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SUMMARY

Clathrin-coated vesicles mediate selective intracellular
protein traffic from the plasma membrane and the trans-
Golgi network. At these sites, clathrin-associated protein
(AP) complexes have been implicated in both clathrin coat
assembly and collection of cargo into nascent vesicles. We
have found a gene on yeast chromosome X| that encodes a
homologue of the mammalian AP 3 subunits. Disruptions
of this gene, APL2, and a previoudy identified [
homologue, APL 1, have been engineered in cells expressing
wild-type (CHC1) or temperature sensitive (chcl-ts) alleles
of theclathrin heavy chain gene. APL1 or APL2 disruptions
(apl1A or apl24) yield no discernable phenotypesin CHC1
strains, indicating that the Apl proteins are not essential

for clathrin function. However, the apl24, but not the
apl14, allele enhances the growth and a-factor pheromone
matur ation defects of chcl-tscells. Disruption of APL2 also
partially suppressesthe vacuolar sorting defect that occurs
in chcl-tscellsimmediately after imposition of the non-per-
missive temperature. These Golgi-specific effects of apl24
in chcl-ts cells provide evidence that Apl2p isa component
of an AP complex that interacts with clathrin at the Golgi
apparatus.

Key words: clathrin, clathrin-associated protein, adaptin, Golgi
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INTRODUCTION

Protein traffic between membrane-bounded compartments of
eukaryotic cells is mediated by vesicular carriers. The genesis
of transport vesicles involves the assembly of a proteinaceous
coat on the cytoplasmic surface of the donor organelle
membrane, followed by membrane invagination and rel ease of
a coated vesicle (for recent reviews see Pryer et al., 1992;
Rothman and Orci, 1992). A number of distinct coats have
been characterized. Clathrin coats participate in selective
protein transport at the plasma membrane and the Golgi
apparatus. Clathrin-mediated processes include receptor-
mediated endocytosis, sorting of lysosomal (vacuolar) precur-
sorsfrom the Golgi complex to vesicles directed to endosomes,
and retention of resident Golgi membrane proteins (reviewed
in Brodsky, 1988; Pearse and Robinson, 1990; Wilsbach and
Payne, 1993a). Distinct coats composed of the multimeric
COPI or COPIl complexes play roles in vesicular traffic
between the endoplasmic reticulum (ER) and the Golgi
complex and between Golgi subcompartments (Malhotraet al.,
1989; Orci et al., 1989; Barlowe et al., 1994).

Clathrin coats are assembled into polyhedral lattices built

principally with trimers of clathrin heavy (Chc) and light
chains (Clc), and heterotetramers of clathrin-associated
proteins (APs) (reviewed by Morris et a., 1989; Keen, 1990;
Robinson, 1992; Kirchhausen, 1993). The clathrin lattice
enfolds a layer of APs, positioned to bridge the lattice and the
vesicle membrane. Two major AP complexes have been char-
acterized: AP-1isacomponent of trans-Golgi network (TGN)
clathrin coats; AP-2 is a component of plasma membrane
clathrin coats. Both APs can drive the in vitro assembly of free
clathrin trimers into coat-like cages suggesting a role in coat
assembly. Consistent with this proposal, AP-2 stimulates the
formation and invagination of clathrin-coated pitsin anin vitro
assay for endocytic vesicle production (Smythe et al., 1992).
AP-1 is thought to similarly participate in the formation of
clathrin-coated vesicles at the TGN but in vitro assays for AP-
1 function at the Golgi complex have not yet been devel oped.
APs aso exhibit weak but selective affinity for the cytoplas-
mic domains of transmembrane cargo proteins. AP-2 but not
AP-1 specifically interacts with the cytoplasmic tails of plasma
membrane proteins (Pearse, 1988; Chang et a., 1993). AP-1
will bind to the tails of the cation-independent and cation-
dependent mannose-6-phosphate receptors, transmembrane
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proteins which are associated with both Golgi and plasma
membrane clathrin coats (Glickman et a., 1989; Sosa et 4.,
1993). Together these findings have led to the view that APs
play a dua role in clathrin coat formation by nucleating
assembly of clathrin trimers and by selectively collecting cargo
through interactions with the cytoplasmic tails of transmem-
brane proteins.

Each AP complex consists of two large (=100 kDa), one
medium (=50 kDa) and one small (=20 kDa) subunit (Ahle et
al., 1988; Virshup and Bennett, 1988; Matsui and Kirchhausen,
1990). The AP-1 large subunits are designated y and (1
(formerly ') and their cognates in AP-2 are designated a and
B2 formerly (B). The pl and p2 chains are the medium
subunits, and 01 and 02 are the small subunits, of AP-1 and
AP-2, respectively. Analyses of the large subunits, also termed
adaptins, suggest that the a and y chains may contribute to the
differential localization of the AP complexes (Chang et al.,
1993; Robinson, 1993). The B chains are involved in clathrin
assembly (Gallusser and Kirchhausen, 1993), while the
functions of the p and o subunits are still unknown.

A number of genes encoding potential AP subunit homo-
logues have been identified in the yeast Saccharomyces cere-
visiae (Kirchhausen, 1990; Nakayama et al., 1991; Kirch-
hausen et al., 1991; Nakai et a., 1993; Phan et al., 1994). These
homologues offer the possibility of a genetic approach to
determining AP subunit function. Initial studiesfocused ontwo
putative o subunits encoded by APS genes (Phan et al., 1994).
These proteins were shown to be associated with clathrin-
coated vesicles and to be components of distinct, large
complexes. Disruptions of the APS genes (aps4) in otherwise
wild-type cells produce no detectable phenotypes suggesting
that the yeast AP complexes do not require the o subunits for
normal function. However, apslA but not aps2A exacerbates
the growth and a-factor pheromone maturation defectsin cells
carrying a temperature-sensitive allele of clathrin heavy chain
(chcl-ts). Two other clathrin-dependent processes, vacuolar
protein sorting and pheromone receptor endocytosis, were
unaffected in chcl-ts cells by either apslA or aps2A. These
results provide evidence that Apslp is involved in a clathrin-
dependent function at the Golgi complex.

Here we describe a new putative 3 homologue gene (APL2)
in S cerevisiae and present phenotypic characterizations of
strains carrying disruptions of this gene or a previously iden-
tified B-type gene (APL1). The results show that, like disrup-
tions of the APS genes, neither apl 14 or apl24 affect otherwise
wild-type cells. In chcl-ts cells, apl2A but not apl1A yields
growth and a-factor maturation defects that are more pro-
nounced than apslA4, and also alters a vacuolar protein sorting
defect. Our results provide genetic evidence for clathrin-
dependent function of Apl2p at the Golgi complex and suggest
that Apl2p may be part of an AP complex containing Apslp.

MATERIALS AND METHODS

Plasmids and nucleic acid techniques

Plasmid constructions were carried out using standard molecular
biology techniques (Sambrook et al., 1989). The sequence of the
APL2 locus was obtained during the course of the European
Community Yeast Genome Sequencing Project of Saccharomyces
cerevisiae chromosome XI (Dujon et a., 1994). The 5 kb EcoRlI
fragment containing APL2 was subcloned into pBluescript KS* (Strat-

agene, La Jolla, CA). Nested deletions were generated using a kit
(Pharmacia) and specific, fluorescently-labelled oligonucleotide
primers were used with T7 DNA polymerase to obtain overlapping
sequence from both strands by the dideoxynuclectide chain termina-
tion method (Sanger et al., 1977). Sequencing reactions were analyzed
on a Pharmacia ALF DNA sequencer.

To generate aplasmid for APL2 disruption, a plasmid consisting of
the pT7T3 U19 vector (Pharmacia) carrying the EcoRI-ShaBl APL2
fragment was modified by replacing the 0.76 kb Hpal-Spel fragment
with the 1.16 kbp Smal-Spel fragment of URA3 (Rose et al., 1984).
This construct results in the replacement of amino acids 102-357 in
the Apl2p sequence. For single step gene replacement the resulting
plasmid was digested with BstXI.

To generate a disrupted APL1 dllele, first the 6.1 kb Hindlll
fragment from pH27 (Roy et a., 1991) was transfered to pUC118
(Vieiraand Messing, 1087) to make pAPL1-100. The 1 kb Sspl-Sul
TRP1 fragment from Y Rp17 (Tschumper and Carbon, 1980) was used
to replace the APL1 Bglll-Clal fragment in pAPL1-100 to make
papl 1-A3. This construct lacks amino acids 19-590 of Apl1p. For dis-
ruptions papl 1-A3 was cleaved with BamHI and Sall. An Apl1p over-
producing plasmid was constructed by inserting a 4 kb BamHI-
Hindlll APL1 fragment into the multicopy vector pRS424
(Christianson et al., 1992). Overexpresson was confirmed by
immunoblotting.

Total RNA was extracted from exponentially growing cultures
(Sherman et al. 1986). Poly-adenylated RNA was selected by
oligo(dT)-cellulose chromatography. 2 ug of poly(A)* RNA wasfrac-
tionated on aformal dehyde-1% agarose gel and then blotted and fixed
on a Hybond-N nylon membrane (Amersham). DNA fragments used
as probes were purified from agarose gels and |abelled with a random
priming DNA labelling kit according to the instructions supplied in
the kit (Boehringer Mannheim).

Strains, genetic methods and media

Yeast strains used in this study are listed in Table 1. Yeast mating,
sporulation and tetrad analyses were conducted as described by
Sherman et a. (1986). DNA transformations were performed by the
lithium acetate procedure of Ito et al. (1983). Gene disruptions were
engineered using single-step gene replacement (Rothstein, 1991). All
gene replacements were verified by Southern blot analysis.

YP medium is 1% Bacto-Yeast extract and 2% Bactopeptone
(Difco Laboratories, Inc., Detroit, MI). YP medium was supple-
mented with 2% dextrose, 0.1% dextrose, 2% ethanol and 2%
glycerol, or 1% acetate. SD medium is 0.67% yeast nitrogen base
(Difco Laboratories, Inc., Detroit, MI) without amino acids and 2%
dextrose. Supplemented SD is SD with 20 mg/ml histidine, uracil, and
tryptophan and 30 mg/ml leucine, adenine and lysine. SD CAA
medium is SD with 5 mg/ml vitamin assay casamino acid mix (Difco
Laboratories, Inc.) with 15 mg/ml adenine, and 10 mg/ml methion-
ine, histidine, uracil, and tryptophan. SDYE is SD with 0.2% yeast
extract. Cell densitiesinliquid culturewere measuredinal cm plastic
cuvette using DU62 Beckman spectrophotometer. One Asoo unit is
equivalent to 2.3x107 cells per ml.

Radiolabelling and immunoprecipitations

For metabolic labelling of a-factor, cells were grown to mid-loga-
rithmic phase in SDYE at 24°C. Cultures were labelled at 24°C or
shifted to 37°C for 2 hours prior to labelling. Labelling and immuno-
precipitation was performed as described by Seeger and Payne
(1992a) except that labelling was for 45 minutes instead of 10
minutes. Quantitation of the various forms of a-factor was carried out
using an AMBI'S phospho-imager.

For metabolic labelling of CPY, cells were grown to mid-logarith-
mic phasein SDY E at 24°C. Cultureswere labelled at 24°C, or shifted
to 30°C or 37°C for 5 minutes or 2 hours before labelling. Labelling
and immunoprecipitation was conducted as described by Seeger and
Payne (1992b).
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Table 1. Yeast strainsused in this study

Strain Genotype Source
FY1679-18B MATa leu2-Al ura3-52 his3-A200 trpl-A63 B. Dujon

GPY 1100a MATa leu2-3,112 ura3-52 his4-519 trp1-289 canl Payne and Schekman (1989)
GPY74-15 MATa leu2-3,112 ura3-52 his4 and/or his6 trpl-289 sst1-3 This study

GPY 398 MATa leu2-3,112 ura3-52 his4 and/or his6 trp1-289 chcl-521(ts) sst1-3 This study

GPY 409 MATa leu2-3,112 ura3-52 his4 and/or his6 trpl-289 chcl-521(ts) sst1-3 pep4d::LEU2 This study
GPY418 MATa leu2-3,112 ura3-52 his4-519 trp1-289 canl chcl-521(ts) Phan et al. (1994)
GPY719 apsl-Al::LEU2 transformant of GPY 418 Phan et al. (1994)
GPY721 apl1-A3:: TRP1 transformant of GPY 418 This study

GPY 727 apl1-A3:: TRP1 transformant of GPY 398 This study
GPY778 apl1-A3:: TRP1 transformant of GPY 409 This study

GPY 905 apsl-Al::LEU2 apl2-A1:: URA3 transformant of GPY 1100a This study

GPY 906 apl2-A1::URA3 transformant of GPY 418 This study

GPY 907 apl2-A1::URA3 transformant of GPY 719 This study

Endocytosis assays

Endocytosis assays were carried out as described by Dulic et al.
(1991) and Tan et al. (1993). Briefly, cells were grown to mid-log
phase in SD CAA medium at 24°C, then collected by centrifugation
and resuspended at 1-2x10° cells/ml in ice cold KPO4 buffer (50 mM
KPOg4, pH 6, containing 1% bovine serum abumin, 1 mM phenyl-
methylsulfonyl fluoride (PMSF) and 10 mM p-tosyl-L-arginine
methyl ester (TAME)). 35S-labelled a-factor (prepared as by Tan et
al., 1993) was added at 1-2x10° cpm/10° cells and allowed to bind to
cells on ice for 30 minutes. Following the incubation, the cells were
sedimented by centrifugation and the supernatant was aspirated to
remove unbound a-factor. The cell pellet was resuspended in an equal
volume of ice cold KPO4 buffer and 100 pl aliquots were then
incubated at 24°C, 30°C or 37°C for 5 minutes. Under these con-
ditions a-factor remains bound to the cells but is not internalized
(Chvatchko et a., 1986; P. Tan, unpublished). Glucose was then
added to 2% to stimulate internalization, and the incubation continued
at 24°C, 30°C or 37°C for 5 or 20 minutes. At these points, cells were
diluted in ice cold 50 mM sodium citrate, pH 1.1, and incubated for
15 minutes to remove surface bound a-factor. The low pH-treated
cells were collected by vacuum filtration on a Whatman GF/A filter
disc. The filters were washed with 2x 5 ml ice cold 50 mM KPOg,
pH 6, and internalized a-factor was measured by scintillation
counting of the filters. Total bound a-factor was assessed by washing
and filtering cells in ice cold 50 mM KPOg4, pH 6 after the binding

step.

RESULTS

Identification of APL2

As part of the European Y east Genome Sequencing Project’s
sequencing of chromosome XI, an open reading frame (ORF
Y KL135¢) was identified that encodes a predicted protein with
significant similarity to mammalian AP 3 chains (Dujon et al.,
1994). Fig. 1 presents the nucleotide sequence and the amino
acid trandation of the YKL135¢c ORF which lies approxi-
mately 187 kb from the left telomere of chromosome XI.
Starting with the first available methionine, this ORF predicts
a 726 amino acid protein of 81.8 kDa.

Sequence alignment reveal sthat the Y KL 135¢c ORF displays
39% identity (64% similarity) with rat 32 and 24% identity
(50% similarity) with yeast Apllp (Fig. 2). Based on this
identity we have designated YKL135c as APL2 and the
putative protein product Apl2p. Since the mammalian 1 and
B2 chains are highly related (84% identity; Kirchhausen et al.,
1989) it is not possible to predict whether Apl2p will be part

of an AP-1 or AP-2 complex based on sequence comparisons.
Mammalian adaptins are divided into two domains separated
by a protease-sensitive hinge region rich in glycines and
prolines (Kirchhausen et al., 1989; Matsui and Kirchhausen,
1990; Kirchhausen, 1993). The amino-terminal domains are
part of the core of the AP complex along with the o and p
subunits, whereas the carboxy-termina domains extend from
the core as appendages (Kirchhausen et a., 1989). Both yeast
Apl proteins are shorter than mammalian 3 subunits. As was
shown earlier for Apllp (Kirchhausen, 1990), the sequence
alignment of Apl2p displays relatedness to the amino-terminal
domain (=600 amino acids) of the mammalian 3 chains but not
the C-terminal appendage domains (Fig. 2).

Probes derived fromthe 5" and 3' ends of APL2 (Fig. 3) were
used to probe poly(A)* RNA from wild-type yeast (Fig. 4A)
grown in media with different carbon sources. The blots were
also hybridized to an actin probe (ACT1) to control for varia-
tions in the amount of RNA loaded in each lane. An RNA
species of 2.5 kb was detected by both APL2 probes indicat-
ing that it represents the APL2 transcript. Compared to actin
RNA levels, APL2 transcript levels do not significantly change
in cells grown in the different carbon sources (compare Fig.
4A, 5 and 3 APL2 panelsto ACT1 panel), or under conditions
of low sulfate or phosphate levels (data not shown). A 0.63 kb
transcript was detected with the 3' but not the 5' probe (Fig.
4A, 3 APL2 panel). This RNA most likely corresponds to a
transcript of ORF YKL 136w (132 amino acids) which overlaps
with the 3' end of the APL2 and is oriented in the opposite
direction (Dujon et al., 1994). On chromosome X| there are 43
examples of partially overlapping ORFs and in many cases one
of the ORFsis much shorter, leading to the speculation that the
shorter ORF may not be expressed (Dujon et al., 1994). The
presence of a YKL136w RNA suggests that the ORF is
expressed. A 2.4 kb poly(A)* RNA was detected with an APL1
probe indicating that this gene is also expressed (data not
shown).

Disruption of APL2 accentuates the growth defect of
chcl-ts cells

Deleted versions of APL1 and APL2 were engineered for
targeted gene disruptions (Fig. 3). Theregion of APL2 that was
removed in the disruption does not overlap YKL136w.
Northern blots prepared from apl2A strains and probed with
the 3" APL2 probe confirmed that Y KL 136w expression is not
atered by the disruption (Fig. 4B). Taking into consideration



1608 M. Ramezani Rad and others

1 GAATTCT TT:I'OACOAAGAAAAAAAAATT(.EATAATCT TA:I'AAATACT AA.GACCOATTAT:I'
61 TAAAAGCGT! CT GAAAACOA:I'CGATCATAT:I'(XDCT GAAAAACGAACAT(E.ATATGT TAAT:I'
121 AACCCT TTA.OAAAOAGA(E.ATAATTATTG.T TATTCT TTTATATACT TOA:I'GT CT TATTG.T
181 CACATCT, AC.T GT TTTC(X)G.T AOAGAATGA:I'ATTATGAGT :I'TOAAATCT T.GT AGT, AATAT.C
241 AGAAAGA(I.T CTTTTCAGT GAAGAAA(X)CT ACGATATAAAGAAOACT TT.CCOAATGACT A
301 AGCGT TATC.T GTTGTAGCT :I'TATTGT OATAATAOACOAA:I'TATCT GCGT, ACGAACT OACT
361 TCCT (EA(IT TAGT TTTTT:I'TTTT(IT OA(IT TCCCACT! (EACT TAAAAAACAGT TTCAA

421 CTATGCCACCATTGGATAAAAGAAT CAAGAAGT TTCTAAAAGACTCCATTAGAATTGCGC
1 MPPLDIKRI KKFLIKDSZSI RI AP

81 CAAAAATATCCGGTAAGGGTGAACTAAGT GAATTAAGAACTGGATTAGTATCTCAATACC
21 K1 S GK GELSELIRTGLVSQYFP

541 CACAGACTCGGAAAGATGCAATAAAGAAAACGAT CCAGCAAAT GACGTTGGGAAAAGATG
49 Q TRKDAI KKTI QQMTL GZKDV

601 TCTCTTCGCTGT TCCCAGACGT CTTGAAAAACAT TGCCACAATTGACGT TGAACAAAAAA
61 S S L FPDVLI KNI ATI DVEQKK

661 AACTGGTTTATCTTTATGIGATGAATTATGCTGAGACGCATCCCGAATTATGTATTCTTG
81 L VYLYVMNYAETHPETLTCI L A

CCGTTAACACATTCATTACTGATGCACAAGATCCAAAT CCCTTAAT TCGCTGCATGGCAA
VNTFI TDAQDZPNPLI RCMA/

721
101

TCAGAACGATGT CAATGATAAGAGT TGACAAAATCCTGGAATACAT TGAAACACCACTCC
RTMSMI RV DIKI L EY I ETUZPLR

781
121

GCCGTACCTTGCATGATGATAATGCATATGT TAGAAAAACCGCAGT GATATGTGTCGCAA
R TLHDUDNAYVRKTAVI CVAK

841
141

AACTTTTCCAATTAAACAAGGAT TTATGCGT TGAGT TGGGT GTCGTCGAAGATTTGGTCA
L FQLNKDLTCVELTGVVETDILVN

901
161

ATGCCCTAGATGACT CAAATCCTTTAGT CATTGCAAACGCAACAGCAGCATTAATTGAAA
AL DDSNPLVI ANATAALI EI

961
181

TTCACAATATGGATATGGATGCCGT TGATCTTTCAAGT TTGATCCAGTCCCACGT TTCAC
HNMDMDAYDLSSLI QS HVSAQ

1021
201

AATTCTTATTAGCT TTGAACGAATGTACGGAATGGGCTAGAATTATCATACTAGGAACTC
FLLALNETCTIEWARI I I L GTL

1081
221

TTTCGGAATATTCGGCAAAAGATTCTTTAGAGGCACAAGATATCATTGATCGAGTAACTG
S EYSAKDSLEAQDI I DRVTA

1141
241

CGCATTTACAACACGT TAATCCAGCCGT TGT TTTAGCTACAATAAAGGT AATCGTAAGGA
HLQHVNPAVVLATI KVI VRN

1201
261

ACTTGCCTCAAATTGAATAT TCCTCGAACAGT CTGATAATGAAAAGATTATCATCTCCTT
L PQI EYSSNSLI MKRLSSAF

1261
281

TTGTATCACTGATGTI CTACGCCGCCTGAAATGCAATATGT TGCTTTGAAAAATATTAGGA
VS L MSTPPEMQYVALI KNI R

1321
301

1381 TCATATTGGAGAAATATCCAGAGCTGT TAACCAAAGAATTGAGAATATTTTATGTCAAGT
322 | L E K Y P EL L TKELWRI F Y VKF

60

120

180

240

300

360

420

480
20

540
40

600
60

660
80

720
100

780
120

840
140

900
160

960
180

1020
200

1080
220

1140
240

1200
260

1260
280

1320
300

1380
320

1440
340

1441
341

1501
361

1561
381

1621
401

1681
421

1741
441

1801
461

1861
481

1921
501

1981
521

2041
541

2101
561

2161
581

2221
601

2281
621

2341
641

2401
661

2461
681

2521
701

2581
721

2641

2701

2761

TCAACGATCCTCTTTACGT CAAGT TAGAGAAGATCGATATCCTTGTAAGACTAGTICGATC 1500
N DPLYVKLEIKI DI L VRL V DP 360

CTTCCAACTTGAAACAATGTACTTTGT TGT TGACAGAAT TAAAGGAATACGCAATGGAAT 1560
S NLKQCTWLLLTELIKEYAME Y 38

ATGAACCTGAGT TTGT TTCAAGAGCTATTCAAGCT TTGTCCCAGT TGGGTATTAAATATG 1620
EPEFVSRAI QAL SQL GI1 K Y A 400

CACAAGAATCATTCGT CAGTAAAGTCTTGGATATTCTCCTAGAATTGT TAGAAAGACAAG 1680
QESFVSKVL DI L L ELLER QD 42

ACACAATAAAAGACGACTGCTGTATATCATTATGT GATTTATTAAGACATTGCCCCGGAA 1740
T I KDDT CTCI SL CDWLLRHTCP G N 440

ACGATAAGATGGCCAAACAAGT TTGTGCAGTATTTAATACT TGGT CAAATCCAGAGGTGT 1800
DKMAKQVCAVFNTMWSNPE V L 460

TATTACAATCAGATAT TGCGAAGT GCAACTATGT CTGGT TGCTAGGACAGCATCCCAACA 1860
L QS DI AKCNYVWLULGAOQHPNN 480

ATTTCTCAGATTTGGAGTCAAAAATCAATATTTTTATAGAGAACTTTGT TCAAGAGGAAG 1920
FSDLESKI NI F I ENFV QE E A 500

CTTTAACACAGATGTCTTTACTAATGACAATAGT CAGACTACATGCTACTTTAACGGGTA 1980
L TQMSLLMTI VRLHATTLT G S 52

GTATGCTACAAAGOGT CCTAGAAT TGGOCACACAACAGACACATGAATTAGATGTGCGAG 2040
ML QSVLELA AT QQTHETLTDV R D 540

ATATGGCTATGATGTAT TGGAGATGCCT TTCGATGCCAAATAATGAAAGTTTGGTTAATG 2100
MAMMY WRCL S MPNNESL V N D 560

ATCTATGTCAAAATAAACT TCCAAT GATCT CCAATACACT GGAGAAGT TTTCACCAGAAG 2160
L CQNKLUPMI SNTULEIKTFS P E V 580

TGCTAGAGAAACTATTAATGGAATTGGGTACTATAAGT TCCATTTATTTCAAGCCCGACT 2220
L EKLLMELGTI SSI Y F KPP D S 600

CAAATAGGAGAAAAGGCAAAAAGT ATGT TCAAAATATAGT TAAAGGAAAACATATAGAGG 2280
N RRKGKIKYV QNI VKGKHI E E 620

AATTAGAAAGCAT GGCAAAAAATGAAATTTCTAGCAAGGCTAACGATGATGTGCTATTGG 2340
L ESMAKNEI S SKANUDTUDV L L D 640

ATTTTGATGAAAGAGAT GATGT AACAAATACAAAT GCAGGAAT GCTGAATACTTTAACAA 2400
FDERDUDVTNTNAGMLNTILT T 660

CTTTAGCCGATTTGGATGATTTATTTGAT TTCGGACCATCTGAGGATGCCACACAAATAA 2460
L GDL DDULZFDTFGPSETDATOQ I N 680

ATACAAAT GATACCAAGGCT GTACAAGGGT TGAAGGAGCTGAAACTAGGT GGCGACTCAA 2520
T NDTI KAV QGLKETLIKILGGD S N 700

ACGGTATATCTTCTGGT GGTAAAAACAAT CCCGAT GT TTCGGGCGECAATATAGTGTCAC 2580
GI S S GGKNNPDVSGGNI VS Q72

AGGATCTCCTCGATTTATTCTGACTATAAACGT CCGTTGTAGT GAACTTAAGTATTATAC 2640
DL L DLF * 726

CATACATATATACCCTTCGTATTAATTTTTCCTTTTTATTGT TGGGCTGTGTGTATATAA 2700
TTTATGTACAAGAATGGATATATCAAAAAATCCT TAAAAGATGTAAAT CAAAAACATCAA 2760

TCAACACAGCTTATTTTGTAGAGCTTTGTTTTTGACATAACTTTTCAAGCTT 2812

Fig. 1. Nucleotide sequence of the EcoRI-HindIll fragment containing APL2 and the predicted amino acid sequence of Apl2p. These sequence

dataarein the EMBL Database under accession number Z30212.
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Fig. 2. Amino acid sequence alignment of the rat 32 subunit and
yeast Apl proteins. Apl residuesidentical to the rat 32 sequence are
indicated by adash (-). Dots () represent gaps introduced to
maximize the alignments. The sequences were aligned using the
University of Wisconsin programs GAP, LineUp and Pretty.

that elimination of a B AP subunit might result in a severe
growth defect, apl1A was introduced into a diploid strain to
generate diploid cells heterozygous for the disruption.
Following meiosis and dissection into tetrads, no growth
anomalies were observed (data not shown). Based on this
observation, and the finding that disruptions of the APS genes
do not affect growth of cells expressing wild-type Chc (Phan
et al., 1994), APL1 or APL2 were disrupted directly in haploid
strains. The synthetic effect of apsl and chcl-ts on cell growth
and o-factor maturation (Phan et al., 1994) prompted us to
disrupt the APL genes in congenic sets of CHC1 and chcl-ts
strains.

The growth rates of congenic strains carrying different com-
binations of chcl-ts, apl14, apl2A and aps1A were compared
by streaking cells onto agar plates and incubating the cells at
24°C, 30°C or 37°C. No observable effect of any of the ap
mutations was apparent at 24°C or 30°C (Fig. 5 shows 24°C).
However, at 37°C the presence of apl2A but not apl1A dra-
matically reduced the growth of chcl-ts cells (compare sectors
B and D, Fig. 5, 37°C). This growth defect was more substan-
tial than that observed for apslA in chcl-ts cells (Fig. 5, 37°C,
sector 5C). The effect of apl2A on growth of chcl-ts cells at
37°C was too severe to accurately measure a growth rate but
we estimate the doubling time of chcl-ts apl2A cellsin liquid
medium was at least four times as long as chcl-ts cells (3
hours) and at least twice aslong as chcl-ts apsl cells (data not
shown; Phan et al., 1994). Analogous effects of apl alleles were
observed in another set of congenic chcl-ts strains (FY 1679-
18B background, data not shown).

Disruption of APLZ2 accentuates the a-factor
maturation defect in chcl-ts cells

In wild-type MATa cells, a-factor is synthesized as part of a
larger precursor that is proteolyticaly converted into the
mature 13 amino acid peptide after the precursor reaches the
Golgi apparatus and acquires extensive carbohydrate modifi-
cations (Fuller et a., 1988). A maturation anomally in chclA
cells results in secretion of the highly glycosylated precursor
(Payne and Schekman, 1989). This defect appears to result
from inefficient retention of Kex2p, the endoprotease that
normally initiates maturation of a-factor in the Golgi
apparatus. In chclA cells, Kex2p reaches the cell surface
instead of remaining in the Golgi apparatus (Payne and
Schekman, 1989). Cells expressing chcl-ts display the same
phenotype at 37°C as chclA cells (Seeger and Payne, 1992a).
At 30°C the a-factor maturation defect in chcl-ts cellsis less
severe and at 24°C maturation proceeds with wild type effi-
ciencies of 97% or greater. When apslA was introduced into
chcl-ts cells, a slight processing defect was apparent at 24°C
where mutant cells secreted approximately 10% of the
pheromone in the precursor form (Phan et al., 1994). At 30°C
the proportion of precursor secreted by chcl-tsapslA cells was
commensurate with that secreted by chcl-ts APSL cells at
37°C. Thus, the apslA mutation accentuated the defect caused
by the temperature-sensitive Chc.
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Fig. 3. The structures of APL2 and APL1 and the
deletion constructs used to generate, apl2-A1::URA3
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Following the precedent of apsl4, we introduced the aplA
aleles into chcl-ts cells and assessed a-factor maturation at
24°C by monitoring the form of o-factor secreted into the
culture medium. Congenic strains were incubated at 24°C for
45 minutes with 3°S-labelled amino acids and then a-factor
was immunoprecipitated from the medium. Precipitated
pheromone was subjected to SDS-PAGE and autoradiography
(Fig. 6). In this gel system, mature a-factor migrates near the
bottom of the gel and the highly glycosylated precursor
migrates near the top of the gel. CHC1 apslA apl24, chcl-ts,
and chcl-ts apl 1A cells secreted only mature a-factor (Fig. 6,
lanes 1-3). Asreported previously chcl-ts apslA cells secreted
about 10% precursor pheromone (Fig. 6, lane 4). The presence
of the apl2A alele in chcl-ts cells drastically reduced the effi-
ciency of maturation, resulting in the secretion of 40%
precursor (Fig. 6, lane 5). The chcl-ts apl2A apslA cells
secreted levels of precursor similar to that secreted by chcl-ts
apl24 cells indicating that the effects of the two ap mutations
are not synergistic (Fig. 6, lane 6).

Two findings argue that APL2 and APL1 are not function-
aly redundant for a-factor maturation. First, chcl-ts apl1A

Fig. 4. APL2 and YKL 136w are expressed. (A) Poly(A)* RNA was
prepared from wild-type strain FY 1679-18B grown under different
conditions. The RNA was fractionated on a 1% formal dehyde-
agarose gel, transfered to nylon membrane and sequentially probed
with labelled DNA fragments from APL2 5', APL2 3', and ACT1 (see
Materials and Methods). RNA from cells grown in: lane 1, 2%
dextrose; lane 2, 0.1% dextrose; lane 3, 2% ethanol/glycerol. RNA
was probed for the actin transcript to control for variationsin
loading. (B) Poly(A)* RNA was prepared and analysed from wild-
type (FY 1679-18B, lane 1) and apl2A strains (FY 1679-18B
apl24::URA3, lane 2; GPY 74-15 apl2A:: URA3, lane 3) as described
in (A). The RNA was probed simultaneously with the APL2 3" and
ACT1 probes.

and apl1-A3:: TRP1 mutants. Also shown isthe
location of the YKL 136w ORF which overlaps APL2.
Note that the disruption of APL2 does not impinge on
YKL136w. DNA fragmentsfrom the5' and 3' regions
of APL2 used to probe poly(A)* RNA are delineated
as5' Probe and 3' Probe.

apl24 cells displayed a maturation defect equivalent to that of
chcl-ts apl2A cells. Second, overexpression of Apllp from a
multicopy plasmid carrying APL1 does not improve the matu-
ration defect in chcl-ts apl24 cells (data not shown).

These results demonstrate that neither Apl protein is
required for a-factor maturation in cells expressing wild-type
clathrin heavy chain. However, in cells expressing the tem-
perature-sensitive Chc, the substantial maturation defect at
24°C caused by apl2A suggests that the absence of Apl2p
reduces clathrin function at the Golgi apparatus.

Disruption of APL2 partially suppresses the
vacuolar precursor sorting defect in chc1-ts cells

Another clathrin-dependent function of the Golgi apparatus is
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the sorting of newly-synthesized soluble vacuolar precursors
from the secretory pathway to a route directed to the vacuole
(Seeger and Payne, 1992b). We examined the effects of the
aplA mutations on the sorting of the soluble vacuolar protein
carboxypeptidase Y (CPY) in chcl-ts cells at both permissive
and non-permissive temperatures. In wild-type cells, and in
chcl-ts cells at 24°C, CPY is synthesized in a precursor form
that is translocated into the ER and subjected to signal
sequence cleavage and core glycosylation (Stevens et a.,
1982). The resulting 67 kDa pl precursor is delivered to the
Golgi apparatus where further limited addition of mannose
residues yields the 69 kDa p2 form. p2 CPY issorted in alate
Golgi compartment and delivered to the vacuole by way of an
endosomal compartment (Vidaet al., 1993). Upon reaching the
vacuole the precursor is proteolytically processed to produce
the active, mature (m) form. In chcl-ts cells shifted to 37°C
for short periods of time, sorting of CPY is blocked and the p2
form is secreted into the culture medium (Seeger and Payne,
1992h). A curious, and unexplained, feature of this block is
that it is not evident in chcl-ts cells shifted to 37°C for much
longer times, or in chclA cells. Thus, some type of adaptation
allows mutant cellsto regain an ability to sort soluble vacuolar
precursors. The loss of APSL does not noticeably affect the
CPY sorting defect or the sorting recovery in chcl-ts cells
(Phan et al., 1994).

Sorting of CPY was monitored in chcl-ts apl mutants under
various temperature treatments by analyzing the forms of cell-
associated and extracellular CPY in pulse-chase experiments.
The results obtained from chcl-ts and chcl-ts apl2A apslA
cells are shown in Fig. 7. At 24°C, after a 10 minute labelling
period, all of the CPY was contained within the cellsin the pl
and p2 forms (Fig. 7A, lanes 1-2, 5-6). Forty minutes after the
chase wasiinitiated, all of the CPY was sorted and delivered to
the vacuole where it was processed to the mature form (Fig.
7A, lanes 3-4, 7-8). CPY sorting was also unaffected at 30°C
in each of the strains (data not shown).

In contrast, when cells were shifted to 37°C for 5 minutes
and then subjected to the pulse-chase regimen, a sorting defect
was apparent in each strain (Fig. 7B). In the chcl-ts cells after
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Fig. 5. The growth defect of chcl-tscells
is exacerbated by apl2A4 but not apl1A.
Congenic strains GPY 907 (A), GPY 906
(B), GPY 719 (C), GPY 721 (D), GPY418
(E) and GPY 905 (F) were streaked onto
supplemented SD agar plates and
incubated at 24°C or 37°C.
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Fig. 6. Increased a-factor maturation defect in chcl-ts apl2A cells.
Cells were metabolically labelled with [35S]amino acids for 45
minutes at 24°C. a-Factor was immunoprecipitated from the culture
supernatant and analyzed by SDS-PAGE and autoradiography (see
Materials and Methods). + and — indicate the presence or absence of
agene (CHCL, APSL, APL1, APL2). tsindicates the presence of the
temperature sensitive allele of CHC1.

the 10 minute labelling, the bulk of the CPY was intracellular
as the pl and p2 forms with only a slight amount of p2 in the
extracellular fraction (Fig. 7B, lanes 1-2; the extracellular CPY
is visible in the original autoradiogram). By 40 minutes of
chase, a significant amount of p2 CPY was secreted and the
intracellular fraction contained mostly p2 CPY (Fig. 7B, lanes
3-4). Somewhat different results were obtained with the chcl-
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Fig. 7. Partial suppression of the chcl-ts CPY sorting defect by
apl2A. Strains GPY 418 (chcl-ts) and GPY 907 (chcl-ts apslA
apl24) were grown at 24°C and then either retained at 24°C (A),
shifted for 5 minutesto 37°C (B) or shifted for 2 hoursto 37°C (C).
Following the temperature shifts the cells were pul se-labelled for 10
minutes with [35S]amino acids after which excess unlabelled amino
acids were added and an aliquot was harvested (0' chase). The
remaining cells were incubated for an additional 40 minutes (40’
chase). Intracellular (1) and extracellular (E) fractions were prepared
and CPY was immunoprecipitated from each fraction and analyzed
by SDS-PAGE and autoradiography (see Materials and Methods).
The ER and early Golgi form islabelled p1, the late Golgi formiis
labelled p2 and the mature form is labelled m.

ts apl2A4 apslA strain (Fig. 7B, lanes 5-8). In these cells the
sorting defect was reproducibly not as strong as that observed
in the chcl-ts cells (compare Fig. 7B, lanes 3-4 to lanes 7-8),
although compared to the 24°C samples (Fig. 7A, lanes 7-8)
there was clearly some missorting of p2 CPY . Quantitation of
the data shown in Fig. 7 indicates that in the chcl-ts apl2A
apslA strain 71% of the CPY was correctly processed to the
mature form after 40 minutes (Fig. 7B, lanes 7-8) whereas in
the chcl-ts strain only 34% of CPY was found in the mature
form (Fig. 7B, lanes 3-4). The reduced sorting defect in the
chcl-ts apl 24 aps1A cells was due to the presence of the apl 24
allele since similar results were obtained with chcl-ts apl2A
cells (data not shown).

We dso examined whether apl2A interfered with the
recovery of sorting in chcl-ts cells by first shifting cells to
37°Cfor 2 hoursprior to labelling (Fig. 7C). By thistime, both
strains displayed efficient sorting with the bulk of the CPY
present intracellularly as the m form after the 40 minute chase
(Fig. 7C, lanes 3, 4, 7 and 8). The small amount of mCPY
present in the extracellular fraction most likely was due to a
slight degree of cell lysis during the removal of the cell wall.
When the same CPY sorting experiments were carried out with

chcl-tsapl1A cells, no difference was observed between these
cells and chcl-ts cells (data not shown). Taken together, these
results show that neither apl24 or apl1A accentuate the CPY
sorting defect in chcl-ts cells. However, the presence of apl24
appears to enhance the ability of chcl-ts cellsto properly sort
CPY immediately after a shift to the non-permissive tempera-
ture.

Endocytosis of mating pheromone is not altered by
apl mutations

Clathrin also plays a role in the uptake of mating pheromone
receptors in yeast (Tan et al., 1993). In chcl-ts cells, a-factor
internalization occurs at wild-type rates at 24°C and 30°C but
immediately after a shift to 37°C internalization is reduced 2-
to 3-fold to the level of endocytosis observed in chclA cells.
These findings indicate that clathrin-independent endocytosis
of pheromone can occur, but clathrin is required for optimal
uptake rates. The effect of apl mutations on clathrin-mediated
and clathrin-independent endocytosis was determined by
comparing uptake of radiolabelled a-factor in chcl-ts cells to
uptake by chcl-tsaplA cells at 24°C, 30°C or 37°C. For these
experiments, cells were grown overnight at 24°C and then
allowed to bind to radiolabelled ligand at 0°C in the absence
of glucose. Unbound pheromone was removed and cells were
shifted to 24°C, 30°C or 37°C for five minutes still without
glucose (preshift). In the absence of glucose, cells lack suffi-
cient energy stores to carry out endocytosis. Thus, when
carried out at the non-permissive temperature, the preshift
allows imposition of the temperature-sensitive defect in Chc
cells without membrane traffic. Following the 5 minute
preshift, glucose was added and endocytosis was measured
after 5 and 20 minutes by treating cells with a low pH buffer
to remove surface-bound a-factor. Fig. 8 compares the levels
of a-factor internalization at 30°C by congenic chcl-ts, chcl-
ts apl14, and chcl-ts apl24 strains in two separate experi-
ments. Although the total uptake of a-factor in different exper-
iments varied somewhat, within a given experiment there was
no effect of the apl mutations on uptake at this temperature, or
at 24°C (data not shown). The apl mutations did not reduce the
residual, clathrin-independent endocytosis that occured at
37°C (data not shown). Similar results were obtained using
chcl-ts cells carrying both apl14 and apl2A (data not shown).
Therefore, the Apll and Apl2 proteins are not necessary for
either clathrin-dependent or clathrin-independent endocytosis.

DISCUSSION

We have discovered a gene, APL2, on yeast chromosome XI|
that encodes a homologue of the 3 subunits of mammalian
clathrin AP complexes. We have carried out the first in vivo
analysis of 3 subunit function with this gene and the previously
identified APL1 (Kirchhausen, 1990). Deletions of these genes
in cellsexpressing fully functional clathrin cause no detectable
phenotypes. In contrast, apl2A accentuates the growth and a-
factor maturation defects, and partialy suppresses the CPY
sorting defect, in chcl-ts cells. Such genetic interactions can
indicate that two gene products act in common processes and,
combined with sequence comparisons, argue that Apl2p is a
yeast cognate of mammalian clathrin AP 3 subunits.

With the prior identification of APL1, there are now two
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Fig. 8. Deletions of APL1 and APL2 do not affect endocytosis of a-
factor. Cellswere grown at 24°C, allowed to bind to 3°S-labelled a-
factor, and then shifted to 30°C in the absence of glucose. After 5
minutes, glucose was added to 2% and samples were harvested after
5 and 20 minutes and internalized pheromone was measured (see
Materials and Methods). For each time point duplicate samples were
analyzed and the results averaged. The top and bottom panels come
from separate experiments.

known genesin yeast capable of expressing 3 subunits, as well
as two possible g subunit genes (APSL and APS2; Kirchhausen
etal., 1991; Nakai et al., 1993; Phan et al., 1994) and one [ sub-
unit gene (APM1; Nakayamaet al., 1991). To date there are no
published candidates for genes expressing a or y subunits. In
the case of the APS genes, comparison of the predicted amino
acid sequences with mammalian o sequences allowed a tenta-
tive assignment of the Apsl protein asaal subunit and Aps2p
as a 02 subunit. Biochemical characterization of Apslp com-
bined with phenotypic analysis of chcl-ts apslA strains pro-
vided support for theideathat Apslp functionsaspart of an AP-
1 complex at the Golgi apparatus (Phan et a., 1994).
Establishing preferential relationships between the Apl proteins
and the mammalian 31 or 32 subunitsis precluded by the high
degree of sequence identity (84%) between the mammalian 1
and 32 subunits. However, the similar phenotypes displayed by
chcl-ts cells harboring either apl 24 or apslA offer genetic evi-
dence that Apl2p and Apslp function in the same processes.
Preliminary chemical cross-linking experiments also suggest
that Apslp and Apl2p interact (H.P. and G.P., unpublished).
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Based on this evidence we propose that Apl2p is the 3 subunit
of aGolgi-localized AP complex which also contains Apslp.

Disruption of either APL genein cells expressing fully-func-
tional Chc produced no observable effects on cell growth, a-
factor maturation, sorting of CPY to the vacuole, or pheromone
endocytosis. It is possible that the innocuous nature of indi-
vidua APL disruptions is due to functional redundancy
between Apllp and Apl2p. The mammalian B subunits are
capable of interchange between AP complexes (W. Ball, K.
Clairmont and T. Kirchhausen, unpublished), but they share a
much higher degree of identity (84%) than the Apl proteins
(24%). Furthermore, functional redundancy between the Apl
proteins seems unlikely because mutation of both genes in
CHC1 cells does not effect cell growth, a-factor maturation or
a-factor endocytosis (E. Bensen, P.T. and G.P., unpublished).
Also, the a-factor maturation defect resulting from the combi-
nation of chcl-ts and apl24 is not worsened by including
apl14, nor improved by overexpression of Apllp. However,
we cannot discount the existence of other 3 subunits that could
provide overlapping function. Another plausible interpretation
is that the yeast AP-1 complex can assemble and function in
the absence of a3 subunit. In thisview, the remaining subunits
in the complex could provide sufficient clathrin assembly and
cargo-clustering activity to avoid detectable defectsin clathrin-
dependent processes unless Chc function is aso compromised.
This hypothesisis potentially at odds with the proposal that the
[3 subunits are chiefly responsible for the clathrin coat assembly
activity of AP complexes, a model which derives from the
finding that recombinant mammalian 31 or 2 alone will drive
clathrin cage assembly in vitro (Gallusser and Kirchhausen,
1993). However, the assembly activity of AP complexes
lacking the 3 subunit has not been tested in vivo, and a study
using partially purified B2 subunits raises the possibility that o
subunits may also play arolein clathrin assembly (Prasad and
Keen, 1991). Furthermore, o subunits bind to plasma
membranes previously stripped of clathrin and AP-2 while 32
subunits do not (Chang et al., 1993), suggesting that in yeast,
[3-deficient AP complexes could still associate with membranes
It will be necessary to isolate the yeast gene encoding the y
subunit in order to evaluate the role of each of the large
subunits in the function of the AP-1 complex in vivo.

There are features of the yeast Apl proteinsthat contrast with
the mammalian (3 subunits. First, the Apl proteins are signifi-
cantly shorter than their mammalian counterparts. When
viewed by electron microscopy mammalian AP-2 appears as a
brick-like complex with two appendages (Heuser and Keen,
1988). Proteolytic dissection of AP complexes revealed that
the core is composed of the N-terminal domains of the large
subunits and the 1 and ¢ subunits (Zaremba and Keen, 1985;
Kirchhausen et al., 1989; Matsui and Kirchhausen, 1990;
Schroder and Ungewickell; 1991). The C-terminal domains of
the large subunits constitute the appendages. The amino acid
sequences of the mammalian large subunits also reflect a two
domain structure (Kirchhausen et al., 1989; Robinson, 1990).
For example, the highly conserved amino-terminal domains of
[31 and 32 are connected to more divergent C-terminal domains
by proline and glycine rich linker sequences (Kirchhausen et
al., 1989). Sequences at the C-termina domain may be
necessary for clathrin assembly since protease-generated AP
cores, as well as a truncated form of recombinant 32 missing
the C-terminal domain, are unable to assemble clathrin into
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coatsin vitro (Zaremba and Keen, 1985; Keen and Beck, 1989;
Matsui and Kirchhausen, 1990; Gallusser and Kirchhausen,
1993). Also, proteolytic treatment of AP-2-containing clathrin
cages releases the AP complexes concomittant with cleavage
of the 3 appendage suggesting that high affinity binding of AP
complexes to clathrin may require both 3 domains (Schroder
and Ungewickell, 1991). However, an dternative proposa
attributes clathrin assembly activity to mammalian AP-2 cores
based on the unaltered activity of proteolytically-treated AP-2
subunits in an assay for clathrin coat assembly and invagina-
tion of plasmamembrane fragments (Peeler et al., 1993). When
the yeast Apl proteins are aligned with the mammalian (3
subunits to maximize sequence conservation, it is apparent that
the amino-terminal domains are conserved but the yeast
proteins have much shorter C-terminal domains. Thus, if the
Apl proteins are involved in clathrin assembly then either the
C-terminal domains are functionally analogous to the longer
mammalian C-termini, or the N-terminal core domains are able
to function in the assembly process.

It is also curious that the Apl proteins have diverged (24%
identity) substantially more than mammalian 1 and (32 (84%
identity). The degree of sequence conservation between the
mammalian 3 subunits, which is higher than that between any
of the other AP subunits, suggests that they perform conserved
functions in AP-1 and AP-2. Because the common feature of
the two AP complexes is an interaction with clathrin, it has
been argued that the 3 subunits are primarily involved in
clathrin assembly, not cargo collection (see Gallusser and
Kirchhausen, 1993, for discussion). In comparison to the 3
subunits the Apl proteins are not distinctively conserved; in
fact the two yeast Aps proteins display a higher sequence con-
servation (39%; Phan et al., 1994). However, athough thereis
evidence that Apl2p is homologous to 31, it is premature to
assume that Apl1p is a homologue of 32 since there is no phe-
notypic effect of apl1A4 in chcl-ts cells, and we have not estab-
lished whether Apllp is associated with clathrin-coated
vesicles. Another Apl with more similarity to Apl2p may
function at the plasma membrane. Further characterization of
Apllp, and attempts to isolate additional APL-related genes
will be needed to assess this possibility.

We have found that apl24 unexpectedly causes a partial sup-
pression of the CPY sorting defect that occurs in chcl-ts cells
immediately after imposing the non-permissive temperature.
Previously, we noted that chc mutations by themselves have
unusual effects on sorting of soluble vacuolar precursors. Cells
carrying chclA alleles sort soluble vacuolar precursors to the
vacuole nearly as well as wild-type cells (Payne et al., 1988).
In contrast, chcl-ts cells display a severe sorting defect imme-
diately after a shift to the non-permissive temperature, but
regain sorting ability after longer periods at 37°C (Seeger and
Payne, 1992b). Two general models were presented to explain
these observations. In one, clathrin lattices on Golgi
membranes cannot progress to coated vesicles at the non-per-
missive temperature and thereby block the formation of
transport vesicles targeted to the vacuolar pathway. During
extended incubation at 37°C, the coats disassemble or are
destroyed to allow resumption of vesicular traffic. In a second
model, the clathrin lattices disassemble quickly at the non-
permissive temperature and an alternative pathway to the
vacuole becomes operative over time. Support for the first
model has been obtained in recent experiments by analyzing

the disposition of clathrin in the chcl-ts cells using indirect
immunofluorescent detection of clathrin light chain. In chcl-ts
cells the punctate staining of membrane-associated clathrin
light chain is not atered immediately after shift to 37°C but
gradually disappears after extended incubations (Mary Seeger
and G.P., unpublished). The first model offers a straightfor-
ward explanation of the effect of apl2A on CPY sorting in
chcl-ts cells. If coats assembled from temperature-sensitive
Chc impede vesicle formation then a reduction in clathrin
assembly caused by the absence of Apl2p would partially
aleviate the block and thereby suppress the sorting defect.
Given the difference between the effects of apl2A and apslA
on a-factor maturation by chcl-ts cells, it is not surprising that
asuppressive effect of apslA on sorting was not detected even
though Apslp and Apl2p are likely to be components of the
same complex.

Our results show that apl2A affects vacuolar protein sorting
and a-factor maturation in cells expressing the chcl-ts alele.
The likely cause of the decrease in a-factor maturation is a
defect in the retention of the Golgi-localized processing
protease Kex2p. Although we have not directly ascertained
whether Kex2p is mislocalized, ample precedent indicates that
the level of a-factor maturation is a sensitive and reliable
indicator of proper Kex2p localization (Payne and Schekman,
1989; Seeger and Payne, 1992a; Wilsbach and Payne, 1993b).
Therefore, the AP complex containing Apslp and Apl2p
appears to participate in both clathrin-dependent Golgi
functions in yeast, consistent with models that posit a func-
tional connection between vacuolar protein sorting and Golgi
membrane protein retention (Wilsbach and Payne, 1992a;
Nothwehr and Stevens, 1994). However, while the vacuolar
protein sorting defect is transient in chcl-ts cells, the mislo-
calizaiton of Golgi membrane proteins is not. Our results do
not offer new insights into this difference. Clathrin also acts at
the plasma membrane in yeast to facilitate pheromone receptor
endocytosis. Deletions of APL1 and APS2 do not alter endo-
cytosis in chcl-ts cells at permissive or non-permissive tem-
peratures. Thus, the components of the AP complex partic-
ipating with clathrin in endocytosis await identification.
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