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The Saccharomyces cerevisiae PEP3 gene was cloned from a wild-type genomic library by complementation
of the carboxypeptidase Y deficiency in a pep3-12 strain. Subclone complementation results localized the PEP3
gene to a 3.8-kb DNA fragment. The DNA sequence of the fragment was determined; a 2,754-bp open reading
frame predicts that the PEP3 gene product is a hydrophilic, 107-kDa protein that has no significant similarity
to any known protein. The PEP3 predicted protein has a zinc finger (CX,CX,;CX,C) near its C terminus that
has spacing and slight sequence similarity to the adenovirus Ela zinc finger. A radiolabeled PEP3 DNA probe
hybridized to an RNA transcript of 3.1 kb in extracts of log-phase and diauxic lag-phase cells. Cells bearing
pep3 deletion/disruption alleles were viable, had decreased levels of protease A, protease B, and carboxypep-
tidase Y antigens, had decreased repressible alkaline phosphatase activity, and contained very few normal
vacuolelike organelles by fluorescence microscopy and electron microscopy but had an abundance of extremely
small vesicles that stained with carboxyfluorescein diacetate, were severely inhibited for growth at 37°C, and
were incapable of sporulating (as homozygotes). Fractionation of cells expressing a bifunctional PEP3::SUC2
fusion protein indicated that the PEP3 gene product is present at low abundance in both log-phase and
stationary cells and is a vacuolar peripheral membrane protein. Sequence identity established that PEP3 and
VPS18 (J. S. Robinson, T. R. Graham, and S. D. Emr, Mol. Cell. Biol. 11:5813-5824, 1991) are the same gene.

The vacuole in Saccharomyces cerevisiae is a polymor-
phic organelle that has similarities both to vacuoles in plants
and to lysosomes in animal cells. Like lysosomes, yeast
vacuoles are relatively acidic organelles that contain a
number of proteases and other hydrolases that have rela-
tively broad substrate specificities. Mutants that lack partic-
ular vacuolar proteases have been useful for determining the
functions of specific enzymes (23, 25). One search for
protease-deficient mutants unexpectedly identified 16 genes,
mutations in any of which gave rise to deficiencies of two or
three different vacuolar hydrolase activities (PEP genes)
(21). Because pep mutations are pleiotropic, the phenotypes
of the mutants provide very limited information about the
primary functions of the PEP gene products. At the time the
genes were identified, several general hypotheses were ad-
vanced to account for the pleiotropy of the mutations: that (i)
these are regulatory mutations, (ii) the mutations cause
changes in the structure of the compartments containing the
enzymes, or (iii) the mutations alter components of the
system that places the enzymes in the compartments (21).
Thus, the PEP genes appeared to provide access to cellular
‘‘capital equipment” common to the expression of more
than one vacuolar protease, but it was not clear in biochem-
ical terms what type of equipment that might be. All three of
the mechanisms mentioned above (or others not thought of)
might be affected by different subsets of PEP genes. We are
analyzing the primary functions of PEP genes to gain a better
understanding of the biochemical requirements for vacuolar
protease expression in yeast cells.

PEP4 was the first of these genes to have its product
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defined in biochemical terms. The finding that PEP4 encodes
the vacuolar protease A (PrA) (1, 26, 58) led to clarification
of the major role of PrA in the processing of several vacuolar
zymogens and hydrolase precursors (24, 26). Information
that narrows the range of possible functions of the other PEP
genes is beginning to emerge with the application of molec-
ular biological methods. For example, the PEPS5 gene prod-
uct is a low-abundance, peripheral vacuolar membrane pro-
tein (59); the predicted sequence of the PEP7 gene product
carries five zinc fingers and three apparent nuclear localiza-
tion signals (64); and the PEPI2 gene product is a low-
abundance integral membrane protein, localized in the vac-
uolar membrane and perhaps also in a Golgi compartment
4).

The pep3 mutation causes deficiencies in PrA, PrB, car-
boxypeptidase Y (CpY), and alkaline phosphatase (ALP)
activities and gross abnormalities in vacuolar structure, a
phenotype closely resembling that seen in pep5 mutants (43;
see below). We describe here the cloning and analysis of the
PEP3 gene. The DNA sequence of PEP3 predicts a 918-
amino-acid protein that contains a zinc finger near its C-ter-
minal end. Cells that contain pep3 deletion alleles are viable,
but they have gross defects in vacuolar content and mor-
phology. As with the PEPS gene, the product of the PEP3
gene is a low-abundance, peripheral vacuolar membrane
protein. The data suggest that the protein resides on the
cytoplasmic surface of the vacuolar membrane.

(Parts of this work have been presented elsewhere in
preliminary form [44]).

MATERIALS AND METHODS

Strains and media. All strains were derived from X2180-1B
(MATa gal2 SUC2) or from crosses between isogenic deriv-
atives of that strain and strains congenic to X2180-1B
obtained from D. Botstein. The relevant genotypes of strains
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used are as follows: BJ2788, MATa pep3-12 ura3-52 trpl
leu2; BJ2776, MATa ura3-52; BJ2665, MATa leu2 ura3-52;
BJ3131, MATa/MATo ura3-52/ura3-52 leu2/leu2; BJ5591,
BJ5592, and BJ5593, MATa/MATa pep3A2::LEU2/pep3A2::
LEU2 ura3-52/ura3-52 leu2/leu2; BJS5579, MATa pep3A2::
LEU2 wura3-52 leu2 hisl; BJ6607, MATa pep3A2::LEU2
suc2A9 ura3-52 leu2 hisl; BI6608, MATa pep3A2::LEU2
suc2A9 ura3-52 leu2; BJ6617, MATa suc2A9 ura3-52 leu2
hisl [YCp50:PEP3::SUC2]. Strains BJ5571-BJ5574 are mei-
otic segregants from a transformant of BJ3131 that was
heterozygous for the pep3A2::LEU2 disruption. Bacterial
strains HB101 (36) and JM101 (60) were used for plasmid
propagation. YEPD and synthetic media for yeast cells were
prepared as described previously (51). Unless otherwise
specified, glucose was included along with all other ingredi-
ents during autoclaving of these media. LB and M9CA media
for bacteria have been described elsewhere (36).

Plasmids. The parental plasmids used were YCp50 (31),
YEpl13 (8), and YIpS (53). The original complementing
plasmids pRPA1 and pRPA3 are derivatives of YCp50.
pRPA1-7 is a sequential deletion derivative of pRPA1 made
by cleavage with Clal, ligation, amplification in Escherichia
coli, cleavage with Sphl, and ligation. To make pRPA3-4,
the BglII-Sall fragment of pRPA3 was subcloned into the
BamHI and Sall sites of YCp50, and the same fragment was
subcloned into the BamHI and Sall sites of YIpS to give the
integrating plasmid, YIp5:3SB. To make pRPA3-5, the Xhol-
BamHI fragment of pRPA3 was subcloned into the BamHI
and Sall sites of YCp50. Construction of the PEP3 gene
disruption plasmids as derivatives of pRPA1-7 is described
in Results. The plasmid containing the PEP3::SUC2 gene
fusion was constructed as follows. The 2.2-kb Smal-Pvull
fragment of the SUC2 gene from pSEYC306 (20) was ligated
into the Smal site of the polylinker of the Gene-Scribe Z
vector pTZ19U (United States Biochemical) downstream
from the 3.8-kb Sphl-Clal fragment of pRPA1-7 that had
itself been ligated into the Accl-Sphl gap of the pTZ19U
polylinker. Oligonucleotide-directed mutagenesis of the re-
sulting plasmid (7) was then used to delete the 0.4-kb region
between the final sense codon of the PEP3 open reading
frame (ORF) and the codon for the third amino acid of
mature invertase, giving an in-frame fusion. The 5.7-kb
Sphl-Sacl fragment containing the fusion was then sub-
cloned into the CEN vector YCp50.

Recombinant DNA methods and DNA sequencing. In gen-
eral, the procedures used for molecular genetics were as
described previously (36). Bacterial plasmids were extracted
from spheroplasts by using Brij-deoxycholate and purified
by CsCl gradient centrifugation (42). Plasmid minipreps were
made by an alkaline lysis method (5). Yeast genomic DNA
was prepared from spheroplasts (12) by the method of Holm
et al. (19). RNA for transcript analysis was prepared from
cells grown in YEPD medium at 30°C as described previ-
ously (18, 28, 34). DNA fragments for cloning and hybrid-
ization analysis were isolated from agarose gels either by
using an NA45 DEAE membrane and the protocol of the
manufacturer (Schleicher & Schuell) or by electroelution as
instructed by the manufacturer (IBI, Inc.). In some cases,
DNA fragments were ligated after analysis in low-melting-
point agarose gels without prior elution (52). DNA probes for
nucleic acid blots were labeled in vitro with [a->?P}JdCTP
using a random primer extension Kit and the protocol of the
manufacturer (New England Nuclear). DNA restriction frag-
ments were analyzed on 0.6 to 0.8% agarose gels, RNA was
analyzed on 1.2% agarose-formaldehyde gels, and the nu-
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cleic acids were blotted to nitrocellulose or Nytran filters for
hybridization to labeled probes as described previously (58).

DNA sequencing. The insert in pRPA1-7 or suitable restric-
tion fragments from it were subcloned into Gene-Scribe Z
vectors (United States Biochemical), and a set of deletion
subclones was generated. Single-stranded DNA templates
were prepared according to the Gene-Scribe protocol. Se-
quencing reactions by the dideoxy-chain termination method
(49) were done with a Sequenase kit as instructed by the
manufacturer (United States Biochemical). The 3.8-kb Sphl-
Sacl fragment of the PEP3 clone was sequenced completely
on both strands. The GenPept (release 64.3) and SWISS-
PROT (release 17.0) data bases were searched, using the
FASTA program (35). Hydropathy predictions were done by
the method of Kyte and Doolittle (33), and protein secondary
structure predictions were made by the method of Chou and
Fasman (11). A search for interesting motifs was conducted
with the PCGene program (Intelligenetics, Mountain View,
Calif.).

Immunoassays and enzyme activity assays. Cell extracts for
immunoblots and activity assays were prepared by using a
Braun homogenizer as previously described (24, 59). Pro-
teins were analyzed by polyacrylamide gel electrophoresis
(PAGE), and immunoblots were made as previously de-
scribed (59), with visualization by horseradish peroxidase
conjugate (Bio-Rad).

Polyclonal antibodies to invertase were raised in rabbits
by using antigen prepared from deglycosylated commercial
invertase, as described elsewhere (41). Ten milliliters of
serum from rabbit 7213 was purified by ammonium sulfate
precipitation and preadsorption against whole cells (200 mg
[dry weight]) of a strain that carried the sucA9 allele.
Aliquots of the preadsorbed serum were then affinity purified
on nitrocellulose blots of deglycosylated invertase as de-
scribed elsewhere (45) and were used at 1:50 dilutions for
immunoblotting.

ALP activity was assayed on a nondenaturing gel as
described previously (24). Acid phosphatase activity was
assayed colorimetrically on whole cells by the method of
Toh-E et al. (54), with p-nitrophenyl phosphate as the
substrate. a-Mannosidase was assayed fluorimetrically as
described (32) previously, using 4-methylumbelliferyl-a-b-
mannopyranoside as the substrate. Invertase was assayed
either on a nondenaturing gel system as described elsewhere
(10) (for earlier work that characterized the invertase activity
of pep3 mutants) or, in subsequent quantitative work with
the PEP3::SUC2 fusion protein, by enzymatic assay of
glucose production as described previously (17).

Biochemical methods. Vacuolar membranes were prepared
by osmotic lysis of spheroplasts, followed by flotation of
intact vacuoles on Ficoll gradients as described in detail
elsewhere (59). Purified vacuolar membranes were extracted
with alkaline carbonate essentially as described elsewhere
(59), with the following modifications: 0.1 mg of vacuolar
membrane protein was extracted with 1 ml of alkaline
carbonate, pH 11.5, and the carbonate-soluble proteins were
analyzed by sodium dodecyl sulfate (SDS)-PAGE directly,
without a trichloroacetic acid precipitation step.

Microscopy techniques. Vacuoles were observed and pho-
tographed by fluorescence microscopy as previously de-
scribed, using 5(6)-carboxydichlorofluorescein diacetate
(CDCFDA) as a morphological stain (45). Electron micro-
graphs of embedded thin sections were prepared as previ-
ously described (59).

Genetics. Sporulation and tetrad analysis were done as
described elsewhere (51). The pep3 marker was scored by
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FIG. 1. Restriction maps and complementation results for pRPA1 and related plasmids. Restriction sites: A, Sacl; B, BamHI; C, Clal; E,
EcoRI; G, Bglll; H, Hindlll; L, Bcll; O, Xhol; Q, Sall; S, Sphl; X, Xbal. Parentheses indicate destroyed sites. Lines are genomic sequences;
open bars are vector sequences. See text for details of construction. Relevant ORFs are indicated by wide arrows. PEP complementation is

based on plate assays of CpY activity.

using a yeast colony overlay assay that detects CpY activity
by its ability to cleave the substrate, acetylphenylalanine
B-naphthyl ester (21).

Materials. Restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs, Bethesda Research
Laboratories, or Boehringer Mannheim Biochemicals. [a->2P]
dCTP was from Amersham, [>>S]JdATP was from New En-
gland Nuclear, and CDCFDA was from Molecular Probes.
Nitrocellulose HAHY was from Millipore; Nytran, DEAE-
nitrocellulose, and nitrocellulose BA85 were from Schle-
icher & Schuell.

Nucleotide sequence accession number. The GenBank ac-
cession number for the PEP3 DNA sequence is M65144.

RESULTS

Cloning of the PEP3 gene. Yeast cells bearing the pep3-12
allele were transformed with a genomic library in the CEN
vector YCp50 (gift from M. Rose, J. Thomas, and P.
Novick), using the CaCl, method (9); 20,000 Ura* transfor-
mants were screened (59) to identify plasmids that comple-
mented the pep3 CpY deficiency. Two plasmids were ob-
tained that were able to complement the pep3 mutation when
they were retransformed into yeast cells after amplification
in E. coli. Restriction digest analysis revealed that the
genomic fragments in these two plasmids were identical
except for a slight difference in length (Fig. 1, pRPA1 and
pRPA3).

Chromosomal integration and genetic mapping of the
insert in pRPA3 was used to test for homology between the
cloned sequence and the PEP3 region of chromosome XII.
The 5.6-kb Bgl/II-Sall fragment of pRPA3 was subcloned
between the BamHI and Sall sites of the integrating vector,
YIpS (53). The resulting plasmid (YIpS5:3SB) was then lin-
earized at the BamHI site in the putative PEP3 region and
used to transform a pep3-12 recipient to Ura™. The transfor-
mation gave a mixture of Pep* (9 of 48) and Pep™ (39 of 48)

transformants. Two transformants of each Pep phenotype
were crossed to PEP3 ura3-52 testers for linkage analysis
(Table 1). The results of the crosses with Pep* transformants
showed that the integrated sequence and the PEP3 locus
were tightly linked, since no Pep~ segregants were observed
in 37 tetrads. The same conclusion followed from the cross
with the Pep™ transformants, since no recombination be-
tween the PEP3 locus and the integrated URA3 marker was
observed in 41 tetrads. We did not pursue an explanation for
the occurrence of both the Pep* and Pep~ classes of
transformants among the integrants obtained with the YIpS:
3SB plasmid (the insert in YIpS5:3SB, when present in a CEN
vector, did not complement pep3-12, as shown below).
Consistent with the genetic analysis presented above and
with previous mapping data for PEP3 (40), the insert from
pRPA1 hybridized to chromosome XII on orthogonal-field-
alternation gel electrophoresis blots (data not shown).
Subclones or deletions of the complementing library plas-

TABLE 1. Integration of YIp5:3SB at the PEP3 locus

No. of indicated tetrad types®

Cross® Genotypes

Parental Nonparental Tetra-
ditype ditype type

1 MATa pep3-12 ura3-52 Ura* 37 0 0
Pep™ transformant X
MATo PEP3 ura3-52

2 MATa pep3-12 ura3-52 Ura™ 41 0 0
Pep~ transformant X
MATo PEP3 ura3-52

@ Strains: cross 1, BJ3148 x BJ2776; cross 2, BJ3146 x BJ2776.

® Tetrad types in cross 1: parental ditype, 4 Pep*:0 Pep~; nonparental
ditype, 2 Pep*:2 Pep; tetratype, 3 Pep*:1 Pep~. Tetrad types in cross 2:
parental ditype, 2 Ura® Pep :2 Ura~ Pep*; nonparental ditype, 2 Ura™
Pep*:2 Ura™ Pep~; tetratype, 1 Ura* Pep~:1 Ura® Pep*, 1 Ura™ Pep~:1
Ura™ Pep™.
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-540 gecg g
-480 CCTTCTCTTAGGTCCTCTTATTGGTGGCATAGGTCTTGATGAGTTTTTTTTGAATAATGG
RRKPGRTIZPPMPRSSNTIKTZKTETLTFP 82
-420 TGCATTCTTTAAGAGATCTGGAACAACGATAAATTTGA ATAT
AN KLLDTPVVYVYTITF EFZEKTIQSGRVYVTETI 62
=360 TTGATCCATGTGTGTTA CTATTAC. CTTAGCTGTAC
Q DM HTV AGQPETA ATIVDRTLA QYV 42
-300 GT CTATCTTCGCTT AC] TC
N M S DESEVLLEXKGRYTAGTTTLE 22
-240 A [CATTTAATAATTTCACTGGTATTCCATTCATAGT
L S VIHGA QAENTLTLELTIEKTYZPTIGNNMNT 2
-180 CAT g g
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-120 g t. g
-60
1 ATGATAAAAACACGTATAGAGGAAGTTCAGTTACAATTCCTCACAGGGAATACCGAACTT
M I XTRTIETEVO QLG QTP?TLTGNTTETL 20
61 TTGAA ACTTATAGTAACGACACAACGGACAATTTACAGA
T HL XKVSNDU QLTIVTTGQRTTITZYR 40
121 ATAAATTTACAA AGCAAGGAACTA
I NLQDUPATIVNIHEHTPEPDTCTPTLSZ KTEHTL 60
181 GAAACTATAA' TTCATGTT ATGGGTA TCTTAT ACCAAC
ETINXKNVHEHVYVSPMGSVILTIRTN 80
241 TT A TTCACTCAATTGAACAAAATAAAAAAT

P G R Y M L L KD GEVPFPTOQLNIKTITIKN 100

301 C T ACGAAACCACCTTTC ATCAAGAAG

L DL S S L HWTINZETTT FIULMGTIKK 120
361 ACGCCCA TGAAT GAA, ACCACGAAGC'

T PKL YRV ELTGI KDTITTIKTLWY 140
421 GAAAACAAGAAA TGCH TCTCTGCTA

E N K KL S G GI DGTIAYUWEGSTLL 160
481 TTAACTATAAAAGACAACATTT A,

AATTTCCTTTA
LTI KODNTITLYWRUDVTNMTEKTFPL 180

541 GTATTACCAGATGAATCTGAGCAATTTGAAAGGTTAAAACATCATGCGATAAAGAAATTC
VL PDUZERSEQPFERTILIKHEHATITKTKTF 200

601 GATTCGTACAATGGACTCTTTGCTTGGGTCACATCCAATGGAATTGTCTTTGGTGATTTA
D S Y NGLF AWUVTSNGTIUVFGT DL 220

661 AAAGAAAAGCAAATGGAAAAAGATCCTGCTTCTAATAATTTTGGAAAATTCCTATCTTCG
K EKQNMEIKDZPASNNTPFGI KT FTLS S 240

721 TCGAAGGTTCTACTCAATTTOGAACTGCCTGACTACCAGAATGATAAAGATCACCTCATC
8 K VL LNV FELUPDTYQNDIKDUHTLTI 260

781 AAGGATATAGTTTTGACTGCTTTCCACATCCTGCTTTTGAGAAAAAATACGGTAACAATG
K DI VL TATPFHTITIULLTLURIEKNTUVTHNMN 280

841 ATTAAATA TTCATGAAACTATAC \CACCAGTTGACT
VS QL NNDVVFHETTIZPRUHOQLT 300

901 A AAGAA
G 8 NT DS N E K P L G L V R D S V K E 320

961 ACGTTT AA 'CTTTGAAATTAT AA AT
F W CPFP S NTINVZFEFETITITITENTETPN 340

1021 TCGGTATGGAATTTATTAGT AACAAATT A 'CC 'CGT AAGGC

S§ VW NLLVRDNIKTFDI KA ALSTLTIKSG 360

1081 TTGACGGTGAGGGAAATAGAATCTGTAAAACTTTCAAAGGCAATGTACCTTTTCCACACT
L TVRETIESVI KTLSI KANMTYT LT FHT 380

1141 GCTAA T AA! TTGTCACACTTT
AKD!HSAAQTLGSHKDLSH!‘ 400
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1201 GGGGAA TTGAATTTTCTCCAAATAAA CGTA. G
GBIALNFLQIRDYIDLIIVIL 420

1261 ATAAAACAGTTGGATAA AATCAACTCA TGTC
IKQLDNVPHKSTQVVLSS'I 440

1321 «x \TTTTATGAAACAATTGAATGATATTGAATTAAAGATAAACACAACTAAGCCA

I WNVFMEKOQLNDTITETLTEKTINTTT KFP 460

1381 GCT AGACAATTTGCTA. AATCGAAT
A S TDEEDUNTLTLNUMWNILNILTIKTETKTSN 480

1441 GAACTAACGAAATTTT AAAACTTGATAATGAAACCGTTTATCAA
ELTKTPFTLE S HLEBEKLUDNETUVYOQ 500
1501 ATAA \CGAATTATTGA' 'AGTCTAATCAACGAT

I M S XQNROQNETLTLELTITPASTLTINTD 520

1561 ATGAAGTTTTTATTATCATTTTGGATTGACCAAGGAAATTGGTATGAGTCCTTGAAAATT
M K FLLSVFWIDO OQGNUMWYTES STLTEKTI 540

1621 CTGCTTACAATAAATAACCATGACCTAGTCTATAAGTACTCTTTGATTCTCTTATTGAAT
LLTINNUBHDLVYVSYHZ KTYSTZLTITELTZLTLN 560

1681 TCACC TAC A 'GAAAATCAA. AAATAAGTTA
S PEATVSTWMEKTITR KTDTLTDTPNTEKTL 580

1741  ATTCCAACAATTTTAAAATTTTTCACAAATTGGCAAAATAATTCTAAACTGATTACTAAC
I PTIULIKTFTFPFTNUWOQNNSI KTLTITN 600

1801 ATATCAGAATATCCTGAAAATTACTCACTGACATATTTGAAATGGTGCGTTAGAGAAGTC
I S EY PENZYSLTJYTLIE KT MWMOGCV VR RTEYV 620

1861 CCAAAA AATCCA 'TTCTATCCTT TGATCCG
P KM CNUPIUVYNS STITILTYMMTITTODP 640

1921 AGAA AA ATCAAATTCATGAAATCAAACGAAAACAAA
R NDMTITLETSNT DTITITKTEMTEKSTSTNTETNTK 66

1981 TATGATCTTAATTTCCAGTTACGGTTGTCTTTAAAATTCAAGAAAACTAAGACCTCGATT
¥ DLNVPFQLRLSTLIE KTETZ KTIKTTI KTS I 680

2041 nccnﬂuﬂmmmanmmmmmmmruc
FLLTRILNILTPFEDA ATITDTULALTEKTNN 700

2101 TTGATTGATGATTGTAAGGTAA' TCT AATTA
LI DDGCKVTIVNDTETITLTIET DT YKITL 720

2161 AGGAAAAGATTATGGCTGAAAATTGCAAAACACTTATTACTTTCAATGAAAGACATAGAT
R KRLWULIKTIAKEHELTLTLSMEKTDTID 740

2221 ATAAAGCAATTAATTCGAACGATTTTAAATGATTCCAACGAAATTTTAACGATTAAGGAT
I KQLTIRTTILNODSNETITLTTITKD 760

2281 CTTTTGCCATTTTTTAATGAGTATACTACAATTGCTAACTTGAAAGAAGAACTGATCAAG
LLPFFNETYTTTIANTLTEKTETETLTIHK 780

2341 TTTTTAGAGAATCACAACATGAAAATGAATGAGATTTCAGAAGACATAATAAACTCCAAG
F LENUBSHNMEKMNETISTETDTITINSK 800

2401  AATTTGAAGGTGGAAATAAACACAGAAATTTCTAAATTTAATGAGATTTACAGGATACTA
N L KV ETINTTETISTZ KTPNETITYTRTIHL 820

2461 GAGCCAGGTAA AAA TCATTGTT
BPGKSCD!CGKPLQIKKPIV 840

2521 TTTCACTGGAAC "AATCAGGGTAATACTGAACTCAAAT
rpccucrnuncrrnv:z.nsu 860
—.—_.

2581 GATTATAAC GA AA TAAAGGCCAAAAGTAAGCATAATTTG
DYNLRGOQEKTESNTPEPTLE XAEKSTKTHNTL 880

2641  AATGATTTAGAAAATATC A TGCA AACATCAAT
NDLENTITIVETE RS CG GTLT GSTDTNTIN 500

2701 AAAAT AGCCAATATCTAT AACAGAATT AATGGAATGAAtagtag
K I DQFPTISTIODTETTETLTA ATEKTMWNE 918

2761 gtcagg

2821 g

2881 g g g

2941 ag gtatggctgaag g

3001

FIG. 2. Sequence of the PEP3 gene and flanking DNA. The predicted amino acid sequence is shown under the DNA sequence. Potential
sites of asparagine-linked glycosylauon are underlined. The zinc finger between amino acids 826 and 846 is indicated. The predlcted amino
acid sequence of the small ORF in the PEP3 upstream flanking sequence (divergently transcribed) is shown (translated by using the DNA

strand complementary to the one depicted here).

mids were constructed to determine the minimal region of
the insert necessary for complementation of the CpY defi-
ciency in a pep3 strain. The 3.8-kb fragment from Clal to
Sphl retained complementation activity (Fig. 1, pRPA1-7).
Further removal of DNA on the left, to the Bg/II site (Fig. 1,
pRPA3-4), or on the right, to the BamHI site (Fig. 1,
pRPA3-5), abolished complementation activity.

Sequence analysis. The DNA sequence of the 3.8-kb insert
of pRPA1-7 (Fig. 1) was determined on both strands. The
region contains an ORF of 2,754 bp that predicts a 918-
amino-acid polypeptide of calculated molecular mass
107,413 Da (Fig. 2). Several much smaller ORFs were found
in the sequenced region. The largest of these (303 bp;
designated SORF) was located 178 bp upstream from the

2,754-bp OREF in a divergent transcriptional orientation (Fig.
1 and 2). Deletion mutations (see below) established that the
2,754-bp OREF corresponds to the PEP3 gene. Codon usage
in the PEP3 gene matches the bias against major isoacceptor
tRNA species that has been reported for yeast genes with
low levels of expression (50). No significant similarities were
detected between the PEP3-predicted protein and any pro-
tein in the NBRF-PIR, SWISS-PROT, or translated Gen-
Bank data base.

The predicted PEP3 protein has no N-terminal hydropho-
bic signal sequence, but it does have an internal sequence of
19 amino acids (residues 511 to 529) that were identified as a
potential membrane-spanning sequence according to an al-
gorithm developed by Klein et al. (29). By using the method
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FIG. 3. RNA blot of the transcript of the PEP3 gene. Total
cellular RNA was extracted from cultures of BJ1983 grown to three
different densities. Twenty micrograms of each RNA sample was
analyzed on an agarose-formaldehyde gel, blotted to nitrocellulose,
and probed with the 32P-labeled 2.1-kb Bg/lI-BamHI fragment from
pRPA1-7. Culture densities were 2 x 107 (lane 1), 1 x 10® (lane 2),
and 2 x 10°® (lane 3) cells per ml.

of Garnier et al. (16), this 19-amino-acid sequence is pre-
dicted to be a-helical, and a helical wheel plot shows that the
helix is amphipathic. In known transmembrane proteins, the
amino acid sequences adjacent to the transmembrane helical
region (on both sides) usually carry a net positive charge; the
amino acids immediately adjacent to the helix almost never
have a negative charge (6). In the PEP3 sequence, the net
charge of the 15 amino acids on the N-terminal side of the
amphipathic helix is —2, and that on the C-terminal side is
—1; the two residues adjacent to the helix are both negative
(Fig. 2). Thus, the context of the helix is atypical of that seen
in known membrane-spanning sequences. Localization re-
sults (see below) also suggest that the amphiphilic helix has
a function other than that of a transmembrane domain. The
predicted PEP3 protein has seven potential acceptor sites for
asparagine-linked glycosidic side chains (Fig. 2), although
the evidence suggests that these sites are not glycosylated
(see below). There are no noteworthy features in the sec-
ondary structure predictions of the PEP3 protein, as deter-
mined by using the method of Chou and Fasman (11).

The most interesting feature of the predicted PEP3 se-
quence is a CX,CX,3CX,C zinc finger in the C-terminal
region of the protein, beginning at amino acid residue 826
(Fig. 2). There is almost no similarity between the non-
cysteine residues in this region and those in any other zinc
finger protein in the data bases. Results that address the
functional significance of this region are presented in the
accompanying report (46).

Transcript analysis. Total cellular RNA was isolated from
cultures grown on YEPD to early and late log phase and to
a stage several hours past the point of depletion of glucose
from the medium. The RN A was fractionated on an agarose-
formaldehyde gel, transferred to nitrocellulose, and probed
with the gel-purified 2.1-kb Bgl/lI-BamHI fragment of PEP3
from pRPA1-7. A 3.1-kb transcript was detected, in reason-
able agreement with the 2.75-kb ORF in the PEP3 sequence
(Fig. 3). The transcript was present in cells harvested at all
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FIG. 4. DNA blot of chromosomal DNA from PEP3 and
pep3A2::LEU2 strains. DNA was extracted, digested with EcoRl,
analyzed on an agarose gel, blotted to Nytran, and probed with the
32p.labeled 2.1-kb BgllI-BamHI fragment from pRPA1-7. Lanes: 1,
the parental diploid (BJ3131); 2, its Leu* transformant (BJ5570); 3
and 4, Pep~ Leu" segregants of a tetrad from the transformant
(BJ5571-5572); 5 and 6, Pep* Leu™ segregants from the same tetrad
(BJ5573-5574).

three culture densities tested, possibly being more abundant
in late-log-phase cells.

PEP3 gene disruptions. To determine the phenotype of the
null allele, deletions and disruptions of the PEP3 gene were
constructed by replacing portions of the insert in pRPA1-7
with the LEU2 gene. For one disruption, the 2.6-kb Bcll
fragment of pRPA1-7 (which lies entirely within but includes
essentially all of the PEP3 ORF) was replaced with a 2.8-kb
Bglll fragment from YEpl3 that contains the LEU2 gene
(Fig. 1). The 6.5-kb Sphl-Sacl fragment of the resulting
plasmid (pRPA1-7:pep3A2::LEU2) was used to transform
BJ3131 to Leu™. Transformants heterozygous for the disrup-
tion were identified by using gel transfer DNA hybridization
(data not shown). After sporulation, 16 tetrads were dis-
sected. These tetrads had four viable spores and gave the
segregation expected from a disruption heterozygote, 2 Pep*
Leu™:2 Pep~ Leu*. Genomic DNA from the diploid trans-
formant, its parent, and segregants of three tetrads was
analyzed by gel transfer hybridization (Fig. 4). The labeled
2.1-kb BgllI-BamHI fragment of PEP3 hybridized to the
expected 1.0- and 1.4-kb EcoRI fragments of DNA from
Pep™ segregants. The 2.1-kb EcoRI fragment found in the
Pep~ segregants (and the heterozygous diploid) was in
accord with the map predicted for the disruption allele.
Results consistent with those were obtained by hybridization
to genomic DNA cut with EcoRV (data not shown). Thus,
the Pep~ phenotype in these tetrads was caused by the
integrated deletion/disruption allele. This allele was named
pep3A2::LEU2. Similar results were obtained with a dif-
ferent deletion/disruption allele, in which the 258-bp Xbal-
BamHI portion of PEP3 was replaced by the LEU2 gene.
Fifty-five tetrads resulting from that construction had viabil-
ity and marker segregation consistent with the results ob-
tained with the pep3A2::LEU2 disruption allele (data not
shown). This allele was named pep3Al::LEU?2.

Effects of disrupted PEP3 alleles on vacuolar hydrolases.
Strains bearing the pep3Al::LEU2 disruption allele con-
tained greatly diminished amounts of the mature-size anti-
gens for the vacuolar luminal proteases PrA, PrB, and CpY.
The defects cosegregated in three tetrads examined, one of
which is shown in Fig. SA. Low but detectable amounts of
antigens for each protease were present in forms larger than
the respective mature-size forms. For CpY, the larger form
corresponds in size to that of the p2 precursor form seen in
a pep4-3 strain. The larger form of PrB antigen most evident
in Fig. 5 (38 kDa) is smaller than the 40-kDa intermediate
that accumulates in a pep4-3 strain; it may or may not be the
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FIG. 5. Expression of vacuolar hydrolases in pep3A2::LEU2 meiotic segregants. (A) Immunoblots of cell extracts probed with the
indicated antisera; (B) native polyacrylamide gel of cell extracts stained for ALP activity. In all panels, the extracts loaded were as follows:
lane 1, wild-type parental diploid (BJ3131); lanes 2 and 3, Pep~ Leu* segregants (BJ5571-5572); lanes 4 and 5, Pep* Leu~ segregants
(BJ5573-5574). M and P indicate the mobilities of mature-size antigens and (for PrB and CpY) the precursors that accumulated in a pep4-3
strain (lanes that contained the pep4-3 samples are not shown). For PrA, P is an estimate of the mobility of the precursor that accumulated

in a pep4-7 mutant.

same size as the 37- to 38-kDa intermediate recently reported
(39). In addition to the 38-kDa form of PrB visible in the
disruption strains in Fig. §, trace amounts of 40-kDa and
mature-size antigen were visible in the original immunoblots.
Three bands somewhat larger than mature PrA migrated as
43-, 47-, and 49-kDa proteins in strains bearing the disruption
allele. The largest of these may be the pro-PrA form that
accumulates in a pep4-7 mutant (26), but comparisons with
that strain on a single gel were not made.

The activity level of the vacuolar membrane protein,
repressible ALP (3, 30), was greatly reduced in strains
bearing the pep3A2::LEU2 allele, and this defect cosegre-
gated with the disruption mutation in three tetrads (Fig. SB).
However, the pep3A2::LEU2 allele caused only a slight
deficiency in the activity of a-mannosidase, an enzyme
thought to be a peripheral membrane protein inside the
vacuole (55, 62). Assays of cell extracts of meiotic segre-
gants from the diploid heterozygous for the disruption allele
(with the substrate 4-methylumbelliferyl-a-D-mannopyrano-
side) gave a specific activity for a-mannosidase of 3.2
nmol/min/mg of protein (standard deviation = 0.4, n = 4) for
Pep~ segregants, compared with 4.1 nmol/min/mg of protein
(standard deviation = 0.5, n = 4) for Pep™* segregants.

Vacuolar hydrolases use parts of the secretory pathway
for their transport to the vacuole. The viability of strains
bearing pep3 disruptions argues that PEP3 is not essential
for secretion itself (which is essential for growth). We
detected no significant deficiencies in the secretion of either
invertase or acid phosphatase activities in pep3-12 mutants
(data not shown).

Vacuolar morphology in pep3 mutants. When cells contain-
ing the pep3A2::LEU? allele were labeled with the vital dye
CFCFDA and examined by fluorescence microscopy (45),
few vacuoles of normal size could be seen (Fig. 6). Unlike
wild-type cells, in which the vacuole resembled a cluster of
grapes that filled a substantial fraction of the cell volume,
pep3 mutant cells contained only vestigial remnants of
vacuolelike structure. Apart from a few bodies that resem-
bled the smallest of vacuolar vesicles present in wild-type
cells, the mutant cells contained a large number (100 to 200)
of fluorescent particles visible only as bright points of light.
Unlike the relatively slowly moving, larger vesicles present
in mutant and wild-type cells, the pointlike particles in the
mutant cells exhibited rapid Brownian motion-like move-

ment. Because of that movement, the pointlike particles are
not visible in Fig. 6 except as an unresolved background
fluorescence. No pointlike particles were detectable in wild-
type cells.

Examination of thin sections by electron microscopy
showed that pep3A2::LEU?2 cells contained few membrane-
bound structures that might be interpreted as vacuoles (Fig.
7). The structures present were smaller than the vacuoles
typical of wild-type cells; their small number and size

FIG. 6. Phase-contrast (left) and fluorescence (right) micro-
graphs. (A) Wild-type (BJ3131); (B) pep3A2::LEU2 (BJ5592). Vac-
uoles of cells in exponential growth in YEPD were labeled with
CDCFDA, and the cells were photographed by phase-contrast or
epifluorescence, using a fluorescein filter set.
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FIG. 7. Thin-section electron micrographs of yeast cells. (A) Wild type (BJ492); (B) pep3A2::LEU2 (BJ5579). Cells growing exponentially
in YEPD were rapidly fixed, embedded, and sectioned, and the mounts were stained with lead citrate to visualize vacuoles.

suggest that they are the larger of the structures visualized in
pep3A2::LEU2 mutants by CDCFDA staining. No popula-
tion of vesicles clearly corresponding to the pointlike parti-
cles seen by fluorescence was evident by thin-section elec-
tron microscopy. ,

Heat sensitivity of pep3 mutants. The ability of pep3
mutants to grow at 37°C depended on unidentified details of
the growth assay. In general, using a pronged replicating
block for transfers of cells from tetrad masters to the wells of
microtiter plates and then to YEPD replica plates, every
meiotic segregant bearing a pep3 allele grew very poorly, or
not at all, after 3 days of incubation at 37°C. The extent of
the growth defect for any given segregant was quite variable
in replicate tests done several weeks or months apart. We
could not identify the factor(s) responsible for pep3 segre-
gants growing either poorly or not at all under ostensibly
identical conditions. The severe growth defect at 37°C was
equally evident in mutants bearing point mutations or either
of the disruption alleles pep3Al::LEU2 and pep3A2::LEU2.

Homozygous pep3 diploids do not sporulate. Mutations in
the PEP4 gene cause severe deficiencies in a number of
vacuolar hydrolases; the lack of sporulation competence in
diploids homozygous for the pep4 mutation has suggested
that vacuolar hydrolases are required for sporulation (65).
The same result was obtained when three independent
diploids homozygous for pep3A2::LEU2 (BJ5591, BJ5592;
and BJ5593) were incubated on sporulation media of several

different types, including buffered, acidic acetate medium
(38). No asci were detectable in any of these cultures after
incubation for 2 weeks at 30°C. .

Construction of a functional PEP3::SUC2 fusion. Several
attempts to obtain antiserum to the PEP3 gene product to
study its eéxpression and intracellular localization were un-
successful. Alternatively, we constructed a PEP3::SUC2
gené fusion (Materials and Methods) that enabled us to use
invertase activity as well as anti-invertase antibodies for
similar purposes. The protein predicted from the gene fusion
contains all but the first two amino acids of mature invertase
linked to the C-terminal glutamic acid predicted by the PEP3
gene. The protein component of the fusion would have a
molecular mass of 167 kDa; asparagine-linked glycosylation
of the potential acceptor sites in the fusion could add up to
110 kDa of carbohydrate, depending on the intracellular
localization of the fusion protein and the details of such
posttranslational modifications.

Yeast strains bearing deletions of the chromosomal SUC2
and PEP3 genes were transformed with the fusion gene
carried in the CEN vector YCp50. Five independent fusion
constructions gave transformants (with two independent
recipient strains, BJ6607 and BJ6608) that had the same
phenotypes: the PEP3::SUC2 fusion plasmid complemented
the CpY deficiencies and the defect in vacuolar morphology
caused by chromosomal pep3A2::LEU2 alleles. Thus, the
fusion protein retained the function, and probably also the
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TABLE 2. Copurification of PEP3::SUC2 invertase activity
with vacuolar membranes

Fraction Protein a-cl;(i’:'?tl Sp act Enrichment

(mg) (U),,y (U/mg)  (fold sp act)
Crude lysate 1,000 2.0 0.0020 1
Impure vacuoles® 13 1.3 0.10 50
Vacuolar membranes 2.1 0.8 0.362 180

“ Vacuoles were purified from a spheroplast lysate by two sequential
flotations on Ficoll density gradients, and a membrane fraction was sedi-
mented as described in Materials and Methods.

b Units are expressed as micromoles of sucrose hydrolyzed per minute,
determined by enzymatic assay of glucose as described in Materials and
Methods.

< First float of vacuoles: SW28 rotor, 100,000 X g, 45 min.

normal intracellular location, of the wild-type PEP3 gene
product. All transformants remained incapable of growth on
sucrose, indicating an internal, rather than secreted, location
for the fusion protein. (The fusion did have invertase activity
in cell extracts; see below).

Expression of the PEP3::SUC2 fusion protein in batch
cultures. On the basis of codon usage comparisons from the
PEP3 DNA sequence (see above), we anticipated that the
fusion protein might be expressed at a very low level. To
determine reasonable cultural conditions for detecting and
analyzing the fusion, we assayed invertase activity in whole-
cell extracts from plasmid-bearing cultures (strain BJ6617)
that were grown to various cell densities. Parallel cultures
that lacked the fusion plasmid were analyzed as controls
(their activity levels were negligible in all cases), and the
data were corrected for plasmid loss. The specific activity of
the fusion invertase remained essentially constant through-
out log-phase growth in YEPD at least until 1.5 h past the
point of glucose exhaustion, when the culture had entered
the diauxic growth plateau (2 X 108 cell per ml). The specific
activity of the fusion invertase in log-phase extracts was
0.006 U/mg of protein. An extract from a culture grown to
stationary phase (5 X 10% cell per ml) had a specific activity
80% lower than that of the log-phase extracts. Neither
plasmid loss nor proteolytic degradation in vitro appeared to
be responsible for the decreased specific activity of station-
ary-phase extracts (data not shown). An estimate of the
relative abundance of the PEP3::SUC2 fusion protein was
obtained by comparing its activity with the activity of the
cytoplasmic form of wild-type invertase, the latter being
assayed in extracts of a SUC2 strain grown under glucose-
repressing conditions. The specific activity of the PEP3::
SUC?2 fusion protein (log phase) was about 1/10 the activity
of the wild-type, cytoplasmic invertase.

Intracellular localization of the PEP3::SUC?2 fusion protein.
Crude extracts containing the PEP3::SUC2 fusion protein
were prepared from log-phase cultures of BJ6617 and cen-
trifuged at 100,000 X g for 1 h to sediment membranes; 96%
of the fusion invertase activity present in the initial extract
was recovered in the sedimented membrane fraction. The
soluble and membrane fractions were analyzed by SDS-
PAGE and immunoblotted by using affinity-purified antibody
to invertase. A single peptide of molecular mass 150 kDa
(not present in control extracts prepared from cells lacking
the fusion plasmid) was detected in the membrane fraction
only (data not shown, but see below). Purified vacuolar
membranes were then prepared from a strain (BJ6617) that
contained the PEP3::SUC2 fusion protein (Materials and
Methods). As shown in Table 2, the invertase activity of the
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FIG. 8. Immunoblots of fractions taken during vacuolar vesicle
purification and extraction by alkaline carbonate. Log-phase cells
(BJ6617) expressing the PEP3::SUC?2 fusion protein in a wild-type
background were spheroplasted and lysed by gentle homogeniza-
tion. Vacuoles were purified by density gradient flotation, and
vacuolar membrane vesicles were isolated and extracted with alka-
line carbonate as described in Materials and Methods. Fractions
were analyzed by SDS-PAGE, blotted to nitrocellulose, and stained
with antibodies as described in Materials and Methods. Panels A
and B represent identical sets of samples from a single gel that were
probed with different antibodies; panel A was probed with antibod-
ies to the 95-kDa vacuolar integral membrane protein encoded by
the VPHI gene, and panel B was probed with antibodies to both
invertase and the vacuolar peripheral membrane protein encoded by
the PEPS5 gene. Samples in lanes 1 contained 70 ug of protein;
samples in all other lanes contained 7 pg of protein. Lanes: 1, crude
cell lysate; 2, impure vacuoles; 3, purified vacuolar membrane
vesicles; 4, carbonate-soluble extract of purified vacuolar membrane
vesicles (the increased width of these lanes is an effect of the large
amount of carbonate buffer present in the samples loaded); 5,
carbonate-insoluble residue from purified vacuolar membrane vesi-
cles. The relevant bands are identified on the right; molecular weight
markers migrated as shown at the left (indicated in kilodaltons).

fusion protein was enriched 180-fold in purified vacuolar
membrane vesicles, with a recovery of 40% of the initial
lysate activity. Fractions taken during successive steps of
the vacuole purification were analyzed by SDS-PAGE, and
immunoblots were prepared as described above. The
PEP3::SUC?2 fusion peptide detected with anti-invertase was
highly enriched in vacuolar membrane vesicles (Fig. 8).
The data presented above established that the bulk of the
PEP3::SUC2 fusion protein is localized at the vacuolar
membrane. To test whether the fusion protein was an
integral or peripheral membrane protein, vacuolar mem-
brane vesicles were extracted with alkaline carbonate to
solubilize peripheral membrane proteins (Materials and
Methods). The carbonate-soluble (peripheral protein) and
the carbonate-insoluble (integral protein) fractions were an-
alyzed by SDS-PAGE and immunoblotting. Antibodies to
the VPHI gene product (an integral membrane protein [37])
were used as a control to show that the peripheral membrane
fraction was not contaminated with integral membrane pro-
teins. Antibodies to the peripheral membrane protein en-
coded by the PEPS5 gene (59) were used as a similar control
to establish the purity of the integral membrane fraction. The
carbonate-soluble and carbonate-insoluble fractions were
found to contain the PEP3::SUC?2 fusion protein in roughly
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equal amounts (Fig. 8). This result suggests that the fusion is
probably a peripheral membrane protein that resists com-
plete solubilization by the carbonate method.

The state of glycosylation of the PEP3::SUC2 fusion
protein provided an indirect clue to the orientation of the
protein on the vacuolar membrane. The fusion protein
migrated on polyacrylamide gels as would be expected for a
nonglycosylated polypeptide (Fig. 8; see Discussion). In
addition, in crude cell extracts, none of the invertase activity
of the fusion protein adsorbed to a lectin affinity matrix
(concanavalin A-Sepharose 4B) under conditions in which,
as a control, 36% of the activity of wild-type, glycosylated
invertase did adsorb.

DISCUSSION

Like the other PEP genes, PEP3 was initially identified by
the effect of pep3 mutations on the expression of CpY
activity in a yeast colony overlay assay (21). pep3 (vptl8
vpsl8 [46]), pepS (endl [59]; vptll vpl9 vpsll [48]), and
pepl4 (vpt33 vps33 [47]; sipl [64]) are now known to be
pleiotropic mutations that cause gross defects in vacuole
structure, multiple vacuolar hydrolase deficiencies, and a
variety of additional phenotypic abnormalities that may or
may not be directly related to vacuolar functions (22, 43). As
indicated, the PEP3, PEP5, and PEP14 genes have also been
identified and given synonymous names in screens for mu-
tants that mislocalize vacuolar hydrolases (2, 48), that have
defects in endocytosis (13, 14), or that have abnormal
vacuolar pools of amino acids (56). The results reported here
begin to address the molecular basis for the pleiotropic pep3
phenotype.

The PEP3 DNA sequence contains no striking clues to the
function of the PEP3 gene product, since it lacks informative
motifs or similarities to other known proteins. One interest-
ing feature in the predicted protein is a CX,CX;,CX,C zinc
finger in the C-terminal region of the protein (Fig. 2). The
results of mutagenizing one of the cysteine codons in the
PEP3 zinc finger show that this region is important for
stabilizing the PEP3 protein at elevated temperatures (46).
The spacing of the cysteines in this finger is identical to that
of the finger found specifically in the larger of the two
proteins encoded in the adenovirus Ela region, and these
sequences also share a similar triplet, PG(H/K), adjacent to
the upstream CX,C residues (27). Unfortunately, the role of
the zinc finger in the transactivating function of the Ela
protein is not known. See the accompanying report by
Robinson et al. (46) for further discussion of this region of
the PEP3 protein. One other important aspect of the PEP3
sequence is its overall hydrophilicity, including the N-termi-
nal region. It seems unlikely that this protein could enter the
secretory pathway or insert in membranes as an integral
membrane protein, and that accords with the available
localization data (see below).

The profile of vacuolar hydrolase expression in strains
bearing the pep3A2::LEU2 deletion allele is almost identical
to that reported for mutants bearing pep5 deletions (59).
Detectable levels of mature-size antigens for PrA, PrB, and
CpY do occur in extracts of the deletion mutants. Since the
pep3A2::LEU?2 allele abolishes 95% of the coding region of
the gene, it is undoubtedly a null allele. The residual hydro-
lase expression in these strains (and their vestigial vacuolar
structures; see below) cannot be ascribed to a partially
functional PEP3 gene product, as could have been argued
with strains previously isolated that contained point muta-
tions (2, 21, 47). The persistent low-level hydrolase expres-
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sion detected in the deletion mutants suggests that a parallel
(but inefficient) mechanism provides a substitute for at least
some of the functions of the PEP3 and PEPS5 gene products
in the respective mutants.

Decreased activity of ALP in strains bearing the
pep3A2::LEU? allele shows that the expression of vacuolar
integral membrane proteins as well as luminal hydrolases is
dependent on the PEP3 gene product. Since we assayed
ALP activities, and since activation of ALP is PrA depen-
dent (24, 30), it is possible that the decreased expression of
ALP in pep3 strains is a secondary consequence of the low
levels of PrA in the strains.

It is an interesting result that a-mannosidase activity is
nearly normal in whole-cell extracts of pep3 mutants (and of
pep5 [59], pep7 [64], and pepl2 [4] mutants). a-Mannosidase
is thought to be a peripheral, luminal vacuolar membrane
protein (55, 62, 63). The fact that none of these pep muta-
tions strongly affect its activity suggests that a-mannosidase
differs from the luminal proteases and the integral membrane
enzyme, ALP, in posttranslational processing or localization
mechanisms. One clear difference is that a-mannosidase
activity arises independently of PEP4 (PrA) function, unlike
the activity of ALP and the luminal proteases (24). Absence
of a signal sequence in the predicted product of the gene that
encodes a-mannosidase (61) and lack of glycosylation (62)
are among the anomalies (for a vacuolar hydrolase) that
confuse the issue of the biosynthesis and localization of
a-mannosidase. It has been reported that alleles of VPSI8
(allelic to PEP3) that contain point mutations cause secretion
of a substantial fraction of the total a-mannosidase activity
(47), a result that seemingly requires entry of a-mannosidase
into the secretory path without benefit of a signal sequence.
Further studies of the biosynthesis and intracellular localiza-
tion of a-mannosidase in wild-type cells seem to be required
for interpreting the meaning of its fate in pep mutants (see
also below).

The aberrant vacuolar morphology in pep3 mutants (Fig. 6
and 7) is very similar to that seen in pep5 (59) and pep 14 (43)
mutants. Similar morphologies in other mutant collections
have been reported (class C vpt mutants [2]; vam mutants
[56]). The morphologies in these mutants are sufficiently
abnormal to raise doubts about the nature of the aberrant
vacuoles in these strains. It is possible that the vesicular
structures in any or all of these mutants bear no relation at all
to the vacuoles of normal cells; the vesicles in mutants
bearing pep3, pep5, or pepl4 mutations do stain with the
vital dye CDCFDA, but the vacuolar specificity of that dye
has not been rigorously established in these mutant strains
(45). On the assumption that the CDCFDA-stained particles
in pep3 mutant cells are indeed vacuolar in some sense,
direct visual observation of the hundreds of very minute
stained particles in the mutants gives the impression that,
collectively, the particles have a large total surface area
(possibly even exceeding the surface area of wild-type
vacuoles), despite their individual small sizes. The normal
a-mannosidase activity levels in these mutants would be
consistent with a constancy of vacuolar membrane area,
despite an apparent severe reduction in vacuolar volume as
judged by phase-contrast microscopy or thin-section elec-
tron microscopy.

Since cells bearing pep3 null alleles are viable, the heat
sensitivity conferred by the various pep3 alleles is not
indicative of a thermolabile, essential PEP3 protein. Instead,
loss of the PEP3 gene product restricts the temperature
range for growth of S. cerevisiae on YEPD medium. This
phenotype is not uncommon for mutants of S. cerevisiae that
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have a variety of unrelated genetic defects, so it is not very
informative concerning the function of the PEP3 gene prod-
uct.

The finding that strains bearing deletions of the PEP3 gene
are viable adds PEP3 to a set of genes that are required for
the expression of vacuolar hydrolase activities but are not
essential for vegetative growth on YEPD medium. The
PEP4, PEP5, PEP7, and PEPI2 genes are other members of
this set (1, 4, 15, 58, 59). Since the PEP genes sequenced to
date are not at all similar to each other, and since these pep
mutations cause different phenotypes, the encoded proteins
are not likely to have entirely redundant functions. A num-
ber of strains that bear two different pep mutations have
been constructed (including the pep3 pep5 double mutation);
the pairwise combinations tested did not result in lethality.
The fact that vacuolar functions dependent on these PEP
gene products are dispensable for growth on standard media
does not imply that all vacuolar functions are dispensable for
such growth: none of the pep mutants is entirely devoid of
vesicular structures that may retain some vacuolar func-
tions.

Expression of a functional PEP3::SUC2 gene fusion in S.
cerevisiae gave information relevant to an eventual determi-
nation of the biochemical function of the PEP3 gene product.
A number of conclusions follow from the work presented.
The low specific activity and antigen level of the PEP3::
SUC2 fusion protein confirmed the prediction based on
codon usage that PEP3 is expressed at low levels. Since the
fusion protein copurified with vacuolar membranes and was
substantially solubilized by alkaline carbonate treatment, the
PEP3 gene product, by inference, appears to be reasonably
identified as a minor peripheral vacuolar membrane compo-
nent. We think that the incomplete solubilization of the
fusion protein by alkaline carbonate treatment (Fig. 8) sim-
ply reflects a limitation of the solubilizing ability of the
(relatively mild) carbonate treatment. The possibility that
some peripheral membrane proteins would be difficult to
solubilize with that treatment seems much more likely than
other possibilities, such as a single protein being both an
integral and peripheral membrane component, or a lipophilic
integral membrane protein being partially soluble in a deter-
gent-free carbonate buffer.

Our results suggest that the fusion protein, and presum-
ably also the PEP3 protein itself, is located on the cytoplas-
mic rather than the luminal face of the vacuolar membrane.
The only well-established biogenetic route to the luminal
side of the vacuolar membrane involves passage through the
early stages of the secretory pathway with its associated
glycosylating enzymes. The PEP3 sequence lacks appropri-
ate hydrophobic signal sequences that would allow entry
into the secretory pathway. Furthermore, the PEP3::SUC2
fusion protein appears not to be glycosylated. On polyacryl-
amide gels, it shows no evidence of the increased, hetero-
geneous molecular weight that glycosylation would cause, as
seen, for example, with a CpY-invertase fusion (20). In
addition, the fusion failed to bind to a lectin that did bind
glycosylated invertase. A mechanism for transport to the
luminal face of the vacuolar membrane by a path that
bypasses the glycosylation system of the secretory path has
been reported for the enzyme a-mannosidase (62). Since the
half-time for vacuolar entry by that mechanism appeared to
be 10 h (62), or about 2 orders of magnitude slower than the
rate of entry by the secretory path, it is not clear that the
mechanism proposed for a-mannosidase is relevant in a
biogenetic (as opposed to degradative) sense. We think that
the failure of the PEP3::SUC2 fusion protein to enter the
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secretory path, evidenced by its lack of glycosylation, pro-
vides reasonable, although indirect, evidence pointing
toward a location for the PEP3 protein on the cytoplasmic
side of the vacuolar membrane. Clearly, a final answer to the
localization of the wild-type PEP3 product will require a
more direct analysis of that product.

As a low-abundance, 107-kDa protein located on the
vacuolar membrane, the PEP3 gene product seems to be
required for either establishing or maintaining the gross
morphology of the vacuole (Fig. 6 and 7). The low abun-
dance of the gene product rules out a role as a major
structural component of vacuolar membranes. Possibly,
vesicular biogenetic precursors require the presence of
PEP3 protein as a receptor or part of a specific vacuolar
fusion agent in order to fuse together to produce vacuoles of
normal size. Alternatively, vacuoles that might arise (de
novo) normally in pep3 mutants could require the PEP3 gene
product for subsequent structural stability. For example, the
vacuolar compartment appears to break up and reassemble
during the course of the cell cycle (57), and the reassembly
(fusion) mechanism could involve the PEP3 gene product
directly or indirectly. This reasoning does not immediately
account for the fact that the pep3 mutation causes secretion
of a large fraction of the precursors to PrA and CpY (47, 48).
While it is possible that the PEP3 gene product functions
directly in a mechanism for correctly targeting vacuolar
proteins, it is at least equally likely that secretion of such
proteins from pep3 cells represents an indirect targeting
mechanism overload condition that could result from the
simple absence of vacuoles competent to receive any input,
whether targeted correctly or not.
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