. (C and E) Low magnification views. Scale bars, 1 mm. In-
sets shown at higher magnification in D and F, respectively. Scale bars, 100 nm. Arrows indicate vesicles observed.
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Radiolabeled cell extracts were subjected to differen-
tial centrifugation to separate various organelles on the
basis of velocity sedimentation as described in Becherer

et al. (1996). Lysates were fractionated by centrifuga-
tion into a 13,000 3 g pellet (P13), a 100,000 3 g pellet
(P100) and a 100,000 3 g supernatant (S100). Each
fraction was examined for the presence of Pth1::HAp
and the marker proteins—ALP (vacuole membrane),
Pep12p (prevacuole/endosome), Kex2p (late-Golgi
membrane) and G6PDH (cytosol)—by immunoprecip-
itation followed by SDS-PAGE and fluorography.

Nearly all of the vacuolar protein ALP was found in
the P13 fraction (Figure 8B, lane 1). Most of Pep12p
was found in the P13 fraction (Figure 8B, lane 1),
which is consistent with its location in the endosome, a
compartment similar, but not identical, to the vacuole,
and one that is difficult to separate biochemically from
the vacuole, as reported earlier (Becherer et al. 1996).
Most of Kex2p was found in the P100 fraction (Figure
8B, lane 3) and G6PDH in S100 (Figure 8B, lane 2). Al-
most all of Pth1p was found in the P13 fraction (Figure
8B, lane 1). Along with the mutant phenotypes de-

scribed above, especially the epistasis relationship be-
tween pep12 and pth1, this localization is consistent with
Pth1p being resident in vacuolar membranes.

Lumenal hydrolase profile under steady state condi-
tions: To examine the processing of the lumenal hy-
drolases under steady-state conditions, we prepared
whole-cell protein extracts from the spore clones of the
above-mentioned tetrad grown to stationary phase.
Presence and forms of vacuolar hydrolases were exam-
ined by immunoblot. Under steady-state conditions,
the soluble hydrolases PrA, PrB and CpY were all pro-
cessed to their mature forms in the Dpth1 mutant, like
the wild type. However the levels of the mature forms
were reduced by almost 50% as compared to wild type
(Figure 9, lane 2). Little or no antigen (pro or mature
form) was observed in the pep12 mutant extracts (Fig-
ure 9, lane 3) (Becherer et al. 1996). The phenotype
of the pep12 pth1 double mutant was identical to that of
the pep12 mutant (Figure 9, lane 4), in agreement with
the epistasis relationship.

Steady-state processing of ALP: The precursor of
the integral membrane hydrolase ALP is activated by
proteolytic cleavage at the vacuole (Jones et al. 1982;
Zubenko et al. 1982; Klionsky and Emr 1989). Process-
ing of the ALP precursor was examined by immunoblot
on whole-cell protein extracts prepared from strains
constituting the tetratype tetrad used earlier for the
epistasis experiments. In contrast to the soluble hydro-
lases, ALP underwent little or no processing in the
Dpth1 mutant and accumulated in its pro form (Figure
10, lane 2). Almost all of the ALP precursor was pro-
cessed to its mature form in the pep12 mutant (Figure
10, lane 3) consistent with the use of a Pep12p inde-
pendent pathway of vacuolar delivery, as has been re-
cently proposed (Cowles et al. 1997; Webb et al. 1997).
In the pep12 pth1 double mutant, processing of the ALP
precursor remained blocked, just as it was in the Dpth1
mutant (Figure 10, lane 4), suggesting that pth1 is epi-
static to pep12 with respect to the ALP maturation phe-
notype.

Steady-state processing of ApI: The vacuolar hydro-
lase ApI utilizes an extrasecretory route from the cyto-
plasm to the vacuole, where it is proteolytically acti-
vated in a PrB-dependent fashion (Klionsky et al.
1992). Studies on translocation of ApI to the vacuole
have defined a novel cytoplasm-to-vacuole targeting
(Cvt) pathway (Harding et al. 1995). To examine
whether this pathway was affected by the absence of
Pth1p, we assessed processing of the ApI precursor by
immunoblot on whole-cell protein extracts prepared
from strains constituting the above-mentioned tet-
ratype tetrad. Under steady-state conditions in the
Dpth1 mutant, ApI accumulated in its precursor form
and very little if any processing to the mature form was
observed (Figure 10, lane 2). In the pep12 mutant, ApI
processing appeared to occur, albeit at a slower rate;
approximately equal levels of pro and mature forms

Figure 7.—Analysis of epistasis between pep12 and pth1.
Meiotic segregants in a tetratype tetrad obtained from a cross
between near isogenic pep12 (BJ8922) and pth1 (BJ8771)
strains were used for all epistasis experiments: WT (BJ8926),
Dpth1::HIS3 (BJ8927), pep12 (BJ8928) and Dpth1::HIS3 pep12
(BJ8929). (A) Viability was examined in addition to CpY activ-
ity by CpY (APE overlay) plate assay at both 308 and 378. (B)
Kinetic analysis of epistasis by examination of CpY sorting and
processing. Spheroplasts of above-mentioned strains were
pulse labeled in vivo with Trans35S for 20 min and chased for
30 min at 308. The labeled cultures were separated into
spheroplast (Internal) and medium (External) fractions. CpY
was immunoprecipitated from each fraction, subjected to
SDS-PAGE (10%) followed by autoradiography. The positions
of Golgi modified precursor P2CpY and mature form are indi-
cated.
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were observed (Figure 10, lane 3). Failure to process all
of the ApI precursor could be the result of the low lev-
els of active PrA and PrB under steady-state conditions.
In the pep12 pth1 double mutant, however, no process-
ing of the ApI precursor was observed—all of the ApI
accumulated in the precursor form, a phenotype the
same as that of the pth1 mutant (Figure 10, lane 4), sug-
gesting that pth1 is epistatic to pep12 with respect to ApI
maturation.

Vacuolar morphology by 6-CFDA accumulation: Vacu-
olar morphology was also examined by Nomarski and
FITC optics after incubation of cells in 6-CFDA; free 6-CF,
accumulates in the acidic vacuole as a charged fluores-
cent molecule (Preston et al. 1989). The wild-type
strain displayed the normal vacuolar structures with
two to three lobes and one to two vacuoles per cell (Fig-
ure 11, A and B). As mentioned earlier, the pth1 mutant
exhibited “fragmented” vacuolar structures (Figure 11,
C and D). The pep12 mutation results in a single large

vacuole (Figure 11, E and F) (Becherer et al. 1996).
The pth1 pep12 double mutant exhibited “fragmented”
vacuoles like the pth1 mutant (Figure 11, G and H).
With respect to this vacuolar morphology defect, pth1
appears to be epistatic to pep12.

DISCUSSION

In this study we report the identification and charac-
terization of Pth1p, a syntaxin/t-SNARE homolog in-
volved in the delivery of hydrolases to the yeast vacuole.
Pth1p was initially identified as a homolog of Pep12p,
the prevacuolar/endosomal syntaxin that mediates
docking and/or fusion of Golgi-derived transport vesi-
cles (Becherer et al. 1996). We propose that Pth1p is
the vacuolar syntaxin/t-SNARE homolog that facilitates
docking and/or fusion reactions of transport vesicles at
the vacuolar membrane (Figure 12). This conclusion is
based on the examination of phenotypic consequences

Figure 8.—Subcellular fractionation of Pth1p. (A) Spheroplasts of strain BJ8771 transformed with pBJ9100 (PTH1::HA/CEN)
were pulse labeled in vivo with Trans35S for 30 min and chased for 30 min at 308. The spheroplast were lysed and Pth1::HAp was
immunoprecipitated from the labeled cell extracts with monoclonal antibody that recognizes the HA epitope (12CA5). The pre-
cipitated protein was separated on a 12% acrylamide gel and subjected to autoradiography. The position of the epitope-tagged
Pth1p is indicated. (B) Sixty OD600 units of spheroplasts of strain BJ8771 carrying plasmid pBJ9100 were pulse labeled in vivo with
Trans35S for 30 min and chased for 45 min at 308. The spheroplasts were lysed and fractionated by differential centrifugation.
First, the lysate was subjected to centrifugation at 13,000 3 g, yielding a low-speed pellet (P13) and a low-speed supernatant frac-
tion. The supernatant fraction was subjected to a second centrifugation at 100,000 3 g resulting in a high-speed pellet and (P100)
and a high-speed supernatant (S100). Pth1:HAp was immunoprecipitated from each one of the indicated fractions, as were the
following organelle marker proteins: mALP (vacuole), Pep12p (prevacuole/endosome), Kex2p (late Golgi) and G6PDH (cyto-
plasm).

TABLE 2

Plasmids

Plasmid Insert Vector

pBJ8793 PTH1 EcoRI/BamHI fragment pRS316 (EcoRI/BamHI)
pBJ9100 PTH1::HA construct with native promoter region

of PTH1 inserted as XbaI/BamHI fragment.
pRD54 GAL1::HA

(pRS316 backbone)
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of deletion of the PTH1 gene, epistasis analyses be-
tween pep12 and pth1 mutations and the subcellular
fractionation of Pth1p.

PTH1 (YOR106w) was identified in a genome-wide
search for new members of the yeast syntaxin family us-
ing the heptad repeat region from Pep12p, which is the
most highly conserved region among members of the
syntaxin/t-SNARE protein family. Pth1p was predicted
to be almost the same size as Pep12p; like Pep12p, a
type II integral membrane protein with the characteris-
tic heptad repeat region, it is strongly predicted to
form an a-helical coiled coil immediately upstream of
the transmembrane domain (Pth1p is predicted to have
an additional, more N-terminal, coiled-coil domain).
Deletion of the PTH1 ORF causes a deficiency in CpY
activity, as assessed by the CpY (APE overlay) plate as-
say, but with a less severe phenotype than pep12 mu-
tants. Furthermore, pth1 mutants are also sensitive to
high concentrations of divalent cations and unable to
grow on medium buffered at pH 7, all indicators of di-
minished vacuolar function (Hiller 1997; Webb et al.
1997). These phenotypes implicate Pth1p in the vacu-
olar protein targeting pathway, suggesting that it is in-
deed a functional homolog of Pep12p. However, de-
spite the high sequence similarity, neither gene when
overexpressed can replace the other (data not shown),
indicating that Pep12p and Pth1p are not functionally
interchangeable.

The absence of Pth1p disrupts processing of both lu-
menal and membrane hydrolases. The Dpth1 mutant
displays kinetic defects in processing of the post-Golgi
precursors of PrA, PrB, CpY and ALP. However, under
steady-state conditions, reduced levels of the mature
forms of only the lumenal hydrolases are present; the
vacuolar membrane hydrolase ALP remains unproc-
essed. In the absence of Pep12p, no post-Golgi process-
ing of lumenal hydrolases is observed, but the process-
ing of the membrane hydrolase ALP is unimpaired
(Becherer et al. 1996; Burd et al. 1997; Cowles et al.
1997). Thus, the effects of the loss of Pth1p function
are less severe than for the loss of Pep12p for the lume-
nal hydrolases, but not for the membrane hydrolase
ALP. The effect on the lumenal hydrolases certainly
correlates with the intermediate CpY activity phenotype
of the Dpth1 mutant in the CpY (APE overlay) plate as-
say, compared with the pep12 mutant. Almost all of
P2CpY is secreted by a pep12 mutant (Becherer et al.
1996). This phenotype is shared by several other mu-
tants blocked at the Golgi-to-endosome stage of the vac-
uolar protein translocation pathway like pep7 (Webb et
al. 1997) and vps45 (Cowles et al. 1994). In contrast,
the Dpth1 mutant secretes little CpY, suggesting that
P2CpY has traveled deeper into the vacuolar pathway
so as to preclude its diversion into the secretory bulk
flow. This led us to hypothesize that Pth1p might func-
tion at a step farther along the vacuolar protein targeting
pathway than Pep12p. The epistasis relationship between
pep12 and pth1 was consistent with this hypothesis. The
pep12 pth1 double mutant secretes nearly all P2CpY,
indicating that pep12 is epistatic to pth1 for the CpY se-
cretion phenotype and suggesting that Pep12p func-
tions upstream of Pth1p in the pathway. Furthermore,
since Pep12p is resident in the endosome/prevacuole

Figure 9.—Steady-state processing of lumenal hydrolases.
Whole-cell protein extracts were prepared from WT (BJ8926),
Dpth1::HIS3 (BJ8927), pep12 (BJ8928) and Dpth1::HIS3 pep12
(BJ8929) and subjected to SDS-PAGE (per lane: CpY, 5 mg,
10% gel; PrA, 15 mg, 10% gel; PrB, 10 mg, 12% gel) followed
by immunoblot analysis using affinity-purified polyclonal anti-
bodies.

Figure 10.—ALP and ApI processing. Whole-cell protein
extracts were prepared from WT (BJ8926), Dpth1::HIS3
(BJ8927), pep12 (BJ8928) and Dpth1::HIS3 pep12 (BJ8929)
and subjected to SDS-PAGE (per lane: ALP 50 mg, 10% gel;
ApI, 15 mg, 10% gel) followed by immunoblot analysis using
affinity-purified polyclonal antibodies.
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(Becherer et al. 1996), Pth1p is an excellent candidate
for a vacuolarly located syntaxin/t-SNARE. The results of
subcellular fractionation studies on Pth1p confirmed
the inferences from our genetic data. Subcellular frac-
tionation by differential centrifugation demonstrated
that Pth1p associated with a fraction enriched in vacu-
olar membranes as evidenced by the presence of the vac-
uolar integral membrane hydrolase, ALP.

Deletion of PTH1 results in an abnormal vacuolar
morphology; Dpth1 mutants display fragmented vacu-

olar structures, like the class B vps mutants (Raymond

et al. 1992) and consistent with the identification of
pth1 as a vacuolar morphology mutant, vam3 (Wada et
al. 1992; Wada et al. 1997). These fragmented struc-
tures accumulate the vacuole specific dye 6-CF, suggest-
ing that some degree of vacuolar acidification is
achieved (Preston et al. 1989). The pep12 mutant has a
single large vacuole (Becherer et al. 1996). The pep12
pth1 double mutant, however, has a fragmented vacu-
ole, suggesting that pth1 is epistatic to pep12 with re-
spect to the vacuolar morphology defect. This epistasis
relationship can be explained by hypothesizing that the
pth1 defect represents a defect in the fusion of vacuoles
at the final step in the vacuolar assembly pathway in the
single and double mutant. This hypothesis is entirely in
agreement with the results of Nichols et al. (1997). Us-
ing an in vitro assay for estimating homotypic vacuolar
fusion, Nichols et al. (1997) made the following rele-
vant observations: (i) interaction between the t-SNARE
Vam3/Pth1p and v-SNARE Nyv1p is absolutely re-
quired for homotypic vacuolar fusion; (ii) fusion is
completely abolished in the absence of the t-SNARE
Vam3/Pth1p; (iii) Dnyv1 mutants possess a single large
vacuole, but the Dnyv1 Dvam3/pth1 double mutant dis-
plays fragmented vacuolar structures like the Dvam3/
pth1 mutant, suggesting that the vacuolar morphology
defect of the Dvam3/pth1 mutant is epistatic to that of
the Dnyv1 mutant.

The accumulation of a 40–60 nm vesicle population
in the Dpth1 mutant is consistent with a role for Pth1p
in the vesicle consumption step of a vesicle-mediated
transport pathway. Accumulation of vesicle populations
of this size has been observed in the absence of the en-

Figure 11.—(A and B) 6-CF accumulation in WT
(BJ8926); (C and D) Dpth1::HIS3 (BJ8927); (E and F) pep12
(BJ8928); and (G and H) Dpth1::HIS3 pep12 (BJ8929). Exam-
ined as described in materials and methods. Nomarski (A,
C, E, G) and FITC (B, D, F, H) images are displayed.

Figure 12.—Proposed site for Pth1p function. The pre-
sented observations of hydrolase sorting/transport defects
along with protein localization data indicate that Pth1p is a
multifunctional syntaxin/t-SNARE that participates in dock-
ing and/or fusion of transport vesicles arriving at the vacuolar
membrane by at least three different routes: (1) endosome-
derived transport vesicles carrying precursors of the lumenal
hydrolases PrA, PrB and CpY; (2) Golgi-derived transport vesi-
cles carrying the ALP precursor reaching the vacuole by an
endosome-independent pathway; and (3) vesicles carrying
the ApI precursor traveling to the vacuole directly from the
cytoplasm by the Cvt pathway.



96 A. Srivastava and E. W. Jones

dosomal syntaxin/t-SNARE, Pep12p (Becherer et al.
1996), and also at steps along the secretory pathway
and its vacuolar branch (Novick et al. 1981; Newman

and Ferro-Novick 1987; Shim et al. 1991; Cowles et al.
1994; Piper et al. 1994; Webb et al. 1997). Vesicles in
this size range have been demonstrated to be transport
vesicles ferrying proteinaceous cargo between intracel-
lular organelles (Ferro-Novick and Jahn 1994; Roth-

man 1994); such vesicles are significantly smaller than
the plasma membrane-directed secretory vesicles, which
measure approximately 100 nm in diameter (Novick et
al. 1981). Furthermore, in the absence of Pth1p, only
the post-Golgi sorting and processing of vacuolar hy-
drolases are blocked. Taken together, these observa-
tions suggest that the vesicles that accumulate within
the Dpth1 mutant originate from the vacuolar protein
translocation pathway.

The vacuolar integral membrane hydrolase, ALP
traverses the early secretory pathway en route to the vac-
uole, where it undergoes proteolytic maturation by PrA
and/or PrB ( Jones et al. 1982; Zubenko et al. 1982;
Klionsky and Emr 1989). The post-Golgi processing
and vacuolar delivery of ALP are unimpaired in a pep12
mutant (Burd et al. 1997; Cowles et al. 1997). How-
ever, in the Dpth1 mutant, ALP maturation is blocked as
assessed kinetically and also under steady-state condi-
tions. This block in processing is not owing to the lack
of active PrA and PrB, since under steady-state condi-
tions mature forms of both hydrolases are present in
the Dpth1 mutant. This implies that ALP is unable to lo-
calize to the same vesicular transport intermediates as
active PrA and PrB, in addition to not being delivered
to the vacuole. Recent evidence indicates that delivery
of ALP to the vacuole normally occurs by a pathway
that does not involve the prevacuole/endosome or the
plasma membrane, and it has been suggested that ALP
follows an alternative route directly from the Golgi to
the vacuole (Cowles et al. 1997; Webb et al. 1997). Our
findings are consistent with this suggestion. Further-
more, our observation that pth1 is epistatic to pep12
with respect to ALP maturation is also consistent with
this proposed route, in that the pep12-induced block in
the pep12 pth1 double mutant is rendered irrelevant, re-
sulting in an ALP maturation phenotype like that of the
pth1 mutant. The existence of parallel pathways for ve-
sicular transport intermediates between two endomem-
brane organelles is not without precedent. Invertase
and Pma1p have been shown to travel from the Golgi
to the plasma membrane using distinct vesicle popula-
tions (Harsay and Bretscher 1995). However, the
postulation of such parallel pathways begs the question:
do common or separate sets of proteins exist to receive
vesicles arriving by the two pathways? One suggested
protein component for receiving ALP-bearing vesicles
is Vam2/Vps41p. At the nonpermissive temperature a
vps41tsf mutant correctly processes and sorts the soluble
hydrolase CpY and membrane hydrolase CpS, but mat-

uration of ALP is blocked; furthermore, most of the
ALP precursor is found in a subcellular fraction that
contains primarily late-Golgi membranes (Cowles et al.
1997; Radisky et al. 1997). Vam2/Vps41p has been
shown to exist in a complex with Vam6/Vps39p; this
protein complex sediments in fractions enriched in
vacuolar membranes (Nakamura et al. 1997). Both
vam2/vps41 and vam6/vps39 mutants have a frag-
mented vacuole phenotype (class B morphology) like
the Dpth1 mutant (Raymond et al. 1992; Nakamura et
al. 1997). Mutations in YPT7, a Rab7 GTPase homolog,
also result in phenotypes similar to those of the Dpth1
mutant: fragmented vacuolar morphology and a block
in ALP maturation (Wichmann et al. 1992). However,
mutations in PTH1 and YPT7 also affect maturation of
the soluble hydrolases (this study; Wichmann et al.
1992), suggesting that their functions might extend
into both Golgi-to-vacuole vesicular transport pathways.

The hydrolase ApI arrives at the vacuole via an ex-
trasecretory route; the ApI precursor travels directly
from the cytoplasm to the vacuole, where it undergoes
maturation by PrB (Klionsky et al. 1992). The cvt mu-
tants, which accumulate the ApI precursor, have identi-
fied protein components of this Cvt pathway (Harding

et al. 1995). The oligomerization state of ApI before
transport (Kim et al. 1997) and the requirement for a
GTP-binding protein for ApI transport (Scott and
Klionsky 1995) had suggested that ApI might utilize a
vesicular mechanism for translocation into the vacuole.
It has recently been demonstrated that the ApI precur-
sor is indeed delivered to the vacuole in a “subvacu-
olar” vesicular intermediate (Scott et al. 1997). Scott

et al. (1997) have suggested that the ApI-bearing trans-
port vesicles might utilize SNARE-like components to
ensure proper delivery to the vacuole. They speculate
whether these transport vesicles are delivered directly
to the vacuole or are instead delivered first to the late
endosome and then to the vacuole by endosome matu-
ration, as in mammalian cells (Dunn 1995). Our results
shed some light on these speculations. We have ob-
served that the Dpth1 mutant accumulates the cytoplas-
mic precursor of ApI despite the availability of active
PrA and PrB. This implies, of course, that ApI does not
travel in the same vesicles as PrA and PrB, but also sug-
gests that Pth1p might be the syntaxin/t-SNARE
required for docking and fusion of the ApI transport
vesicles at the vacuolar membrane. The phenotypic
similarity between pth1 and ypt7 mutants suggests that
they might act at the same stage of the vacuolar path-
way. In vitro reconstitution of the Cvt pathway has dem-
onstrated a requirement for a GTP-binding protein for
successful vacuolar delivery of ApI (Scott and Klion-

sky 1995). Our finding that ApI maturation is blocked
in a Dypt7 mutant (A. Srivastava and E. Jones, unpub-
lished data) suggests that Ypt7p might be the Rab GT-
Pase homolog involved in the vesicular delivery of ApI
to the vacuole by the Cvt pathway. Furthermore, our
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observations that ApI maturation is relatively unim-
paired in a pep12 mutant and that pth1 is epistatic to pep12
with respect to ApI maturation, suggest that the ApI trans-
port vesicles might travel from the cytoplasm directly to
the vacuole, bypassing the endosomal compartment.

Based on phenotypic similarities and/or sequence
homology, there are few other gene products that
might function at the same stage of the vacuolar path-
way as Pth1p. Vps33/Pep14/Slp1p is one of the two
nonredundant Sec1p homologs implicated in the vacu-
olar protein-sorting pathway, the other being Vps45p,
which functions at the Golgi-to-endosome stage. Ab-
sence of Vps33/Pep14/Slp1p causes defects in hydro-
lase sorting and processing and also results in a vestigial
vacuole phenotype (Jones 1977; Banta et al. 1990;
Wada et al. 1990; Preston et al. 1992). We have found
that vps33/pep14/slp1 mutants are blocked in the matu-
ration of ApI (A. Srivastava and E. Jones, unpub-
lished data); however, this could be a secondary effect
of the absence of any discernible vacuolar structures.
There are no data suggesting that Vps33/Pep14/Slp1p
participates in any docking/fusion steps in the vacuolar
pathway. However, it remains the best candidate for the
Sec1p homolog involved in the docking/fusion step at
the vacuole. Mutations in another gene, VAM7 (Wada

et al. 1992), result in phenotypes similar to those seen
in both pth1 and ypt7 mutants: fragmented vacuole
morphology and reduced levels of CpY under steady-
state conditions. Vam7p has limited sequence similarity
to human SNAP-25 and SNAP-23 proteins. The re-
duced severity of the mutant phenotypes and its class B
vacuolar morphology (Raymond et al. 1992; Wada et al.
1992), like those of the pth1 mutant, make it a candi-
date SNAP-25 homolog at the vacuole rather than the
endosome. Thus, within the framework of the SNARE
hypothesis, we may have already identified a syntaxin/
t-SNARE homolog (Pth1p), a Sec1p homolog (Vps33/
Pep14/Slp1p), a SNAP-25 homolog (Vam7p) and a
Rab GTPase homolog (Ypt7p) for vesicular docking/fu-
sion reactions at the vacuolar membrane.

Taken together, our data suggest that Pth1p, a syn-
taxin/t-SNARE resident in the vacuolar membrane is
a versatile protein with functions influencing several as-
pects of vacuolar biogenesis and trafficking. Pth1p
function impinges on at least three biosynthetic routes
of hydrolase delivery to the vacuole: endosome to vacu-
ole, Golgi to vacuole and cytoplasm to vacuole. Further-
more, Pth1p appears to play a key role in vacuolar as-
sembly, apparently by promoting fusion of several
smaller vacuolar compartments.
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