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The late Golgi of the yeast Saccharomyces cerevisiae receives membrane traffic from the secretory
pathway as well as retrograde traffic from post-Golgi compartments, but the machinery that
regulates these vesicle-docking and fusion events has not been characterized. We have identified
three components of a novel protein complex that is required for protein sorting at the yeast late
Golgi compartment. Mutation of VPS52, VPS53, or VPS54 results in the missorting of 70% of the
vacuolar hydrolase carboxypeptidase Y as well as the mislocalization of late Golgi membrane
proteins to the vacuole, whereas protein traffic through the early part of the Golgi complex is
unaffected. A vps52/53/54 triple mutant strain is phenotypically indistinguishable from each of the
single mutants, consistent with the model that all three are required for a common step in
membrane transport. Native coimmunoprecipitation experiments indicate that Vps52p, Vps53p,
and Vps54p are associated in a 1:1:1 complex that sediments as a single peak on sucrose velocity
gradients. This complex, which exists both in a soluble pool and as a peripheral component of a
membrane fraction, colocalizes with markers of the yeast late Golgi by immunofluorescence
microscopy. Together, the phenotypic and biochemical data suggest that VPS52, VPS53, and
VPS54 are required for the retrograde transport of Golgi membrane proteins from an endosomal/
prevacuolar compartment. The Vps52/53/54 complex joins a growing list of distinct multisubunit
complexes that regulate membrane-trafficking events.

INTRODUCTION

The last compartment of the yeast Golgi complex is the point
of divergence of a number of different sorting pathways.
Newly synthesized proteins transported from earlier parts
of the secretory pathway receive final modifications here
and are subsequently directed into a variety of different
carrier vesicles for transport to the cell surface, to endosomal
compartments, or to the vacuole (Harsay and Bretscher,
1995; Cowles et al., 1997; Piper et al., 1997; reviewed by
Conibear and Stevens, 1998). Sorting into at least some of
these different pathways is performed by coat proteins that
selectively incorporate cargo into a budding vesicle, causing
membrane invagination and ultimately scission. Vesicle tar-
geting and fusion with the appropriate compartment is also
regulated by a variety of integral and peripheral membrane
proteins. The molecular machinery that controls these vesi-
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cle transport processes is highly conserved in eukaryotes,
and related proteins form analogous complexes at different
transport steps within a single organism (Ferro-Novick and
Jahn, 1994; Rothman, 1994).

Crucial to the fusion process is the pairing of vesicle-
associated soluble NSF attachment protein receptors (v-
SNAREs) with t-SNAREs on the target membrane, which
may promote membrane fusion by allowing the close appo-
sition of the two lipid bilayers (Weber ef al., 1998).

Early models suggested that the specificity of vesicle tar-
geting lies with the SNAREs, such that interactions between
specific members of the v-SNARE and t-SNARE family
uniquely define a transport step (Sollner et al., 1993). How-
ever, recent work has demonstrated that v-SNAREs and
t-SNAREs can pair promiscuously (Yang ef al., 1999) and
that a single v-SNARE can interact with multiple t-SNAREs
(Fischer von Mollard et al., 1997; Lupashin ef al., 1997; Fi-
scher von Mollard and Stevens, 1999). Furthermore, a num-
ber of other proteins have been identified that are important
for vesicle tethering or docking and that act before SNARE
complex assembly, and it is these additional factors that may
largely specify the fusion of a transport vesicle with a par-
ticular target membrane.
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Rab GTPases and Secl family proteins have long been
implicated in SNARE complex formation (Ferro-Novick and
Jahn, 1994). Recently, a number of unique macromolecular
protein complexes were identified that have been shown to
interact physically and/or genetically with members of the
Rab and Secl families to regulate a vesicle-docking step,
which precedes SNARE complex formation. One of the best
studied examples is the exocyst complex, which is proposed
to link a vesicle bearing the Sec4 Rab protein with sites of
polarized exocytosis (TerBush et al., 1996; Guo et al., 1999).
Usolp, which functions together with the Rab Yptlp and
Sec35p in the docking of endoplasmic reticulum (ER) vesi-
cles at the Golgi, is required for the assembly of ER-to-Golgi
SNARE complexes (Sapperstein et al., 1996; Cao et al., 1998;
VanRheenen ef al., 1998). The multisubunit TRAPP complex,
which is found on the cis Golgi and also acts in ER-to-Golgi
transport at a step preceding SNARE complex assembly,
shows genetic interactions with Usolp and Yptlp and may
also participate in vesicle docking (Sacher et al., 1998). The
mammalian homologue of Usolp, p115, acts as a docking
factor to link the vesicle-associated protein giantin with a
complex of GM130 and GRASP65 on Golgi membranes dur-
ing intra-Golgi transport (Nakamura ef al., 1997; Sonnichsen
et al., 1998). In addition, the endosomal protein EEA1 binds
Rab5 and is important for endosome docking in the homo-
typic fusion of early endosomes (Christoforidis et al., 1999).
One model proposes that such docking factors are generally
required to direct vesicles bearing Rab-GTP proteins to their
sites of fusion, perhaps also interacting with Secl proteins to
activate t-SNAREs and permit SNARE complex formation
(Pfeffer, 1999).

Of the two parallel pathways that divert newly synthe-
sized proteins from the secretory pathway and direct them
from the yeast late Golgi to the vacuole, the carboxypepti-
dase Y (CPY) pathway is the best understood (Conibear and
Stevens, 1998). A number of sequential budding/fusion re-
actions take place in the sorting of newly synthesized CPY to
the vacuole. CPY bound to its receptor first enters vesicles at
the late Golgi that are targeted to fuse with the prevacuolar/
endosomal compartment (PVC) (Vida et al., 1993). Whereas
CPY is transported to the vacuole in a second fusion step, its
receptor enters retrograde vesicles that bud from the PVC
and return to fuse with the late Golgi, thus allowing the
receptor to carry out multiple rounds of sorting (Cereghino
et al., 1995; Cooper and Stevens, 1996). Resident late Golgi
membrane proteins such as Kex2p and dipeptidyl amino-
peptidase (DPAP) A are also transported along early parts of
the CPY pathway, and they maintain their Golgi localization
by continuous retrieval from the PVC (Nothwehr et al., 1993;
Bryant and Stevens, 1997). The sorting of CPY by the CPY
receptor (the product of the VPSI0 gene; Marcusson et al.,
1994) is analogous to the sorting of newly synthesized lyso-
somal proteins by the mannose 6-phosphate receptor of
mammalian cells (Kornfeld, 1992), and the yeast late Golgi
(defined by the presence of Kexlp, Kex2p, and DPAP A) is
considered to be the functional equivalent of the mammalian
trans-Golgi network (TGN).

Because the CPY pathway involves a number of vesicle-
budding and docking/fusion steps, it is expected to require
the concerted function of a large number of accessory pro-
teins. Genetic screens carried out in a number of laboratories
have identified more than 40 genes (VPS, PEP, VAM, VAC;
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Jones, 1977; Bankaitis et al., 1986; Rothman and Stevens,
1986; Robinson et al., 1988; Weisman et al., 1990; Wada et al.,
1992) required for the correct sorting of CPY to the vacuole.
These genes were originally grouped according to their mu-
tant vacuolar morphologies (classes A-F; Raymond et al.,
1992), assuming that mutations in genes that act at the same
step will produce similar phenotypes. This prediction has
been borne out by more recent studies: many of the class D
VPS genes encode components of a docking/fusion complex
that is implicated in the fusion of late-Golgi—derived vesicles
with the PVC. These include Vaclp, the yeast homologue of
EEA1, which binds the Rab5 homologue Vps21p as well as
the Secl-like Vps45p and the endosomal t-SNARE Pep12p
(Burd et al., 1997; Peterson et al., 1999; Tall et al., 1999). Class
C Vps proteins include Vpsllp, Vpsl8p, Vpsl6p, and the
Secl-like Vps33p, which form a complex that, together with
the vacuolar t-SNARE Vam3p, the SNAP-25-like Vam7p,
and the Rab protein Ypt7p, is required for the fusion of
multiple transport intermediates with the vacuole (Haas et
al., 1995; Darsow et al., 1997; Rieder and Emr, 1997; Sato et al.,
1998; Ungermann and Wickner, 1998). Class E VPS gene
products regulate transit through the PVC, whereas compo-
nents of the retromer complex are thought to act at the PVC
to sort proteins into retrograde vesicles that are targeted to
fuse with the TGN (Seaman et al., 1998; Nothwehr et al.,
1999).

Lacking from this catalogue of Vps proteins are candidate
assembly factors that might direct the assembly of a SNARE
complex during fusion with the TGN. In fact, few of the Vps
proteins that have been characterized to date are even local-
ized to the TGN. Vpslp is required for the budding of TGN
vesicles, as is clathrin (Seeger and Payne, 1992; Nothwehr et
al., 1995), but the adaptin subunits that are involved in
lysosomal protein sorting in mammalian cells are not abso-
lutely required for CPY sorting; in fact, entry into the CPY
pathway does not appear to depend on cytoplasmic tail
signals (Roberts et al., 1992; Redding et al., 1996). Therefore,
it seems likely that additional proteins exist to control both
budding and fusion at the TGN.

The syntaxin-like proteins Tlglp and Tlg2p are candidate
late Golgi t-SNAREs that may act at the fusion step (Abe-
liovich et al., 1998; Holthuis et al., 1998a,b; Nichols and
Pelham, 1998; Seron et al., 1998). They are thought to reside
in the yeast TGN as well as in endosomal compartments,
and both colocalize in part with the late Golgi markers
Kex2p and DPAP A by immunofluorescence microscopy
and fractionation on sucrose gradients (Holthuis et al.,
1998a). These SNAREs are required for the maintenance of
normal levels of TGN proteins as well as for the correct
sorting of CPY, and they have been proposed to act as
targets of retrograde vesicles during the retrieval of TGN
proteins from the PVC. However, other studies have sug-
gested a requirement for these proteins in trafficking to early
endosomes, and further work will be needed to clarify the
role of these recently identified t-SNAREs.

We carried out a genetic screen to identify novel compo-
nents of the TGN-localized vesicle transport machinery. In
this paper, we report the identification of three new Vps
proteins—Vps52p, Vps53p, and Vpsb4p—that localize to the
TGN and are required for CPY sorting and for the recycling
of resident TGN membrane proteins. Loss of any one of
these proteins results in identical mutant phenotypes, sug-
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Table 1. Plasmids used in this study

Plasmid Description Reference
pLC63 CEN-LEU2 plasmid encoding Vps53p This study

pLCo64 CEN-LEU2 plasmid encoding Vps52p This study

pLC65 CEN-LEU2 plasmid encoding Vps52p-myc This study

pLC66 CEN-URA3 plasmid encoding Vps54p This study

pLC68 CEN-LEU2 plasmid encoding Vps53p-myc This study

pLC72 CEN-LEU2 plasmid encoding Vps52p-HA This study

pLC75 CEN-LEU2 plasmid encoding Vps53p-HA This study

pLC103 CEN-URA3 plasmid encoding Vps54p-myc This study

pLC104 CEN-URA3 plasmid encoding Vps54p-HA This study

pLC89 Integrating plasmid for VPS52-myc (pRS303 based) This study

pLC91 Integrating plasmid for VPS53-myc (pRS304 based) This study

pLC92 Integrating plasmid for VPS53-HA (pRS304 based) This study

pLC95 CEN-URA3 plasmid encoding Vps52p-HA This study

pSN55 CEN-URA3 plasmid encoding A-ALP (Nothwebhr et al., 1993)
PSN92 CEN-URA3 plasmid encoding ALP (Nothwebhr et al., 1993)
pNB6 CEN-LEU2 plasmid encoding ALP T.H. Stevens

PSN246 CEN-LEU2 plasmid encoding A-ALP (Nothwebhr et al., 1996)
pFvM104 CEN-URA3 plasmid encoding invertase (Fischer von Mollard et al., 1997)
pLC115 Integrating plasmid for Vps10p-HA This study

pLC116 Integrating plasmid for Ochlp-HA This study

pSLA2 CEN-URA3 plasmid encoding End4p D. Drubin

PSN273 Plasmid containing pep4A:: LEU2 disruption cassette (Nothwehr et al., 1996)
pLC28 Plasmid for making vps53::Tn3:LacZ-URA3 disruption This study

pLC121 Plasmid for making vps52::Tn3:LacZ-URA3 disruption This study

PRSQ306 Derivative of pRS306 containing part of LELI2 J. Horecka

PRSQ303 Derivative of pRS303 containing part of LELI2 J. Horecka

gesting that they form a class of Vps proteins that act to-
gether to carry out a unique step in the CPY-sorting path-
way. In fact, Vps52p, Vps53p, and Vps54p were found to be
physically associated in a stable complex in a 1:1:1 stoichi-
ometry.

MATERIALS AND METHODS

Enzymes used in DNA manipulations were from New England
Biolabs (Beverly, MA), Boehringer Mannheim Biochemicals (India-
napolis, IN), or GIBCO-BRL (Gaithersburg, MD). Oligonucleotides
were synthesized by Keystone Laboratories (Camarillo, CA). The
anti-CPY, anti-alkaline phosphatase (ALP), anti-Vps10p, anti-hem-
agglutinin (HA), and anti-Vphlp polyclonal antibodies have been
described previously (Nothwehr et al., 1995; Cooper and Stevens,
1996). mAbs to Pep12p (mAb 24-2C3G4), ALP (mAb 1D3-A10), and
CPY (mAb 10A5-B5) as well as Alexa-conjugated secondary anti-
bodies were from Molecular Probes (Eugene, OR). Biotinylated
anti-rabbit and anti-mouse secondary antibodies were from Jackson
ImmunoResearch Laboratories (West Grove, PA). Anti-HA mAD
HA.11 ascites fluid was purchased from BAbCO (Richmond, CA).
Affinity-purified anti-myc polyclonal antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-myc
mAb 9E10 culture supernatant was prepared from a hybridoma
obtained from the American Type Culture Collection (Rockville,
MD). HRP-conjugated anti-mouse antibodies used for Western
analysis were from Sigma Chemical (St. Louis, MO). 3°S-Express
label was purchased from DuPont New England Nuclear (Boston,
MA). Fixed Staphylococcus aureus cells (IgGSorb) used to collect
immune complexes were purchased from the Enzyme Center (Mal-
den, MA). Oxalyticase was from Enzogenetics (Corvallis, OR). Zy-
molyase 100T was from Seikagaku (Tokyo, Japan). All other chem-
icals were of high-purity commercial grade.
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Yeast Genetic Screen

Parent strains (LCY81 and LCY82) in which a deletion of the END4/
SLA2 gene was covered by END4 on a URA3-based plasmid
(pSLA?2) were subjected to UV mutagenesis as described previously
(Nothwehr et al., 1996) (Tables 1 and 2). Additional mutants were
obtained by transforming the same strains with a NotI-digested
yeast genomic library containing random insertions of a Tn3-LacZ
transposon cassette (Burns ef al., 1994). CPY-secreting colonies were
identified by an overlay assay (Roberts et al., 1991), and those that
exhibited synthetic lethality with end4A (as determined by the in-
ability to grow in the presence of 5-FOA) were chosen for further
study. Mutants were tested for complementation with each other
and with the existing vps mutant collection. Representative mutants
(containing transposon-tagged alleles) of each complementation
group that did not correspond to a previously cloned gene were
chosen for further study. Linkage between the transposon insertion
and the CPY secretion phenotype was tested by tetrad analysis after
sporulating diploids obtained by backcrossing with the parental
strains SEY6210 and SEY6211. Yeast genomic DNA containing the
Tn3-LacZ cassette was recovered from each backcrossed allele as
described previously, except that BamHI/Sacl-cut pRSQ303 was
used instead of YIp5 for plasmid rescue (Burns et al., 1994; Voos and
Stevens, 1998). The insertion point of the transposon was deter-
mined by sequencing the recovered genomic DNA.

Plasmid and Strain Construction

Transposon-containing genomic sequences corresponding to the
801-base pair Bg/II fragment of VPS53 were recovered from a back-
crossed vps53-181 strain that had been transformed with pRSQ306
(see above). The resulting plasmid (pLC28) was cut with Bg/II and
used to disrupt VPS53 in SNY36-9B. Similarly, genomic sequences
containing a transposon insertion were rescued from a backcrossed
ups52 strain after transformation with pRSQ306 to create pLC121,
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Table 2. Yeast strains used in this study

Strain Genotype Reference

LCY81 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 end4A::HIS3 This study

LCY82 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 ade2-101 lys2-801 suc2-A9 end4A::TRP1 This study

SNY36-9B MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 (Nothwehr et al., 1993)

LCY222 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vpsH2A:kan”

LCY221 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 vps53::tn3- This study
URA3

LCY200 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vpsb4A:: TRP1

LCY280 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps52A::kan” vps53::tn3-URA3 vpsb4A:: TRP1

LCY319 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps52A::kan” pep4A:: LEU2

LCY294 MATo ura3-52 leu2-3,112 his4-519 ade6 gal2 pep4-3 VPS10-HA This study

LCY315 MATa ura3-52 leu2-3,112 his4-519 ade6 gal2 pep4-3 VPS10-HA vps52A::kan” This study

LCY302 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
ochl::URA3::OCHI-HA

LCY316 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
ochl::URA3::OCHI1-HA vps52A::kan”

LCY226 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A:: ADE2 VPS52-HA This study

LCY229 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps53::TRP1::VPS53-HA

LCY233 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 VPS54-HA This study

LCY251 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 VPS52::HA This study
ups53::tn3-UUIRA3

LCY252 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 VPS52-HA This study
vpsb4A:: TRP1

LCY255 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps53:: TRP1::VPS53-HA vps52A:: LEU2

LCY270 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps53::TRP1:: VPS53-HA vpsb4A:: URA3

LCY253 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A:: ADE2 VPS54-HA This study
ups52A::LEU2

LCY254 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A:: ADE2 VPS54-HA This study
ups53::tn3-UUIRA3

LCY228 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 This study
vps53::TRP1:: VPS53-myc

LCY234 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 VPS54 :-myc This study

LCY227 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 VPS52-HA This study
vpsb3:: TRP1:: VPS53-myc

LCY256 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 VPS54-myc This study
vps52::URA3:: VPS52-HA

LCY237 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 VPS54-HA This study
vpsb3:: TRP1:: VPS53-myc

LCY235 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A:: ADE2 VPS54-myc This study
vps53::TRP1::VPS53-HA

LCY243 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 vps27A::LEU2 This study
vps52::URA3:: VPS52-HA

LCY262 MATa ura3-52 leu2-3,112 pho8A-X secl-1 vps5b2::tn3-URA3 This study

which was digested with Bg/Il and used to disrupt VPS52 in a
secl-containing strain (Piper et al., 1997), creating LCY262. Precise
deletions of the VPS52, VPS54, and END4 ORFs were generated by
PCR (Baudin et al., 1993). The appropriate selectable markers were
amplified with the use of oligonucleotides that also contained 40-45
bases of identity to regions flanking the ORFs, and the resulting
PCR products were used to transform yeast. Gene disruptions were
verified by PCR analysis of genomic DNA and by complementation
testing. The PEP4 gene was disrupted by transformation with the
Sacl-Xhol fragment of pSN273, and the disruption was confirmed
by PCR analysis and Western blotting.

The full-length VPS52 gene was reconstructed from genomic
DNA recovered from two different transposon-containing alleles of
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ups52. A 1.8-kilobase (kb) HindIII-Nhel fragment derived from
ups52-185 and a 2.2-kb Nhel-Sacll from wvps52-54 were subcloned
into pRS315 cut with HindIIl and Sacll to create pLC64. VPS53 and
VPS54 were cloned from a yeast genomic library (American Type
Culture Collection number 77162) by complementation of the
growth and CPY secretion phenotypes of the respective mutant
strains. Restriction analysis of the rescued library plasmids demon-
strated that each contained the ORF identified previously as the site
of the transposon insertion. pLC63 (CEN-VPS53) contains YJL029¢
subcloned as a 4.6-kb HindIII fragment into pRS315. pLC66 (CEN-
VPS54) consists of a 3.6-kb BamHI-Sall fragment containing
YDRO027¢ cloned into pRS316 cut with BamHI and Sall. Plasmids
pLC64, pLC63, and pLC66 were all found to fully complement the
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CPY secretion and growth phenotypes of the relevant mutant
strains.

A two-step PCR procedure was used to add a single copy of the
c-myc epitope flanked by BamHI sites to the C terminus of VPS52,
VPS53, and VPS54 with the use of pLC64, pLC63, and pLC66 as
templates. This introduced the sequence DPEQKLISEEDLLDP im-
mediately before the stop codon of each ORF. PCR products con-
taining the modified C-terminal portions of each gene were first
subcloned into pKS* (creating pLC50, pLC52, and pLC86, respec-
tively). To create a full-length myc-tagged form of VPS52, the 1.1-kb
BgllI-Sacl fragment from pLC50 was subcloned into pLC64 digested
with Bg/II and Sacl, resulting in plasmid pLC65. Similarly, pLC68
(CEN-VPS53-myc) was created by subcloning the 1.1-kb Ncol-Apal
fragment from pLC52 into pLC63 digested with Ncol-Apal, and
pLC103 (CEN-VPS54-myc) was created by replacing the 1-kb Hpal—-
Sall fragment of pLC66 with the Hpal-Sall fragment from pLC86.

An HA-tagged version of VPS52 (pLC72) was constructed by
replacing the BamHI fragment of pLC65 encoding the c-myc tag
with a 126-base pair Bg/II fragment that encodes three copies of the
HA epitope tag. pLC95, a URA3-based plasmid for the expression of
HA-tagged Vps52p, was made by subcloning the 4-kb Sall-Sacl
fragment from pLC72 into pRS316. The BgIII fragment encoding the
3XHA tag was also used to replace the BamHI fragment of pLC52
and pLC86, resulting in plasmids pLC69 and pLC101, in which the
3XHA tag is fused to the C-terminal portion of VPS53 and VPS54,
respectively. To make full-length HA-tagged versions of VPS53 and
VPS54, the 1.1-kb Ncol-Apal fragment from pLC69 was subcloned
into pLC63 digested with Ncol-Apal, creating pLC75 (CEN-Vps53p-
HA), and the 1-kb Hpal-Sall fragment of pLC66 was replaced with
the Hpal-Sall fragment from pLC101, creating pLC104 (CEN-
Vps54p-HA).

To integrate the epitope-tagged alleles of VPS52, strain LCY196
(vps52A:LEU2) was cotransformed with pRS313 and the Clal-Sacll
fragment from either pLC72 or pLC65, and the resulting His™
transformants were tested for loss of the LEU2 marker, which indi-
cates that the epitope-tagged gene had integrated at the correct
locus. To introduceVps52p-myc into other genetic backgrounds, the
Xbal-Sacl fragment from pLC65 was subcloned into pRS303, creat-
ing pLC89. pLC89 was linearized with Hpal and transformed into
yeast to integrate VPS52-myc at the VPS52 locus. Integrating vectors
for myc- or HA-tagged versions of Vps53p were made by subclon-
ing the Munl-Apal fragment from either pLC68 or pLC75 into
PRS304, resulting in pLC91 and pLC92, which were linearized with
Ncol before transformation into yeast cells. To integrate epitope-
tagged versions of VPS54, pLC103 (CEN-VPS54-myc) and pLC104
(CEN-VPS54-HA) were cut with Notl and Xhol to release the frag-
ment containing the tagged gene, which was transformed into a
vps54A::URA3 strain. Transformants were grown on rich medium
overnight and replica plated onto 5-FOA to select for loss of the
URA3 marker. Each integrated, epitope-tagged allele was fully func-
tional for growth and CPY sorting, as determined by pulse-chase
immunoprecipitation.

To epitope tag Vps10p, a NotI fragment encoding three copies of
the HA tag was subcloned into Notl-cut pAH101 (a gift of S. Noth-
wehr, University of Missouri, Columbia, MO), creating pLC115.
pLC115 was linearized with Sphl and transformed into yeast cells.
Ura* transformants were plated on 5-FOA, and those cells express-
ing Vps10p-HA were identified by Western blotting and tested for
CPY sorting. To integrate the Ochlp-HA-encoding allele, cells were
transformed with EcoRI-cut pLC116, which contains the Mfel-
HindIIl fragment from pOH (Harris and Waters, 1996) subcloned
into the EcoRI-HindlII sites of pRS306.

Immunoprecipitation of 3°S-labeled Proteins

CPY and invertase immunoprecipitations were performed as de-
scribed (Fischer von Mollard et al., 1997), except that all incubations
were carried out at 30°C. VpslOp and HA-tagged proteins were
immunoprecipitated under denaturing conditions from radiola-
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beled extracts with the same procedure that has been described
previously for ALP (Nothwehr et al., 1995), with the appropriate
polyclonal antibodies.

Native Immunoprecipitation of 3°S-labeled Proteins

Two ODy, units of each strain were labeled with 20 uL of 3°S-
Express label for 30 min, chased for 30 min with unlabeled cysteine
and methionine, and spheroplasted as described (Nothwehr et al.,
1995). The labeled spheroplasts were resuspended together with 20
ODy units of unlabeled spheroplasts prepared from the parental,
untagged strain in 0.5 ml of lysis buffer (50 mM Tris, pH 8, 1%
NP-40, 150 mM NaCl, 0.2 M sorbitol, 2 mM EDTA, and protease
inhibitor cocktail) and incubated for 10 min at 4°C. Unlysed cells
were removed by centrifugation at 13,000 X ¢ for 10 min, and the
lysates were precleared for 15 min with 50 uL of IgGSorb that was
removed by centrifugation. The resulting supernatant was incu-
bated with 5 uL of anti-HA antiserum for 1 h at 4°C before adding
50 nL of IgGSorb for another 1-h incubation. The pellet was washed
twice with lysis buffer, once with lysis buffer containing 500 mM
NaCl and 0.1% NP-40, and finally with lysis buffer lacking NaCl and
NP-40. Samples were run on an 8% SDS-PAGE gel and visualized
by autoradiography/fluorography.

Coprecipitation Experiments and Western Blotting

Cells were grown and spheroplasted as described previously
(Graham et al., 1998). Frozen spheroplasts were resuspended in lysis
buffer (50 mM Tris, pH 8.0, 0.5% Tween-20, 150 mM NaCl, 2 mM
EDTA, 1 mM DTT, and protease inhibitor cocktail), and the protein
concentration was adjusted to 1.3 mg/mL for each sample. A total
of 0.5 ml of lysate was precleared with 50 uL of IgGSorb and
incubated with 5 pL of rabbit anti-myc antiserum for 1 h at 4°C,
after which 50 uL of IgGSorb was added and incubated for another
1 h at 4°C. The pellets were washed twice in lysis buffer and
resuspended in 30 uL of sample buffer, and one-third of the
sample was run on each of two SDS-PAGE gels. Immunoprecipi-
tated proteins were detected by Western blotting with either an-
ti-HA or anti-myc mAbs followed by HRP-labeled anti-mouse sec-
ondary antibody. Blots were developed with ECLplus (Amersham,
Arlington Heights, IL), visualized by chemiluminescence, and quan-
tified by chemifluorescence on a Storm phosphorimager (Molecular
Dynamics, Sunnyvale, CA) with a wavelength of 450 nm.

Subcellular Fractionation and Sucrose Velocity
Gradients

Fractionation of organelles by differential sedimentation was per-
formed as described previously (Graham et al., 1998). For the sep-
aration of proteins on sucrose velocity gradients, 30 ODyg, units of
a strain containing integrated Vps52p-HA and Vps53p-myc were
spheroplasted and frozen on dry ice. The frozen spheroplasts were
lysed in 0.7 ml of lysis buffer (50 mM Tris, pH 7.5, 1% Triton X-100,
0.2 M sorbitol, 1 mM EDTA, 1 mM DTT, and protease inhibitors) for
10 min at 4°C and centrifuged for 10 min at 13,000 X g, and 0.6 ml
of the supernatant was layered on top of a 5-ml 10-30% continuous
sucrose gradient. A mix of molecular weight markers (BSA, aldo-
lase, catalase, and ferritin in PBS) was loaded on top of a second
gradient, and both were centrifuged for 4.5 h in a SW55 rotor at
280,000 X g. Thirteen fractions were collected from the top of each
gradient. Fractions were analyzed by SDS-PAGE, followed by West-
ern blotting to detect HA and myc epitopes, or stained with Coo-
massie blue to detect molecular weight markers.

Immunofluorescence Microscopy

Indirect immunofluorescence microscopy was performed essen-
tially as described (Roberts ef al., 1991). Cells were grown in YPD at
30°C to 1 ODgoo/ml before fixation. Strains containing plasmids

309



E. Conibear and T.H. Stevens

Table 3. Complementation groups found in the end4A synthetic
lethal screen

No. of alleles

Group uv Tn3 Total Class
vps35 3 1 4 A
ups38 0 5 5 A
pmrl 1 1 2 A
upsb1? 0 1 1 B
ups52? 3 3 6 B
upsb3? 2 1 3 B
upsH4? 2 1 3 B
vpsll 5 1 6 C
vps16 1 3 4 C
vps18 3 1 4 C
vps33 4 0 4 C
ups3 1 3 4 D
ups6 0 2 2 D
upsld 3 2 5 D
vps19 2 2 4 D
ups21 0 2 2 D
vps34 4 1 5 D
upsdd 5 0 5 D
vpsl 8 1 9 F
vps26 0 91 91 F

2 New vps complementation groups identified in this study.

were grown first in selective medium, resuspended in YPD, and
grown for 3—4 h. Cells were fixed by adding 3% formaldehyde to the
culture medium for 1 h, resuspended in 4% paraformaldehyde in 50
mM KPO,, pH 6.5, and incubated for 18 h at room temperature.
Cells were spheroplasted and permeabilized with 5% SDS for 5 min
for the immunolocalization of ALP or with 1% SDS for 2 min for all
other antigens. Antibody incubations were carried out for 1 h at
22°C, with the exception of those involving anti-ALP mAb 1D3-A10,
which were carried out at 4°C for 14-16 h.

RESULTS
Identification of Novel VPS Genes

To identify new genes that are involved in transport be-
tween the Golgi and the PVC, we screened for new ovps
mutants with the use of a transposon-based mutagenic pro-
cedure that facilitates cloning. To focus our efforts on a
subset of mutants that are potentially involved in sorting at
the Golgi, mutants were also tested for synthetic lethality
with end4, which is a property of a subset of vps mutants that
includes vps1, one of the few VPS genes known to act at the
TGN (Nothwehr et al., 1995). Of 112,600 colonies screened,
960 were found to secrete CPY, and of those, 190 failed to
grow on minimal plates containing 5-FOA. Mutants were
divided into complementation groups and tested against
representatives of the existing vps mutant collection (Table
3). For those mutants that did not correspond to previously
identified VPS genes, the genomic sequence adjacent to the
transposon insertion site was isolated from representative
alleles and sequenced (see MATERIALS AND METHODS)

A number of complementation groups were isolated that
correspond to previously identified VPS genes. The collec-
tion of vps mutants has been divided into classes according
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to mutant vacuolar morphology (Banta et al., 1988; Raymond
et al., 1992). The synthetic lethal screen isolated a subset of
these classes, including all previously identified members of
classes C, D, and F as well as selected class A vps mutants.
Complementation testing of a number of vps mutants that
were able to grow on 5-FOA-containing medium identified
known class B (vps5, vps17, vps39, vps41) and class E (vps37,
vps2) mutants, indicating that synthetic lethality with end4 is
a property of selected groups of vps mutants. In addition,
four novel vps complementation groups were identified that
had not been isolated in any of the previous vps, pep, vam, or
vac genetic screens (Jones, 1977; Bankaitis et al., 1986; Roth-
man and Stevens, 1986; Weisman et al., 1990; Wada et al.,
1992). Three of these four new vps mutants, which were
named ovpsb1, vpsb2, vpsb3, and vpsdH4, exhibited strikingly
similar phenotypes that are distinct from those of previously
characterized vps mutants. vps52, vps53, and vps54 mutants
are indistinguishable in terms of growth, CPY secretion, and
vacuolar morphology. These mutants grow more slowly
than wild-type cells at 30°C and grow very slowly at 37°C,
secrete significant amounts of newly synthesized CPY, and
have fragmented vacuoles that appeared as clusters of in-
terconnecting tubules when visualized with the lumenal
vacuolar dye CDCFDA (Figure 1C). The distinctive pheno-
type of these three mutants suggests that they share a com-
mon function that is unique among known vps mutants.
Therefore, VPS52, VPS53, and VPS54 were chosen for fur-
ther study. The characterization of VPS51 will be presented
elsewhere (our unpublished data).

Cloning of VPS52, VPS53, and VPS54

Regions of genomic DNA flanking the transposon insertion
were recovered from representative alleles and sequenced.
Comparison with the Saccharomyces cerevisine genome data-
base revealed that the transposon insertions in mutant al-
leles of VPS52, VPS53, and VPS54 were present in the pre-
dicted ORFs YDR484w, YJL029¢, and YDR027c, respectively.
Each of these genes was also cloned by complementation of
the growth and CPY secretion phenotypes, and in each case,
the ORFs that contained the complementing activity were
found to correspond to the ORFs containing the transposon
insertion.

Each OREF is predicted to encode a hydrophilic protein
with no regions of homology that are suggestive of function,
although each does contain predicted regions of coiled coil
(Figure 1A). YDR484w corresponds to SAC2, which was
isolated as a mutant suppressor of act1-1 (Novick et al., 1989;
Kolling et al., 1994). However, suppression of act1-1 by sac2
is seen only in certain strain backgrounds and requires the
presence of an additional mutation. Staining with rhoda-
mine-phalloidin revealed that actin assembly and localiza-
tion was unaffected in vps52 null mutants (our unpublished
results), which is consistent with the reported phenotype of
sac2 mutants grown at 30°C (Novick et al., 1989). YDR027c
(VPS54) has been identified in a synthetic lethal screen with
rbl2 and named LUV, but in this case too, the synthetic
lethality was found to require the presence of an additional
mutation (Smith et al., 1998). For the sake of simplicity, the
three genes will be referred to by their VPS names through-
out this report.

Although none of the three genes has a homologue in S.
cerevisiae, each is evolutionarily conserved. Homologues of
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Figure 1. (A) Scheme of the VPS52, VPS53, and VPS54 predicted
ORFs. Regions with p > 0.5 of having coiled-coil structures as
predicted by the COILS server are shaded. (B) CPY secretion in
vpsb2, vpsb3, and vps5H4 mutants. The indicated strains were pulse
labeled with [**S]methionine for 10 min at 30°C and chased for
another 60 min in the presence of 50 ug/ml each of cysteine and
methionine. CPY was immunoprecipitated from intracellular (I) and
extracellular (E) fractions, resolved by SDS-PAGE, and visualized
by fluorography. (C) vps52, vps53, and vps54 mutants have an un-
usual vacuolar morphology. Log-phase cultures were incubated
with CDCFDA for 45 min at 25°C. Representative cells from wild-
type (left) or vps53 (right) strains are shown. The aberrant tubulove-
sicular vacuolar morphology was exhibited by the vast majority of
vpsb2, vpsb3, and vps5H4 mutant cells.

VPS52/SAC2 exist in mouse, human, and worm (Walter and
Gunther, 1998; accession numbers AF100956.1, AL031228.1,
and U29378.1, respectively), whereas VPS53 has homo-
logues in Schizosaccharomyces pombe (accession number
P87129) and worm (accession number Z27079.1), and se-
quences from S. pombe (accession number Z99165.1) exhibit
significant similarity to VPS54. In each case, similarity ex-
tends throughout the length of the proteins, indicating that
homologous proteins in higher eukaryotes may perform
similar functions.

The transposon insertion in the vps53-181 allele, which
truncates the protein after only seven residues, is likely to
create a null mutation. However, for alleles of both vps52
and vpsb4, transposon insertions occur midway through the
genes; therefore, null alleles of vps52 and vps54 were created
in which the ORFs were precisely deleted. The resultant
strains were phenotypically indistinguishable from the
transposon mutants, and the null strains were used in the
subsequent phenotypic analysis.
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Late Golgi Membrane Proteins Are Destabilized in
vps52, vps53, and vps54 Mutants

To obtain a more quantitative estimate of the CPY-sorting
defect, the amount of newly synthesized CPY secreted into
the medium was compared with that remaining inside the
cells after radiolabeling and immunoprecipitation from both
the intracellular and extracellular fractions (Figure 1B).
ups52, vpsb3, and vpsb4 strains each secreted ~70% of CPY
into the medium as the p2, Golgi-modified form, whereas
the wild-type strain secreted <5%. The remainder was re-
tained intracellularly and cleaved to its mature form, indi-
cating that it had reached a compartment containing active
vacuolar proteases. In more detailed pulse-chase experi-
ments, the fraction of CPY that was retained within the cell
became processed to its mature form at a rate that was
indistinguishable from that of wild-type cells (our unpub-
lished results).

Vpsl10p, the receptor for CPY, is a membrane protein that
cycles between the late Golgi and the endosome to perform
multiple rounds of CPY sorting. Defects in the recycling of
Vps10p lead to its degradation in the vacuole and result in
the secretion of the Golgi-modified precursor form of CPY
(p2CPY) from the cell. To determine if the CPY-sorting
defects were due to loss of the sorting receptor, the stability
of Vpsl0p was assessed by pulse-chase radiolabeling fol-
lowed by immunoprecipitation (Figure 2, left panels). In
upsb2, vpsb3, and vpsb4 mutants, VpslOp was noticeably
destabilized, with a half-life of ~120 min. The breakdown
product that appeared is characteristic of cleavage in the
vacuole by PEP4-dependent proteases, and indeed, Vps10p
was stabilized in vps52 mutants that also contained a pep4
mutation, suggesting that this degradation occurred in the
vacuole. Furthermore, Vps10p was cleaved at the same rate
in a strain that contained mutations in all three genes, sug-
gesting that all three genes act at a common step in Vps10p
recycling.

The localization of a number of resident late Golgi pro-
teins also depends on recycling from the prevacuolar com-
partment, and a failure to recycle results in transport to the
vacuole, where they are degraded (Wilcox et al., 1992; Noth-
wehr et al., 1993; Cooper and Stevens, 1996). A-ALP is a
model late Golgi protein that consists of the membrane and
lumenal domains of ALP fused to the cytoplasmic domain of
DPAP A, which contains the sorting information required
for localization of the chimera to the late Golgi (Nothwehr et
al., 1993). The fate of newly synthesized A-ALP was fol-
lowed by pulse-chase immunoprecipitation. In wild-type
cells, A-ALP was very stable, and very little of the A-ALP
underwent the PEP4-dependent cleavage to the mature form
during the 180-min chase (Figure 2, center panels). In con-
trast, in each of the mutant strains, more than half of the
A-ALP was processed to the mature form at the end of the
chase period. The PEP4-dependent cleavage of A-ALP sug-
gests that Golgi membrane proteins were mislocalized to the
vacuole in vps52, vpsb3, and vpsb4 cells. Indeed, the late
Golgi protein Kex2p, an endopeptidase that cleaves proal-
pha factor to its mature form, was also destabilized in each
of the mutant strains; thus, these strains secreted proalpha
factor (our unpublished results).

There are multiple vesicular transport pathways that lead
from the Golgi to the vacuole (Conibear and Stevens, 1998).
Vps10p, A-ALP, and Kex2p all follow the CPY pathway. In
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Figure 2. Golgi membrane proteins
undergo cleavage by vacuolar pro-
teases in vps52, vpsb3, and vps54 mu-
tants. (Left panels) Vacuolar cleavage
of the CPY receptor VpslOp. Wild-type
(SNY369B),  vpsb2Azkan  (LCY222),
opsh3:Tn3URA (LCY221), ups54A:TRP1
(LCY200), wpsb2A:kant  ops53:Tn3URA
ops54A:TRP1 (LCY280), and vps52A::kan
pep4A::LEU2 (LCY319) strains were radio-
labeled for 10 min with [**S]methi-
onine. After chasing for the indicated
times, aliquots of cells were removed
and subjected to immunoprecipita-
tion with antibodies to Vps10p. Sam-
ples were analyzed by SDS-PAGE
and fluorography. The positions of
full-length Vps10p and its PEP4-de-
pendent cleavage product (*) are in-
dicated. (Center panels) Processing
of the late Golgi marker protein A-
ALP. Strains containing a centro-

mere-based  plasmid  encoding
A-ALP (pSN55 for SNY36-9B,
LCY280, LCY200, and LCY319;

pSN246 for LCY221 and LCY280)

were subjected to pulse-chase immunoprecipitation and analyzed as described above except that anti-ALP antibodies were added to immuno-
precipitate A-ALP from the cell extracts. ProA-ALP (p) is converted to the faster-migrating mature form (m) by PEP4-dependent processing in the
vacuole. (Right panels) Maturation of the vacuolar membrane protein ALP. Strains harboring plasmids for the expression of ALP (pSN92 for
SNY36-9B, LCY280, LCY200, and LCY319; pNB6 for LCY221 and LCY280) were pulse chased for the indicated times, immunoprecipitated with
anti-ALP antibodies, and analyzed as described above. PEP4-dependent cleavage of proALP (p) results in the formation of the mature form (m)

as well as an additional commonly observed degradation product (*).

contrast, the vacuolar membrane protein ALP is sorted into
a distinct class of vesicles at the Golgi and follows an alter-
native route to the vacuole that bypasses the PVC. In wild-
type cells, newly synthesized ALP is delivered to the vacu-
ole and proteolytically processed to its mature form with a
half-time of 5 min. In each of the mutant strains, ALP pro-
cessing was delayed only slightly (Figure 2, right panels).
The alternative pathway to the vacuole does not seem to be
significantly perturbed in the mutants, because >90% of
ALP was processed after the 60-min chase. A similar delay
was seen for vps45 mutants (our unpublished results), which
specifically block transport along the CPY pathway; this
may be an indirect effect of blocking traffic along the CPY
pathway, or alternatively, it may be due to altered levels of
proteases in the vacuole.

The degradation of Golgi membrane proteins by vacuolar
proteases is characteristic of mutants that are defective in
some part of the cycling pathway between the yeast late
Golgi and the PVC (Nothwehr and Hindes, 1997; Seaman et
al., 1997). Because the phenotypes of each of the single-
mutant strains are remarkably similar, it is possible that
Vps52p, Vps53p, and Vpsbdp perform a similar function.
The rates at which Vps10p, A-ALP, and ALP are transported
to the vacuole are no different in a strain containing all three
mutations (vps52, vps53, and vps54), strongly suggesting that
VPS52, VPS53, and VPS54 act together at a common trans-
port step (Figure 2).

Membrane Protein Localization in vps52 Mutants

To confirm the results of the pulse-chase studies, the steady-
state localization of a variety of marker proteins was exam-

312

ined by indirect immunofluorescence microscopy. Because
vpsb2, vpsb3, and vpsbH4 mutants were phenotypically indis-
tinguishable, we limited our analysis to vps52 and vps54
mutants, which gave identical results. Only the data for
ups52 mutants are shown in Figure 3. Vphlp is an integral
membrane subunit of the vacuolar H"-ATPase, which is
transported to the vacuole along the CPY pathway, where it
is responsible for vacuolar acidification (Stevens and Forgac,
1997). In wild-type cells, Vphlp colocalized with the vacu-
olar membrane protein ALP in ring-like structures charac-
teristic of vacuolar membranes (Figure 3A). In vps52A cells,
ALP and Vphlp also colocalized to the same intracellular
structures, which did not form rings but instead were seen
as irregularly shaped clusters of vesicles and tubules similar
in appearance to the intracellular structures that stain with
CDCFDA (Figure 1C) and that correspond to the fragmented
vacuole. This suggests that there are no obstacles to the
transport of membrane proteins from the Golgi to the vac-
uole by way of either the CPY pathway or the alternative
ALP pathway.

Vps10p, which was found in a number of discrete punc-
tate structures in wild-type cells that correspond to the late
Golgi (Figure 3B) (Cooper and Stevens, 1996), was mislocal-
ized in vps52 mutants to the same vacuolar structures that
contained Vphlp (Figure 3B). This is consistent with the
results of the kinetic analysis of Vps10p turnover (Figure 2),
which demonstrated that Vps10p was cleaved by vacuolar
proteases in vps52 mutant cells. Together, these data indicate
that Vps10p was not efficiently recycled from the PVC back
to the Golgi in these mutants but instead was mislocalized to
the vacuole and exposed to vacuolar proteases.

Molecular Biology of the Cell



wild type

Figure 3. Localization of membrane proteins
by double-label immunofluorescence in wild-
type and vps52A cells. (A) The vacuolar mem-
brane protein ALP (green) colocalizes with the
vacuolar ATPase subunit Vphlp (red) in wild-
type (SNY36-9B) and vps52A (LCY222) cells
containing centromere plasmid pSN92 (ALP).
(B) Vps10p-HA (green) is localized to dots that
are distinct from the vacuoles that label with
Vphlp (red) in wild-type cells (LCY294),
whereas both markers label the fragmented
vacuoles of vps52A cells (LCY315). (C) A-ALP
(green) is localized to dots that are distinct
from the vacuoles that label with Vphlp (red)
in wild-type cells (SNY36-9B containing
PSN55), whereas in vpsb2A cells, A-ALP is
found in smaller punctate structures as well as
in the vacuoles of vps52A cells (LCY222 con-
taining pSN55). (D) The cis-Golgi marker pro-
tein Och1p-HA (green) exhibits a similar punc-
tate distribution in both wild-type (LCY302)
and ops52A (LCY316) strains that is distinct
from the vacuolar staining of Vphlp (red).
Strains were fixed, spheroplasted, and double
labeled with rabbit anti-Vphlp antiserum and
a mouse mAb to either ALP (A and C) or HA
(B and D) followed by fluorescently labeled
secondary antibodies.

Ochlp-HA

The distribution of A-ALP was also significantly altered in
ups52 mutants. In wild-type cells, A-ALP, like Vps10p, lo-
calized to a number of distinct dots that are typical of Golgi
proteins (Figure 3C) (Nothwehr et al., 1993). In a vps52 strain,
A-ALP showed vacuolar staining that is consistent with the
observed processing by vacuolar proteases. However, in
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vps52A

Vphlp

Vpsl0p-HA Vphlp

Vphlp Vphlp

Vphlp Ochlp-HA Vphlp

many cells, A-ALP was additionally found in small, diffuse
punctate structures (Figure 3C). Immunolocalization of
Kex2p showed a similar staining pattern that combined
vacuolar structures with small dots (our unpublished re-
sults). Although the A-ALP- and Kex2p-labeled structures
could represent fragmented Golgi, such labeling is often
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Figure 4. Invertase is fully glycosy-
lated and secreted from vps52A and

vps52/53/54

triple mutant strains. Wild-type
(SNY36-9B), wpsb2A:kan (LCY222), and
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associated with transport vesicles that collect in a number of
other vps mutants (Piper ef al., 1994; Holthuis et al., 1998b).
The distribution of the cis-Golgi marker Ochlp-HA was
found to be unchanged in vps52 mutants compared with
wild-type cells (Figure 3D). Therefore, vps52 mutants did not
exhibit gross alterations in the overall morphology of the
Golgi complex but instead were specifically defective in the
localization of a number of late Golgi membrane proteins.

Invertase Is Secreted in Its Fully Glycosylated Form
from vps52 Mutants

The glycosylation and transport of the secretory protein
invertase was examined to assess the integrity of the Golgi
compartment and early Golgi functions (Figure 4). Strains
containing a plasmid-borne SUC2 gene were incubated for
45 min in low-glucose medium to derepress the synthesis of
invertase before pulse labeling for 7 min and chasing for 0
and 30 min. Invertase immunoprecipitated from the intra-
cellular fraction immediately after the pulse was present
inside the cell as the core-glycosylated ER form. In wild-type
cells, a significant amount of the outer-chain modified (fully
glycosylated) form of invertase was secreted into the me-
dium during the labeling period, where it appeared as a
slowly migrating, diffuse band. Secretion of invertase was
delayed in vps52 and vps52/53/54 cells, which showed little
accumulation of invertase in the medium during the 7-min
pulse. Slowed transport through the Golgi may be a conse-

opsb2A:kant vps53:Tn3URA vps54A:TRP1
(LCY280) strains containing a plasmid
encoding SUC2 (pFvM104) were
grown in low-glucose medium for 45
min to induce invertase expression be-
fore labeling with [**S]methionine for 7
min and chasing for 30 min. Invertase
was immunoprecipitated from intra-
cellular (I) and extracellular (E) frac-
tions and analyzed by SDS-PAGE and
fluorography.

I E

quence of the slow growth of these strains. However, most
of the invertase was secreted into the medium in a fully
glycosylated form after 30 min, indicating that transport
through the secretory pathway was not blocked in the mu-
tant strains. Similar results were found for vps53 and vps54
cells (our unpublished results). Therefore, despite the mis-
localization of TGN membrane proteins, there is no indica-
tion of defects in the localization or function of the early and
medial Golgi mannosyltransferases responsible for invertase
glycosylation.

ALP and Vps10p Do Not Reach the Vacuole by Way
of the Plasma Membrane in vps52 Mutants

VPS1 is required for the formation of two different types of
vesicles from the TGN, which divert proteins from the se-
cretory pathway into the ALP and CPY pathways. In vpsl
mutants, membrane proteins such as ALP are missorted to
the plasma membrane and rely on endocytosis to reach the
vacuole (Nothwehr et al., 1995). Clathrin is required for the
formation of only one class of vesicles at the TGN, and
clathrin temperature-sensitive mutants missort TGN pro-
teins (but not ALP) to the cell surface (Seeger and Payne,
1992).

To determine if membrane proteins reach the vacuole in
ups52 mutants by way of the plasma membrane, vacuolar
cleavage of Vps10p and ALP was examined in a sec1-ts vps52
double mutant strain (Figure 5). In cells grown at 22°C,
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Figure 5. Vacuolar transport of
ALP and Vps10p in vps52 mutants
is independent of SECI. A ovps52
s1-1 double mutant strain (LCY262
containing pNB6) was preincu-
bated for 30 min, labeled for 10
min, and chased for the indicated
times at 22°C (top panels) or 36°C
(bottom panels). ALP, Vps10p, and
CPY were immunoprecipitated and
analyzed as described above. I, in-
tracellular; E, extracellular.
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Figure 6. Vps52p, Vpsb3p, and A
Vpsb4p are stable only when coex-
pressed. (A) Steady-state levels of in-
tegrated, HA-tagged versions of
Vps52p, Vps53p, and Vps54p in mu-
tant strains. Detergent extracts were
made from each of the indicated strains
(lane 1, LCY226; lane 2, LCY229; lane 3,
LCY233; lane 4, LCY251; lane 5,
LCY252; lane 6, LCY255; lane 7, LCY270;
lane 8, LCY253; lane 9, LCY254), ad-
justed to give equal protein concentra-
tions as determined by Bradford as- B
say, and analyzed by Western blotting
with an anti-HA mAb. Blots were vi-
sualized by chemiluminescence and
quantified by chemifluorescence (see

o-HA
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by SDS-PAGE and fluorography.

p2CPY was secreted into the medium, whereas a portion of
the CPY was retained inside the cell and processed to the
mature form, as described previously for vps52 mutants.
Inactivation of SEC1 after a shift to the nonpermissive tem-
perature of 36°C resulted in the intracellular accumulation of
p2CPY due to a block in the fusion of secretory vesicles with
the plasma membrane. However, this late block did not
affect maturation of the 30% of newly synthesized CPY that
was correctly sorted in vps52 mutants. Moreover, vacuolar
processing of ALP and Vps10p was not blocked at the non-
permissive temperature, indicating that protein traffic is not
rerouted to the plasma membrane in vps52 mutants.

vpsb2, vps53, and vpsb4 mutants were also tested for the
missorting of ALP to the cell surface by following the kinet-
ics of ALP maturation in end4-ts vps52 (or vps53 or vps54)
double mutant cells. Because ALP was transported to the
vacuole in all three mutant strains independent of END4
function (our unpublished results), VPS52, VPS53, and
VPS54 are unlikely to participate in the formation of vesicles
at the TGN that sort membrane proteins into the CPY and
ALP pathways.

Vpsh2p, Vpsb3p, and Vps54p Depend on Each Other
for Stability

The similar phenotypes of vps52, vps53, and vps54 single and
triple mutants suggest that the functions of these three genes
are related. Because some of these genes may regulate the
synthesis or stability of some of the others, we investigated
the relative levels of each gene product in different mutant
strains. Three copies of the influenza HA tag were intro-
duced at the C terminus of the VPS52, VPS53, and VPS54
OREFs, and the resulting constructs were integrated into the
genome. In each case, the tagged protein was found to be
fully functional, as assessed by CPY sorting and growth.
Analysis by SDS-PAGE followed by Western blotting iden-
tified, for each protein, a major band that migrated at the
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predicted molecular weight (Figure 6A). Interestingly, the
steady-state level of each of the tagged proteins was depen-
dent on the presence of the other two proteins. For example,
in vps53 and vpsb4 mutant strains, Vps52p-HA was present
at only 14% of the level found in wild-type cells. Decreases
in the levels of Vps53p-HA and Vps54p-HA were also seen
in the corresponding vps52, vps53, and vpsb4 mutant back-
grounds.

Pulse-chase analysis was performed to determine whether
the decreased steady-state levels were the result of a de-
creased rate of synthesis or an increase in turnover rate
(Figure 6, B-D). Mutant strains were labeled for 10 min and
chased for varying lengths of time. Vps52p-HA, Vps53p-
HA, and Vpsb4p-HA were all quite stable in wild-type cells
during the 2-h chase but were destabilized in each of the
mutant strains. The extent of the destabilization seen by
pulse-chase immunoprecipitation was found to correlate
with the steady-state levels seen in Western blotting. There-
fore, it seems that each of these three proteins was unstable
and rapidly turned over in the absence of the other two.

Vps52p, Vps53p, and Vps54p Form a 1:1:1 Complex

The observation that Vps52p, Vps53p, and Vps54p each was
subject to rapid degradation in the absence of the other two
suggested that physical associations between the three pro-
teins may contribute to their stability in wild-type cells.
Immunoprecipitation experiments were carried out under
nondenaturing conditions to determine if the proteins form
a complex. Triple HA- or myc-tagged forms of each protein
were created and integrated in different pairwise combina-
tions. CPY sorting and growth were unimpaired in strains
containing one or more epitope-tagged proteins, indicating
that the modified forms are fully functional. Strains contain-
ing one or more epitope-tagged proteins were subjected to

315



E. Conibear and T.H. Stevens

epitope-tagged proteins present
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samples were processed in parallel; lanes 9 and 10 are identical. Apparent differences in the levels of Vps52p-myc and Vps54p-myc relative to
Vps53p-myc are due to context dependence of the anti-myc mAb 9E10; all three proteins are recognized equally well by the rabbit anti-myc serum
(our unpublished results). The following strains were used: lane 1, LCY228; lane 2, LCY226; lane 3, LCY227; lane 4, LCY233; lane 5, LCY237; lane
6, LCY234; lane 7, LCY229; lane 8, LCY235; lane 9, LCY256; lane 10, LCY256; lane 11, LCY226 + pLC65; lane 12, LCY228 + pLC75; lane 13, LCY234

+ pLC104.

immunoprecipitation under nondenaturing conditions with
an affinity-purified anti-myc antiserum and analyzed by
Western blotting for copurifying proteins (Figure 7). When
anti-myc antiserum was used to immunoisolate Vps53p-myc
from a strain that coexpressed Vps52p-HA, >90% of the
Vps52p-HA present in the extract was detected in the pre-
cipitate, indicating that these proteins do indeed exist in a
complex (Figure 7, lane 3). No detectable Vps52p-HA was
present in anti-myc precipitates from a strain that did not
also contain myc-tagged Vps53p. Immunoprecipitation of
Vps53p-myc also led to the copurification of >90% of
Vps54p-HA (Figure 7, lane 5), suggesting that the intracel-
lular pools of all three proteins are present in a single com-
plex. Consistent with this interpretation, Vps53p-HA and
Vps52p-HA were coprecipitated with equal efficiency from
cells that also expressed Vpsb54p-myc (Figure 7, lanes 8
and 9).

Immunoisolation of a myc-tagged protein resulted in the
nearly complete depletion of the coexpressed HA-tagged
protein from the cell lysates (>90%). In addition, no copre-
cipitation was observed when Vps53p-myc and Vps52p-HA
were expressed in separate strains and cell lysates were
mixed immediately before immunoprecipitation, indicating
that complexes do not separate and reform under the exper-
imental conditions used (our unpublished results). There-
fore, Vps52p, Vps53p, and Vps54p appear to be subunits of
a stable complex.

To determine if any of these components are present in the
complex in more than one copy, native immunoprecipitation
experiments were performed with strains in which differ-
ently tagged forms of the same protein were coexpressed
(Figure 7, lanes 10-13). If each complex contained two cop-
ies of Vps52p, then in a strain expressing both Vps52p-myc
and Vps52p-HA, approximately half of the complexes
should contain both Vps52p-myc and Vps52p-HA, and pre-
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cipitation of Vps52p-myc should result in the coprecipitation
of 50% of the Vps52p-HA. However, in cells expressing
equivalent levels of both Vps52p-HA and Vps52p-myc, HA-
tagged Vps52p was not detected in Vps52p-myc immuno-
precipitates at levels above background, even after very long
exposures. The same result was obtained for Vps53p and
Vps54p (Figure 7, lanes 10-13), indicating that each of these
proteins is present in the complex in a single copy.

The Vps52/53/54 complex may contain additional com-
ponents that were not identified in our screen or that, when
mutated, result in different phenotypes. To look for addi-
tional copurifying proteins, we metabolically labeled cells
expressing Vps52p-HA, Vps53p-HA, or Vps54p-HA. When
anti-HA immunoprecipitations were carried out on lysates
prepared from radiolabeled strains under denaturing condi-
tions, a prominent band of the expected molecular weight
was seen in each of the tagged strains that was not present
in the untagged strains (Figure 8, lanes 1-4). When extracts
from cells expressing Vps52p-HA were prepared under non-
denaturing conditions, two other prominent bands were
seen in addition to Vps52p-HA. Because the addition of the
3XHA epitope tag adds ~5 kDa to the molecular mass of
each protein, the tagged proteins would be expected to
migrate more slowly than the untagged forms. Indeed, the
two proteins that copurified with Vps52p-HA migrated as
expected for the untagged forms of Vps53p and Vps54p. An
analysis of the copurifying bands from Vps53p-HA and
Vps54p-HA strains confirmed that Vps52p, Vps53p, and
Vps54p could be immunoprecipitated from labeled extracts
under native conditions. These data indicate that Vps52p,
Vps53p, and Vpsbdp form a discrete complex that may
contain only these three proteins.

No other copurifying bands apart from the three known
subunits of the complex could be identified in these exper-
iments. Additional components bound to the complex by
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Figure 8. Vps52p, Vps53p, and
Vpsb4p are major components of
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low-affinity interactions may have been released during the
immunoprecipitation procedure. In addition, nonspecific
binding of lower-molecular-weight proteins may have ob-
scured copurifying proteins in the low-molecular-weight
range, which would be expected to contain fewer cysteine/
methionine residues and therefore radiolabel less intensely.
Vps53p-myc and Vps52p-HA present in detergent extracts
were found to cosediment as a single peak on sucrose ve-
locity gradients as a complex of ~300 kDa (Figure 9A). This
value is close to the sum of the predicted molecular masses
of Vps52p-HA, Vps53p-myc, and Vpsb4p (278 kDa), which
suggests that there are not a large number of additional,
unidentified subunits in the complex. These findings are
consistent with the data from coimmunoprecipitation (Fig-
ure 7) and stability (Figure 6) experiments, which suggest
that the proteins do not exist in stable monomeric pools but
instead are associated in a single complex at steady state.

The Vps52/53/54 Complex Is Peripherally Associated
with the Late Golgi Compartment

Subcellular fractionation by differential sedimentation was
performed to determine the subcellular distribution of the
complex (Figure 9B). Although the majority of the complex
was in a cytoplasmic pool (5100), a somewhat variable frac-
tion (30-50%) sedimented with the high-speed membrane
pellet (P100) that contains the Golgi, endosomes, vesicles,
and other membranes (Marcusson et al., 1994; Becherer et al.,
1996). However, the complex is not an integral component of
these membranes, because treatment with 0.1 M Na,CO,,
pH 11, or 1 M NaCl released the complex into the superna-
tant (Figure 9C). The Vps52p-HA present in the high-speed
pellet was insoluble in 1% Triton X-100, indicating that at
least a fraction of the complex is involved in more extensive
protein—protein interactions. These interactions may be dis-
rupted under certain experimental conditions, which may
explain the variability in the amount of P100-associated
Vps52p-HA as well as the presence of a single peak in
sucrose velocity gradients.
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By immunofluorescence microscopy, Vps52p-HA local-
ized to a number of distinct dots (Figure 10). Vps53p-HA
and Vps54p-HA exhibited a similar staining pattern (our
unpublished results), which is typical of many Golgi mem-
brane proteins (Redding et al., 1991; Nothwehr ef al., 1993;
Cooper and Stevens, 1996). In S. cerevisiae, the Golgi complex
is not organized into stacked cisternae, and components of
early and late Golgi compartments can readily be distin-
guished by immunofluorescence microscopy (Harris and
Waters, 1996; Holthuis et al., 1998a). Most of the structures
that contained Vps52p-HA were also found to label with the
late Golgi marker A-ALP, although there were some differ-
ences in the relative intensities of the structures labeled by
each antibody (Figure 10A). In contrast, antibodies to the
prevacuolar marker Pep12p labeled much smaller and more
numerous structures distributed throughout the cytoplasm
(Figure 10B). In merged images, the staining patterns of
Vps52p-HA and Pepl2p did not overlap, whereas
Vps52p-HA showed extensive colocalization with A-ALP;
therefore, the complex is likely to be associated with the
TGN and not with the PVC.

In class E vps mutants such as vps27, membrane traffic
from the prevacuolar compartment is blocked, leading to the
accumulation of an aberrant class E structure, which con-
tains prevacuolar markers such as Pepl2p as well as late
Golgi proteins such as A-ALP and Vpsl10p, which continu-
ously recycle through the prevacuole (Cereghino et al., 1995;
Piper et al., 1995; Voos and Stevens, 1998). A number of
peripheral membrane proteins involved in vacuolar protein
sorting that are localized diffusely in wild-type cells (e.g.,
Mvplp, Grd19p, Vps5p) are more readily visualized in vps27
mutants, where they are associated with the class E com-
partment (Ekena and Stevens, 1995; Nothwehr and Hindes,
1997; Voos and Stevens, 1998). However, the distribution of
Vps52p-HA did not change in wups27 mutants, whereas
Pep12p accumulated in one or two large, brightly staining
structures typical of the class E compartment (Figure 10C).
Therefore, in contrast to many of the proteins required for
the recycling of TGN proteins from the PVC, the Vps52/
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Figure 9. (A) Vps52p and Vps53p cosedi-
ment on sucrose velocity gradients. The low-
speed supernatant from LCY227 cells lysed in
buffer containing 1% Triton X-100 was loaded
at the top of a continuous 10-30% sucrose
gradient and spun for 4.5 h, and a mixture of
molecular mass markers was run in parallel
on a second gradient. Three percent of each
fraction, collected from the top of the gradient
(lanes 1-13), as well as 10% of the material
that sedimented to the bottom of the tube
(lane P), was analyzed by Western blotting for
myc and HA epitopes. The positions of the
molecular mass markers (determined by Coo-
massie staining of SDS-PAGE gels) are indi-
cated. (B) Association of Vps52p-HA and
Vps53p-HA with the high-speed pellet. Sub-
cellular fractions were prepared from a
vpsb2A strain containing pLC72 (Vps52p-HA)
by differential sedimentation as described in
MATERIALS AND METHODS, separated by
SDS-PAGE, and analyzed by Western blotting
for HA, phosphoglycerate kinase (cytosolic
marker protein), Vps10p (Golgi marker), and
ALP (vacuolar marker; the faster-migrating
band present in the S100 is a soluble degra-
dation product). Subcellular fractions were
prepared in parallel from a vps53::Tn3 strain
M containing pLC75 (Vps53p-HA) and analyzed

NaCl by blotting for the same markers; only the

anti-HA blot is shown. (C) Vps52p is periph-
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53/54 complex does not appear to be localized to the PVC
but instead is peripherally associated with the late Golgi
complex.

DISCUSSION

A large number of different factors might be expected to
regulate the variety of vesicle formation and fusion reactions
that take place at the TGN, but to date few such factors have
been identified in yeast. In this paper, we describe the iden-
tification and characterization of three components of a
novel TGN-localized complex—the Vps52/53/54 com-
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erally associated with P100 membranes. 513
supernatant fractions from LCY226 were
treated with 1% Triton X-100 (TX-100), 0.1 M
Na,CO;, pH 11, or 1 M NaCl for 10 min at 4°C
before centrifugation at 100,000 X g for 45
min. Equal amounts of the supernatant (S)
and pellet (P) were analyzed by Western blot-
ting with anti-HA antibodies.

plex—that is required for CPY sorting as well as for the
localization of resident TGN membrane proteins.

Vpsh2p, Vpsb3p, and Vps54p Form a Stable Complex

We have shown that Vps52p, Vps53p, and Vps54p are
subunits of a novel complex and that these proteins co-
immunoprecipitate from cell lysates and cofractionate on
sucrose velocity gradients. They do not seem to exist in
monomeric pools, and the observation that loss of any one
of these proteins leads to the degradation of each of the
other subunits suggests that they are components of a

Molecular Biology of the Cell



A Vps52p-HA

[ .

Figure 10. Vps52p-HA colocalizes with A-ALP at the late Golgi by
indirect immunofluorescence microscopy. (A) Vps52p-HA—-express-
ing cells (LCY226) containing pSN55 (A-ALP) were fixed, sphero-
plasted, and double labeled with an anti-HA polyclonal antiserum
and an anti-ALP mAb. Pairs of images corresponding to each anti-
gen were collected with the use of confocal microscopy, and the
images were merged to show coincidence of the two staining pat-
terns. A majority of the structures that labeled with the HA antibody
also contained A-ALP, although the relative intensities of the two
staining patterns varied. (B) LCY226 (Vps52p-HA) cells and (C)
LCY243 (Vps52p-HA ovps27A) cells double labeled with an anti-HA
polyclonal antiserum and a mAb to Pep12p.
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stable multimeric complex. When this complex was puri-
fied from radiolabeled extracts, the major copurifying
bands were found to correspond to Vps52p, Vps53p, and
Vps54p. The immunoprecipitation data indicate that each
‘of the three proteins is present in a single copy, and
although the combined predicted molecular weight of
these three subunits corresponds roughly to the apparent
size of the complex on sucrose velocity gradients, we
cannot exclude the possibility of other as-yet-unidentified
components. Vps54p/Luvlp has been reported to interact
in vitro with Rbl2p, a molecular chaperone that binds
B-tubulin and participates in its folding and assembly
(Smith et al., 1998). B-Tubulin was not enriched in Vps54p
immunoprecipitates, and microtubules are not required
for CPY sorting (Vater et al., 1992). Although the in vivo
interaction with Rbl2p may reflect the affinity of chaper-
ones for unfolded proteins in the cell extract, it may also
indicate a more general role for RbI2p in the assembly of
diverse macromolecular complexes.

Vps52p, Vpsb3p, and Vps54p each contain regions of
predicted coiled-coil structure, which may contribute to
the protein—protein interactions that mediate complex as-
sembly, but none of these proteins contains regions of
sequence homology to any well-characterized protein or

Vol. 11, January 2000

A Novel Vacuolar Protein-sorting Complex

/
o~ Y AN
Ty

S~

ALP PATHWAY

GOLGI

Figure 11. Model of transport pathways in vps52, vpsb3, and vps54
mutants. Resident late Golgi membrane proteins such as Kex2p and
the marker protein A-ALP are transported along the CPY pathway
and maintain their Golgi distribution by recycling from the PVC.
Loss of retrograde transport from the PVC back to the late Golgi in
ups52, vps53, or vpss4 mutants leads to the slow delivery of TGN
proteins, including the CPY receptor Vpsl10p, to the vacuole. This
results in the vacuolar degradation of Golgi proteins and the secre-
tion of CPY.

functional domain. However, the complex is clearly con-
served throughout evolution, and homologues of each
subunit exist in eukaryotic organisms ranging from
worms to humans. Many factors involved in vesicle trans-
port processes are members of protein families that per-
form related functions at different transport steps, and
these have been the focus of intensive study (Ferro-Nov-
ick and Jahn, 1994; Conibear and Stevens, 1998). Recently,
a number of unique multiprotein complexes have been
described that play important roles at individual traffick-
ing steps, and such complexes may contribute to the
fidelity of transport events (Pfeffer, 1999).

Function of the Vps52/53/54 Complex in Golgi
Sorting

The results from our phenotypic analysis of vps52, vps53,
and vps54 mutants are consistent with the idea that Vps52p,
Vps53p, and Vpsb4p function together at a common step in
protein transport between the late Golgi and the prevacuolar
compartment. Null alleles of each gene have identical phe-
notypes, and simultaneous deletion of all three genes does
not present any more serious consequences for the cell than
deletion of a single subunit. Loss of the complex results in
the secretion of ~70% of the newly synthesized CPY. De-
spite this rather severe CPY-missorting phenotype, none of
these genes was identified in any of the previous vps, pep, or
vam screens. This may be due in part to the relatively poor
growth of these mutant strains at all temperatures; a number
of earlier screens relied on growth advantages conferred by
the secretion of CPY or of CPY-invertase fusions on selective
medium (Bankaitis ef al., 1986; Rothman and Stevens, 1986).

In addition to CPY missorting, all three mutant strains
exhibit defects in the localization and stability of a number
of late Golgi membrane proteins, which points to a defect in
the recycling pathway between the Golgi and the prevacuole
(Figure 11). Vpsl10p, A-ALP, and Kex2p are not efficiently
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retrieved from the PVC; instead, they are mislocalized to the
vacuole, where they are cleaved by vacuolar proteases.
However, early Golgi functions and endocytosis of the styryl
dye FM-464 to the vacuole (our unpublished results) are
relatively unaffected in the mutant strains. A number of
observations indicate that transport from the TGN to the
vacuole also proceeds normally in vps52, vps53, and vps54
mutants. Localization of the vacuolar H*-ATPase, which is
transported from the Golgi to the vacuole by way of the
PVC, is not perturbed. The vacuolar membrane protein ALP,
which follows an alternative pathway to the vacuole that
bypasses the PVC, also reaches the vacuole in mutant strains
with normal kinetics.

In vps1 mutants, which are defective in vesicle formation
at the TGN, newly synthesized vacuolar membrane proteins
such as ALP are transported to the cell surface and rely on
endocytosis to reach the vacuole (Nothwehr et al., 1995). The
rerouting of membrane proteins to the plasma membrane
has been postulated to explain the synthetic lethality of vps1
and end4A. However, defects in a number of other cellular
functions are also lethal in combination with end4 mutations,
including defects in endocytosis, actin assembly, and vacu-
olar acidification (Holtzman ef al., 1993; Munn and Riezman,
1994), and vps mutants such as vps45 do not missort ALP to
the plasma membrane (Piper et al., 1997) yet were also
isolated in the end4A synthetic lethal screen. vps52 mutants
do not missort ALP or Vps10p into the secretory pathway,
because these membrane proteins reach the vacuole inde-
pendent of SECI. Therefore, it is unlikely that the Vps52/
53/54 complex is involved in vesicle formation at the TGN.
Instead, the transport defects in vps52/53/54 mutant strains
appear to be limited to the retrograde pathway that recycles
Golgi membrane proteins from the PVC back to the TGN.

A number of Vps proteins have been characterized that
are also required for the retrieval of Golgi proteins from the
PVC, including Vps35p, Vps29p, Vps26p, Vpsbp, and
Vps17p, which make up the PVC-localized retromer com-
plex (Nothwehr and Hindes, 1997; Seaman et al., 1998; Noth-
wehr et al., 1999). In these mutants, Vps10p is not recycled
from the PVC back to the Golgi but instead is transported to
the vacuole with a half time of ~30 min, which is compara-
ble to the rate at which mutant forms of Vpsl0p lacking a
cytosolic domain are delivered to the vacuole (Cooper and
Stevens, 1996). The retromer complex is thought to act at the
PVC to select cargo for retrograde transport. However, the
Vps52/53/54 complex is found at the TGN, where it colo-
calizes with the late Golgi marker A-ALP. Although A-ALP,
like other resident TGN proteins, cycles continuously
through the PVC, its steady-state distribution is distinct
from that of the PVC marker protein Pep12p. Blocking or
slowing membrane traffic from the PVC by mutation of
VPS27 results in the accumulation of A-ALP and other TGN
proteins together with Pep12p in the class E compartment,
which is an exaggerated form of the PVC (Piper et al., 1995).
Retromer proteins as well as other peripheral membrane
proteins implicated in retrieval from the PVC are also asso-
ciated with this class E compartment (Nothwehr and
Hindes, 1997). However, the distribution of the Vps52/
53/54 complex is unchanged in vps27 mutants and is clearly
distinct from that of Pep12p. Therefore, the Vps52/53/54
complex does not appear to be associated with the PVC or to
follow a recycling pathway through the PVC; instead, the
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complex is targeted to the TGN by a mechanism that is
independent of efficient retrograde transport from the PVC.

The TGN localization of the Vps52/53/54 complex sug-
gests that if it does indeed mediate retrograde transport, its
localization to the target membrane is more indicative of a
role in docking or fusion of retrograde vesicles. One might
expect transport vesicles containing recycling TGN proteins
to accumulate in such mutants. However, disruption of ret-
rograde transport at a fusion step may prevent the recycling
of membrane proteins that are required for the formation of
new vesicles, thus slowing the rate of exit from the TGN and
inhibiting the formation of new vesicles from the PVC.
Therefore, a defect in the fusion of retrograde vesicles with
the TGN could indirectly lead to the slow delivery of TGN
membrane proteins to the vacuole rather than to a dramatic
accumulation of vesicular intermediates. In fact, although a
portion of A-ALP and Kex2p can be detected in the vacuoles
of vps52 mutants, much of the A-ALP and Kex2p is found in
a large number of dispersed small punctate structures that
are similar to transport vesicles and distinct from the fewer,
larger dots that characterize the late Golgi in wild-type cells.
An accumulation of vesicles has also been reported in sac2
mutants (allelic to vps52) grown at 30°C and examined by
electron microscopy (Novick et al., 1989).

VpslO0p is found primarily in the vacuole in vps52/53/54
mutants rather than in vesicles. Differences in the trafficking
of VpslOp and TGN proteins such as Kex2p have been
demonstrated previously (Voos and Stevens, 1998; Noth-
wehr et al., 1999). One model to account for these differences
is that Kex2p and Vps10p cycle through different endosomal
compartments (e.g., early endosomes versus PVC; Holthuis
et al., 1998a). Loss of the Vps52/53/54 complex may block
the fusion of a single class of recycling vesicles with the
TGN, resulting in the accumulation of vesicles from just one
population of endosomes. Alternatively, cargo molecules
present in the same endosomal compartment could enter
recycling vesicles with different efficiencies. The differential
effects of ¢grd19 and certain vps35-ts mutations on Vpsl0p
and Kex2p trafficking have been ascribed to differences in
the machinery that recruits cargo into recycling vesicles
(Voos and Stevens, 1998; Nothwehr et al., 1999).

Because no mutants have yet been described that specifi-
cally prevent the fusion of retrograde vesicles with the yeast
TGN, it is difficult to predict the phenotypic consequences of
blocking this transport step. Tlglp and Tlg2p are t-SNAREs
that localize to both the TGN and the endosomal compart-
ments (Abeliovich et al., 1998; Holthuis et al., 1998a,b) and
have been proposed to mediate the fusion of endosome-
derived vesicles with the yeast TGN (Nichols and Pelham,
1998), although other roles for these proteins are possible
(Seron et al., 1998). These t-SNAREs, like the Vps52/53/54
complex, are required to maintain normal levels of late Golgi
membrane proteins and for the correct sorting of CPY. tig1
and tIg2 mutants secrete significant amounts of newly syn-
thesized CPY (50 and 35%, respectively; Nichols et al., 1998),
although wvps52, vps53, and vpsb4 strains secrete still more.
However, the promiscuity of SNARE-SNARE interactions
may allow other post-Golgi t-SNAREs to substitute at least
in part for the loss of the relevant late Golgi t-SNARE. In
fact, loss of the vacuolar t-SNAREs Vam3p and Vam7p
results in less severe defects in vacuolar morphology and
function than loss of the class C proteins Vpsllp, Vps18p,
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Vpsl6p, and Vps33p, which act together to regulate the
fusion of multiple transport intermediates with the vacuole,
and high levels of the prevacuolar t-SNARE Pep12p sup-
press mutations in VAM3 (Darsow et al., 1997; Rieder and
Emr, 1997). It is also difficult to extrapolate from the pheno-
types resulting from defects in t-SNAREs, because these
proteins are likely to regulate a number of different transport
events. For example, a putative TGN t-SNARE might also be
expected to mediate the fusion of recycling vesicles from the
plasma membrane and early endosomal compartments as
well as from the PVC, events that may involve different sets
of v-SNAREs and associated docking factors.

Now that an obligatory role for unique accessory proteins
has been demonstrated for the formation of SNARE com-
plexes at many different trafficking steps (Pfeffer, 1999), it
seems likely that such factors will be found to be generally
required for all vesicle docking and/or fusion reactions.
Further experiments will be needed to determine if the
Vps52/53/54 complex acts as a docking factor in retrograde
traffic to the TGN, perhaps in conjunction with Tlglp and/or
Tlg2p. Alternatively, the Vps52/53/54 complex could be
required to maintain the integrity of the TGN. The two
possibilities are not mutually exclusive: GM130 functions
both as a docking factor, interacting with p115 in intra-Golgi
transport in mammalian cells, and as a matrix protein, me-
diating the assembly and disassembly of stacked Golgi cis-
ternae through successive cell divisions coupled to a cycle of
phosphorylation/dephosphorylation (Nakamura et al., 1997;
Lowe et al., 1998). The isolation of temperature-sensitive-for-
function alleles of vps52, vps53, and vps54 should help in
separating the direct effects of these mutations from those
resulting from long-term loss of late Golgi function. Such
mutations would permit an epistasis analysis to order the
function of these three new VPS genes relative to those of
other genes in the CPY pathway.
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