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Multisubunit tethering complexes may contribute to the specificity of membrane fusion events by
linking transport vesicles to their target membrane in an initial recognition event that promotes
SNARE assembly. However, the interactions that link tethering factors to the other components of
the vesicle fusion machinery are still largely unknown. We have previously identified three
subunits of a Golgi-localized complex (the Vps52/53/54 complex) that is required for retrograde
transport to the late Golgi. This complex interacts with a Rab and a SNARE protein found at the
late Golgi and is related to two other multisubunit tethering complexes: the COG complex and the
exocyst. Here we show that the Vps52/53/54 complex has an additional subunit, Vps51p. All four
members of this tetrameric GARP (Golgi-associated retrograde protein) complex are required for
two distinct retrograde transport pathways, from both early and late endosomes, back to the TGN.
ups51 mutants exhibit a distinct phenotype suggestive of a regulatory role. Indeed, we find that
Vps51p mediates the interaction between Vps52/53/54 and the t-SNARE Tlglp. The binding of
this small, coiled-coil protein to the conserved N-terminal domain of the t-SNARE therefore

provides a crucial link between components of the tethering and the fusion machinery.

INTRODUCTION

Vesicular traffic between different organelles in the secretory
and endocytic pathways involves the highly regulated dock-
ing and fusion of a transport vesicle with a specific target
membrane. Current models suggest that at least some of the
specificity of the docking and fusion process is provided by
the recognition and pairing of small membrane-anchored
proteins called SNAREs (Chen and Scheller, 2001). As a
single v-SNARE on the vesicle membrane assembles with
three t-SNAREs on the target membrane, opposing mem-
branes are drawn together, resulting in bilayer mixing and
fusion. However, additional factors implicated in vesicle
docking such as Rab GTPases and multisubunit tethering
complexes may act at a step that precedes SNARE pairing
and assembly (Whyte and Munro, 2002). Although much
debate has centered on which of these factors mediate the
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primary membrane recognition event, specificity may be
determined not by a single component, but instead by a
combination of SNAREs, Rabs, and tethers that together
uniquely define a given transport step. Defining the nature
of these interactions remains a major challenge.

The tethering factors identified to date are a diverse col-
lection of long coiled-coil proteins and multisubunit com-
plexes that are presumed to link vesicles to their target
membrane in a step that promotes subsequent SNARE com-
plex formation (Whyte and Munro, 2002). Many if not all of
these tethering factors interact with specific Rab proteins
and therefore may couple membrane recognition to the ac-
tivation of the Rab GTPase. What is less clear is whether
tethering factors promote fusion simply by increasing the
local concentration of vesicles at the correct target mem-
brane, or if they act directly on the SNARE:s to activate their
assembly.

SNARE proteins have a membrane proximal coiled-coil
SNARE motif that assembles to form a stable four-stranded
helical bundle referred to as the core complex (Fernandez et
al., 1998). In addition, some SNARE proteins have an inde-
pendently folded N-terminal domain that binds the C-ter-
minal SNARE motif, thus preventing its assembly with other
SNAREs (Dulubova et al., 1999). Removal of the N-terminal
domain of syntaxin accelerates SNARE complex formation
in vitro (Parlati ef al., 1999). Therefore, an attractive model is
that regulatory factors interact with the N-terminal domain
of syntaxin-like t-SNAREs to modulate fusion.
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Seclp inhibits assembly of SNAREs at the plasma mem-
brane by binding to syntaxin and holding it in the closed
conformation (Dulubova et al., 1999). Other Secl family
members bind to the N-terminal regions of SNARE proteins
but do not prevent SNARE formation and instead may
contribute to its specificity (Peng and Gallwitz, 2002; Du-
lubova et al., 2002; Yamaguchi et al., 2002). Furthermore, the
N-terminal domains of many SNARE proteins are structur-
ally related to that of syntaxin but not all of these form
closed conformations in vitro (Dulubova et al., 2001, 2002;
Antonin et al., 2002). Understanding the precise role of
SNARE N-terminal domains in the fusion process will re-
quire a more detailed picture of their interactions with reg-
ulatory proteins.

In a few instances, tethering complexes unrelated to Seclp
have been shown to interact directly with t-SNARE N-ter-
minal domains, and it may be that more such associations
will be found as more of these complexes are identified and
characterized. Whereas Rabs, SNAREs, and Secl-like pro-
teins are members of conserved families, tethering factors
are somewhat more diverse and have been identified in
functional studies rather than by sequence similarity. Can-
didate tethering factors exist for many but not all fusion
events, and the subunit structure/components of these com-
plexes are still being identified. The COG (conserved oligo-
meric Golgi) complex, also known as the Sec34/35 complex,
is localized to the cis-Golgi where it has been shown to have
a tethering function in an in vitro assay (Morsomme and
Riezman, 2002; Ungar ef al., 2002). The recent identification
of six new subunits of the COG complex led to the recogni-
tion that at least some of these components are related at the
sequence level to components of two other large, multisub-
unit tethering factors: the exocyst and Vps52/53/54 com-
plexes (Whyte and Munro, 2001, 2002). COG has now been
shown to be an effector of the Rab protein Yptlp and to bind
the cis-Golgi syntaxin Sed5p (Suvorova ef al., 2002). The
exocyst, an eight-subunit complex that directs the fusion of
secretory vesicles with the plasma membrane, is the best
studied of the three. An effector of the Sec4p Rab protein, the
exocyst localizes to sites of polarized secretion where exo-
cytosis takes place (Guo et al., 1999), though no interaction
with t-SNAREs has yet been reported.

Although the exocyst and COG complexes each have
eight subunits, only three components of the Vps52/53/54
complex have previously been identified (Conibear and
Stevens, 2000). Vps52p is related to the exocyst component
Sec3p, whereas Vps53p and Vps54p both contain an N-
terminal domain that is shared by subunits of the other two
docking complexes (Whyte and Munro, 2001). Vps52p,
Vps53p, and Vps54p are large coiled-coil containing pro-
teins that are tightly associated in a stoichiometric complex
localized to the late Golgi. The sorting defects of these mu-
tants suggest that the Vps52/53/54 complex is required for
the retrograde trafficking of vesicles from the late endoso-
mal/prevacuolar compartment back to the late Golgi. The
Vps52/53/54 complex has been identified as an effector of
the Rab protein Ypt6p and also binds the N-terminal region
of the TGN t-SNARE Tlglp, further supporting the idea that
this complex is a tethering factor for vesicle fusion at the
TGN (Siniossoglou and Pelham, 2001). Sequence relation-
ships between components of these multisubunit tethering
complexes suggest that all three may share a common mech-
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anism of action. Therefore, understanding the interactions
that link tethering complexes to SNARE proteins will be
important for understanding both the mechanism of vesicle
docking and the regulation of SNARE complex formation.

Here, we identify a fourth component of the Vps52/53/53
complex, Vps5lp, that regulates its association with the
N-terminal domain of the t-SNARE Tlglp. In addition to a
role in retrograde transport from the late endosomal/pre-
vacuolar compartment, we find that all four subunits of this
complex are also required for trafficking on a distinct trans-
port pathway, from early endosomes back to the late Golgi.
We have named this tetrameric complex the GARP (Golgi-
associated retrograde protein) complex to reflect its role in
the docking and fusion of multiple classes of endosome-
derived vesicles with the late Golgi membrane.

MATERIALS AND METHODS

Enzymes, antibodies, and general molecular biology methods were
as described previously (Conibear and Stevens, 2000, 2002).

Plasmid and Strain Construction

Identification of the transposon insertion site in IRS4 by recovery
and sequencing of yeast genomic DNA containing the Tn3-LacZ
insertion cassette was as described previously (Conibear and
Stevens, 2000). A 2.7-kb PCR fragment containing IRS4 was sub-
cloned into BamHI-NotI cut pRS316 and Yep352 to create pLC17 and
pLC18, respectively. A 2.6-kb BamHI-Xbal fragment of pLC30 con-
taining YKR020w was subcloned into BamHI-Xbal cut pLC17 to
create the vps51-1 complementing plasmid pLC31. Sequences en-
coding IRS4 were subsequently removed by digestion and religa-
tion of Sacl-cut pLC31 to create pLC35. To make the YKRO20w
knockout plasmid pLC36, the HindIII-Xbal fragment from pLC30
was first subcloned into KS* and digested with EcoRI-Mfel, and
TRP1 was inserted on an EcoRI fragment derived from pJj246.

Yeast two-hybrid bait plasmids pLC133 and pLC134, containing
VPS51 and VPS54, respectively, were generated by PCR amplifica-
tion of genomic DNA and insertion into pGBD-C1 (James et al.,
1996). A plasmid expressing the GAL,,-Tlglp fusion was created
by PCR and in vivo homologous recombination in pOAD. Plasmids
pGBD-TLG2 and pGAD-TLG2 were gifts from Lucy Robinson (Lou-
isiana State University Health Science Center, Shreveport, LA). To
create vectors for the expression of GST-TIglp fusion proteins in
Escherichia coli, sequences corresponding to the Tlglp cytosolic do-
main (M1 to C206), N-terminal domain (M1 to E106), and C-termi-
nal domain (P129 to C206) were amplified by PCR and subcloned as
a Sacl-BamHI fragment into NotfI-BamHI cut pGEX-5X-1 (Amersham
Pharmacia Biotech, Piscataway, NJ) after filling in Sacl and NotI sites
to create compatible blunt ends, resulting in pLC158 (GST-full
length), pLC159 (GST-Nterm), and pLC160 (GST-Cterm).

Table 1 describes the yeast strains used in this study. A 6.2-kb
BIgII fragment of genomic DNA containing the transposon insertion
was rescued from a backcrossed vps51-1 strain after transformation
with pRSQ305, creating pLC30. pLC30 was cut with Bg/II and used
to introduce vps51-1 into SEY6210. To delete YKR020w (VPS51),
yeast were transformed with the HindIll-Xbal fragment from
pLC36. A tigl::TRP1 deletion cassette together with flanking
genomic sequences were PCR-amplified from yeast strain JHY016
(Holthuis et al., 1998) and used for single-step gene replacements.
Absence of Tlgl protein in disrupted strains was confirmed by
Western blotting. A plasmid for the integration of GFP-Snclp
(Lewis et al., 2000) was digested with Stul to target it to URA3 locus,
and transformants expressing low levels of the fusion protein were
selected.

Epitope-tagging of VPS51 was accomplished by integration of
13xmyc-HIS3 or 3xHA-kan" cassettes at the VPS51 genomic locus
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Table 1. Yeast strains used in this study

Strain Genotype Reference

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

LCY131 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 vps51::tn3-URA3 This study, 1993

LCY159 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 irs4A:LEU2 This study

LCY222 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 vps52A::kan” Conibear and Stevens (2000)

LCY221 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 Conibear and Stevens (2000)
vpsb3:Tn3URA3

LCY200 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 vps54A::TRP1 Conibear and Stevens (2000)

LCY271 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 vps51A::TRP1 This study

LCY226 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A::ADE2 VPS52-HA Conibear and Stevens (2000)

LCY320 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 This study
VPS51-myc::HIS5

LCY325 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 This study
VPS52-HA::URA3::vpsb2 VPS51-myc::HIS5

LCY227 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A::ADE2 VPS52-HA Conibear and Stevens (2000)
vpsb3::TRP1::VPS53-myc

LCY228 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 Conibear and Stevens (2000)
vpsb3::TRP1::VPS53-myc

LCY330 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 This study
VPS51::3HAkan”

LCY326 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 This study
VPS53-HA::TRP1::vps53 VPS51-myc::HIS5

LCY300 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 tIg1A::TRP1 This study

LCY328 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 This study
VPS51-myc::HIS5+ OCH1-HA::URA3::0chl

LCY329 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 This study
VPS51-myc::HIS5+ KEX2-HA::URA3::kex2

LCY321 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A::ADE2 VPS52-HA This study
vps51A::TRP1

LCY421 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 This study
VPS51-myc::HIS5 vps52::tn3-URA3

LCY423 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::ADE2 This study
VPS51-myc::HIS5 tig1A::TRP1

LCY425 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoSA::ADE2 VPS52-HA This study
tig1A::TRP1

LCY390 MATa ura3A leu2A his3A200 trp1-901 lys2A vps52::UURA3::VPS52-HA This study

LCY392 MATa ura3A leu2A his3A200 trp1-901 lys2A vps52:URA3::VPS52-HA ypt6A::kan” This study

LCY327 MATa ura3-52 leu2-3,112 his3-A200 trp1-901 lys2-801 suc2-A9 phoS8A::ADE2 VPS54-HA This study

VPS51-myc::HIS5

using a PCR-based gene targeting method (Longtine et al., 1998).
Epitope-tagging of VPS52, VPS53, VPS54, and OCHI and the con-
struction of vps52 and vps53 mutant strains have been described
previously (Conibear and Stevens, 2000). The KEX2-HA integration
plasmid pLC137 was constructed by subcloning the C-terminal
region of KEX2-HA from pSN222 into the BamHI-Xhol site of
PRS306. Integration of Hpal-cut pLC137 created a functional HA-
tagged copy of KEX2 at the genomic locus. The ability of all epitope-
tagged proteins to fully complement CPY sorting was determined
by colony overlay assays (Conibear and Stevens, 2002).

Immunoprecipitation and Subcellular Fractionation

Immunoprecipitation of CPY, Vps10, and ALP was performed un-
der denaturing conditions from radiolabeled extracts using appro-
priate polyclonal antisera as described previously (Conibear and
Stevens, 2000, 2002). Nondenaturing immunoprecipitations and de-
tection of copurifying proteins were also carried out as described
(Conibear and Stevens, 2000). For immunoprecipitation of Tlglp-
associated proteins, spheroplasts were prepared from 20 ODg,
units of cells, lysed in hypotonic buffer (25 mM KPO,, 2 M sorbitol,
pH 7.5), and incubated for 30 min at 23°C with either 200 or 400
g/ ml DSP. After quenching the reaction by a 15-min incubation in
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the presence of 50 mM Tris, pH 7.5, the buffer was adjusted to 50
mM NaCl and 2% TX-100 to solubilize membranes, and nondena-
turing immunoprecipitation with anti-Tgllp antiserum (a gift from
Hugh Pelham, MRC Laboratory of Molecular Biology, Cambridge,
UK) was performed as described above.

Microscopy

Fluorescent microscopy of yeast cells expressing GFP-tagged pro-
teins, stained with the vital dye CDCFDA, or fixed and labeled with
antibodies to HA and/or myc epitopes was carried out as described
(Conibear and Stevens, 2000, 2002). Cells were viewed using a 100X
oil-immersion objective on a Zeiss Axioplan II fluorescence micro-
scope, and images were captured with a Hamamatsu Orca CCD
camera using OpenLab software and adjusted using Adobe Photo-
shop.

In Vitro Binding to GST Fusion Proteins

A 1-liter culture of E. coli strain BL21 (DE3) expressing either
pLC158, pLC159, or pLC160 was induced with 0.5 mM IPTG for 3 h
at 30°C, harvested, and lysed by sonication in PBS. Aliquots of the
clarified lysates were stored at —80°C. GST fusion proteins were
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purified by incubating thawed lysates with glutathione-sepharose
(Sigma, St. Louis, MO) for 2 h at 4°C washing with PBS and
equilibrating with binding buffer (25 mM Tris, pH 8, 100 mM KCl,
5 mM MgCl,, 1 mM DTT, and protease inhibitors). Fifty microliters
of a 50% slurry of sepharose-bound GST fusion protein was incu-
bated for 2 h at 4°C with 10 ODyy, units of yeast spheroplasts that
had been lysed in binding buffer and clarified by centrifugation at
13,000 X g. After washing with binding buffer, bound proteins were
eluted with sample buffer and analyzed by SDS-PAGE followed by
Western blotting. The yield of GST-full length and GST-Nterm
fusion proteins was approximately twofold lower than that of GST
and GST-Cterm fusions.

RESULTS

Identification and Cloning of VPS51

VPS52, VPS53, and VPS54 were isolated in a genetic screen
designed to find new VPS genes that act at the Golgi and
were found to share similar transport defects as well as a
strikingly similar vacuolar morphology when stained with
the vital dye CDCFDA (Conibear and Stevens, 2000). A
single allele belonging to a fourth complementation group,
ups51, was isolated in this same screen and found to exhibit
the same aberrant vacuolar morphology (Figure 1A) even
though its CPY missorting defect was less severe. Because
mutants exhibiting similar vacuolar morphology often act at
the same sorting step (Conibear and Stevens, 1998) the
vps51-1 allele was chosen for further study.

Backcrossing of the vps51-1 allele demonstrated that the
transposon insertion was tightly linked to the CPY secretion
phenotype (unpublished data). By rescue and sequencing of
adjacent genomic DNA, the transposon insertion site in
vps51-1 was identified in the C-terminal part of the IRS4
open reading frame (ORF; Figure 1B). Surprisingly, although
upsb1-1 mutants secrete ~40% of newly synthesized CPY,
precise deletion of the IRS4 ORF did not result in a CPY
sorting defect (Figure 1C). Although a 2.7-kb fragment con-
taining both IRS4 and YKR020w was able to rescue sorting,
growth, and vacuolar morphology phenotypes, further anal-
ysis showed that YKR020w and not IRS4 complements the
vps51-1 mutation (Figure 1D). Deletion of the YKR020w ORF
gave rise to levels of CPY secretion and vacuolar morphol-
ogy defects indistinguishable from those of the vps51-1 mu-
tant (compare Figures 1C and 2A), consistent with the re-
sults of a recent genome-wide screen for vps mutants
(Bonangelino et al., 2002). Taken together, these results indi-
cate that VPS51 corresponds to YKRO20w. VPS51 is pre-
dicted to encode a soluble 18.9-kDa protein with extensive
coiled-coil regions but no other conserved functional do-
mains.

To understand how a transposon insertion 1700 base pairs
upstream from the beginning of the VPS51 ORF can result in
loss of function, spontaneous suppressors of the vps51-1
growth and CPY secretion phenotypes were isolated and
cloned. Mutation of SIN3 or SET2, genes involved in hetero-
chromatin formation and gene silencing, completely sup-
pressed the CPY secretion defect of the vps51-1 strain but not
that of ykr020wA, suggesting that the upstream transposon
insertion leads to transcriptional repression of YKR020w
(unpublished data).
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Figure 1. Identification and cloning of the vacuolar protein sorting
gene VPS51. (A) The aberrant vacuolar morphology of vps51 mu-
tants. Log phase cultures of wild-type (SEY6210) or wvps51-1
(LCY131) cells were incubated with CDCFDA at 25°C for 45 min
and examined under FITC optics. Vacuoles of vps51 mutants appear
fragmented, tubular, and clustered. Scale bar, 4 um. (B) Chromo-
somal features map showing the transposon insertion site in IRS4.
(C) Deletion of IRS4 does not result in a CPY missorting defect.
SEY6210 (wt), LCY159 (irs4A) and LCY131 (vps51-1) were pulse-
labeled at 30°C for 10 min in the presence of [**S]methionine, and
chased for 60 min after adding an excess of unlabeled cysteine and
methionine. CPY was immunoprecipitated from the intracellular (I)
and extracellular (E) fractions and visualized by SDS-PAGE fol-
lowed by fluorography. (D) Expression of YKR020w rescues the
CPY missorting defect of the vps51-1 mutant. YKR020w expressed
from CEN (pLC31) or high copy (pLC32) vectors complemented the
sorting defect of LCY131 cells by pulse-chase immunoprecipitation
of CPY.

Sorting Defects of vps51 Mutants

Defects in VPS52, VPS53, or VPS54 result in identical mutant
phenotypes, which include fragmented tubular vacuoles,
end4 synthetic lethality, defective recycling of Golgi mem-
brane proteins, and missorting of ~70% of newly synthe-
sized CPY. Although vps51-1 mutant cells share many of
these same phenotypes, their CPY sorting defect is much less
severe. To get a more quantitative estimate of CPY secretion,
a vps51 null mutant was constructed by deleting most of the
YKR020w ORF and compared with congenic strains carrying
null mutations in vps52, vps53, and vpsb4. After pulse-chase
radiolabeling and immunoprecipitation of CPY from both
the intracellular and extracellular fractions (Figure 2A),
ups51A strains were found to secrete 40% of newly synthe-
sized CPY into the medium as the p2 Golgi-modified form,
whereas vps52, vps53, and vps54 strains had a more severe
sorting defect, secreting 70% of their newly synthesized
CPY, consistent with our previous findings (Conibear and
Stevens, 2000).

In wild-type cells, newly synthesized CPY is recognized at
the Golgi by its receptor Vpsl0p, and diverted away from
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Figure 2. Aberrant trafficking of the CPY receptor, VpslOp, in
upsb1 mutants. (A) vps51 mutants have a less severe CPY missorting
defect than vps52, vps53, or vpsb4 mutants. Wild-type (SNY36-B),
vpsb2:kan” (LCY222), vpsb3:: Tn3URA (LCY221), vpsb4A:: TRP1
(LCY200), and vps51A:: TRP1 (LCY271) strains were radiolabeled for
10 min with [3**S]methionine 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) frac-
tions, separated by SDS-PAGE, and visualized by fluorography. The
positions of the Golgi-modified (p2) and mature (m) forms of CPY
are indicated. (B and C) Wild-type (SNY36-B), vps52::kan” (LCY222),
and vps51A:: TRP1 (LCY271) strains containing a centromere-based
plasmid expressing ALP (pSN92) were pulse-labeled for 10 min
with [**S]methionine. After chasing for the indicated times, aliquots
of cells were removed and subjected to immunoprecipitation with
antibodies to VpslOp (B) or ALP (C) Samples were resolved by
SDS-PAGE and visualized by fluorography. Vpsl0p turnover in
ups51 mutants is faster than in wild-type cells but slower than in
vps52 mutants (B). In contrast, conversion of proALP (pALP) to its
mature, vacuolar form (mALP) was slowed only slightly in vps51
and ovps52 cells (C). PEP4-dependent cleavage products (*) are indi-
cated.

the secretory pathway for delivery to the prevacuolar com-
partment (reviewed in Conibear and Stevens, 1998). Vps10p
must continuously recycle back from the PVC to the Golgi to
carry out further rounds of CPY sorting, and mutations that
block this recycling step result in its mislocalization to the
vacuole where it is subsequently degraded. Although
Vps10p is quite stable over the course of the chase period in
wild-type cells, it undergoes cleavage characteristic of vac-
uolar degradation in vps51 mutants with a half time of ~3 h
(Figure 2B). The greater half-life of Vps10p in vps51 strains
compared with that in vps52 strains (2 h) is consistent with
the milder CPY sorting defect of vps51 mutants. Resident
Golgi membrane proteins maintain their localization by a
process of continuous retrieval from the PVC, and we found
that the stability and therefore the retention of the Golgi-
resident protease Kex2p was also defective in the vps51
strain (unpublished data), indicating a general defect in the
PVC-to-Golgi recycling pathway.

The vacuolar membrane protein alkaline phosphatase
(ALP) follows an alternative pathway to the vacuole that
bypasses the PVC and therefore does not depend on a
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functional PVC-to-Golgi recycling pathway. vps51 mutants,
like vps52 mutants, show essentially wild-type ALP trans-
port (Figure 2C). Although a slight delay in ALP maturation
is evident both in vps51 and vps52 mutants at early time
points, processing to its mature, vacuolar form is complete
at 30 min. Taken together, these results indicate that loss of
VPS51 results in sorting defects that are qualitatively similar
to those seen in cells lacking VPS52, VPS53, and VPS54 even
though they are somewhat less severe.

Vps51p Is a Subunit of the Tetrameric GARP
Complex

Because vps mutants that share a similar set of phenotypes
generally act at the same sorting step, and often as compo-
nents of a complex, we sought to discover by coimmuno-
precipitation experiments if Vps51p is associated with the
Vps52/53/54 complex. The chromosomal integration of ei-
ther myc or HA epitope tags at the C terminus of the VPS51
OREF gave rise to proteins that were fully functional for CPY
sorting. Different pair-wise combinations of myc- or HA-
tagged Vpsblp, Vpsd2p, and Vpsd3p were coexpressed in
the same strains, as indicated in Figure 3A. Immunoprecipi-
tation of HA-tagged Vps52p under nondenaturing condi-
tions led to the copurification of either myc-tagged Vps51p
(Figure 3A, lane 3) or myc-tagged Vps53p (Figure 3A, lane 5)
when these were expressed in the same strain. However,
neither Vps51-myc nor Vps53-myc was detected in immu-
noprecipitates from strains that did not also express
Vps52-HA (Figure 3A, lanes 1 and 4). Most of the Vps51p
present in the lysates could be coprecipitated with the rest of
the complex, with little remaining in the supernatant (un-
published data), suggesting that Vps51p is the fourth sub-
unit of the Vps52/53/54 complex. We have named this
complex GARP, for Golgi-associated retrograde protein
complex.

We have previously shown that the entire cellular pools of
Vps52p, Vpsb3p, and Vpsb4p are tightly associated in a
complex. To see if Vps51p undergoes cycles of association
and dissociation from the rest of the GARP complex,
Vps52p-HA and Vps51p-myc were expressed in two differ-
ent strains, and cell lysates were mixed before carrying out
the nondenaturing immunoprecipitation (Figure 3B).
Vps51p and Vps52p could be coimmunoprecipitated only
when coexpressed in the same strain, indicating that the two
proteins do not appreciably dissociate and rebind during the
course of the experiment. The same was true for Vps52p and
Vps53p (unpublished data).

Vpsb1p Is Not Associated with Other Protein
Complexes

Vps52p, Vps53p, and Vps54p have been shown to be inter-
dependent for their stability, each being rapidly degraded in
the absence of the others (Conibear and Stevens, 2000). The
fact that Vps51p appears to dissociate more readily from the
rest of the complex suggests that it might not be essential for
the stability of the remaining subunits. Indeed, there was
little difference in the half-life of Vps52p and Vpsb4p in
upsb1 mutants vs. wild-type cells, although both are rapidly
turned over in ups53 mutants (unpublished data). Quantita-
tive Western blotting confirmed that the levels of Vps52p,
Vps53p, and Vps54p remain essentially unchanged in
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Figure 3. Vps5lp coprecipitates with subunits of the Vps52/53/54

complex. (A) Strains containing chromosomal copies of one or more
epitope-tagged proteins (as indicated) were subjected to immunopre-
cipitation under nondenaturing conditions with rabbit anti-HA anti-
bodies. Copurifying proteins were detected by Western blotting with
anti-HA or anti-myc mouse mAbs and species-specific secondary an-
tibodies and visualized by chemiluminescence. Total cell lysates cor-
responding to 30% of the material used for immunoprecipitation were
also analyzed by Western blotting with the same antibodies to confirm
the presence of each of the epitope-tagged proteins. The following
strains were used: lanes 1 and 6, LCY320; lanes 2 and 7, LCY226; lanes
3 and 8, LCY325; lanes 4 and 9, LCY228; and lanes 5 and 10, LCY227.
(B) Lysates were prepared from two different strains, as indicated, and
mixed together before immunoprecipitation with anti-HA antibodies
as described for A. The following strains were used: lanes 1, 3, 5, and
7, LCY226; lanes 2, 3, 6, and 7, LCY320; lanes 4 and 8, LCY325; and
lanes 1, 4, 5, and 8, SNY36-9B.

ups51A strains. Conversely, the abundance of Vps51p is un-
affected by deletion of VPS52, VPS53, or VPS54 (see below).
Therefore, the possibility exists that Vps51p is not simply a
structural subunit of the complex, but instead has additional
functions or associates with more than one type of protein
complex.

To determine whether Vps51p is largely associated with
the GARP complex or interacts with additional complexes,
native immunoprecipitation was carried out on metaboli-
cally labeled strains expressing either myc or HA-tagged
versions of Vps51p (Figure 4A). Although Vps51p-HA itself
is not readily detected by 3°S labeling, three major proteins
were coimmunoprecipitated with Vpsblp. Two of these
three bands are of the expected size for Vps53p and Vps54p
and comigrate with bands that coprecipitate with Vps52p-
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HA, whereas the third is the expected size for endogenous
Vps52p. No new copurifying bands were identified, al-
though low-affinity interactions may be disrupted during
purification. To detect any additional pools of Vps51p, dou-
ble-label immunofluorescence microscopy was carried out
on strains coexpressing Vps51p-myc and Vps52p-HA (Fig-
ure 4B, top panels) or Vps51p-myc and Vps53p-HA (Figure
4B, bottom panels). The high degree of overlap between
these markers suggests that Vps51p does not participate in
multiple protein complexes, but instead is predominantly
associated with the GARP complex in vivo.

The GARP Complex Is Required for Retrograde
Transport from Early Endosomes as well as Late
Endosomes

The exocytic v-SNARE Snclp follows a recycling itinerary in
which it is transported through an early endosomal com-
partment before recycling back to the TGN to be incorpo-
rated into newly forming secretory vesicles that must be
targeted to fuse with the plasma membrane (Lewis et al.,
2000). Recycling Snclp does not reach the PVC/late endo-
some, because mutations that disrupt transport to and from
the PVC have no effect on Snclp recycling. To test the role of
GARP in transport from the early endosome back to the
TGN, a GFP-tagged version of Snclp was integrated into
ups52 and vps51 mutants (Figure 5). In wild-type cells, Sncl-
GFP is localized to the plasma membrane of the growing
bud. This localization is unchanged in vps5 mutants (Lewis
et al., 2000, and unpublished data), which are defective in the
formation of recycling vesicles at the PVC. However, Snclp
is clearly mislocalized in both vps51 and vps52 mutants
(Figure 5). Instead of being found at the cell surface, Sncl-
GFP was largely found intracellularly, where it colocalized
with the vacuole as seen by DIC. The hazy cytosolic fluo-
rescence of these mutants suggests that a portion of Snclp
might be trapped in transport vesicles. This mislocalization,
which is also seen in vps53 and vps54 mutants, is strikingly
similar to that seen in the absence of the TGN t-SNARE
Tlglp (Lewis ef al., 2000 and Figure 5). Therefore, all four
subunits of the GARP complex are required for the recycling
of two different vesicle populations back to the late Golgi:
those derived from early endosomes (carrying Snclp) as
well as those carrying retrograde cargo (such as Vpsl0p)
from the late endosomal/PVC compartment.

Previously identified genes required for the recycling of
both Vpsl10p and Snclp include other components of the
TGN fusion machinery: the t-SNARE Tlg2p, the Rab Ypt6p,
and the Riclp/Rgplp heterodimer, which acts as a GTP
exchange factor for Yptop (Lewis et al., 2000; Panek et al.,
2000; Siniossoglou et al., 2000). Although Ypt6p and Tlglp
are thought to work together with GARP at the TGN, a role
for these Rab and SNARE proteins at the cis-Golgi has also
been proposed. Therefore, localization experiments were
performed to determine if the GARP complex might also act
at the cis-Golgi in addition to the TGN. By double-label
immunofluorescence microscopy, little colocalization was
seen between Vps51p and a chromosomally integrated, HA-
tagged version of the cis-Golgi marker Ochlp (Figure 6).
However, the distribution of Vps5lp showed extensive
overlap with the TGN protein Kex2p, consistent with previ-
ous findings that Vps52p colocalizes with A-ALP, another
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well-characterized marker of the late Golgi (Conibear and
Stevens, 2000). Although we cannot rule out the presence of
low levels of GARP at the cis-Golgi, it seems unlikely that
the GARP complex plays a significant role in mediating
fusion with early Golgi compartments.

Vps51 Links the GARP Complex to the t-SNARE
Tiglp

A role for tethering factors in binding to SNAREs and acti-
vating them for fusion has been proposed previously,
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lar pool of Vps52/53/54 com-
plex. (A) Metabolically labeled
strains expressing integrated,
epitope-tagged forms of Vps52p
(LCY226) or Vps5lp (Vps5lp-
myc, LCY320; Vps51lp-HA,
LCY330) were converted to
spheroplasts and lysed under
nondenaturing conditions. The
extracts were subjected to immu-
noprecipitation with rabbit an-
ti-HA (lanes 1-3) or rabbit anti-
myc (lane 4) antisera. The
positions of wild-type and tagged
forms of Vps52p, Vps53p, and
Vps54p are indicated on the right.
The triple-HA tag is predicted to
add an additional 5 kDa to the
molecular mass of Vps52p.
Vps5lp cannot be visualized by
labeling with  [**S]methionine
due to a lack of sulfur-containing
amino acids and therefore that re-
gion of the gel is not shown. (B)
Vps51p colocalizes with Vps52p
and Vps53p by indirect immuno-
fluorescence microscopy. Strains
coexpressing integrated, epitope-
tagged forms of Vps51 and either
Vps52p (LCY325, top panels) or
Vps53p (LCY326, bottom panels)
were fixed, spheroplasted, and
double-labeled with an affinity-
purified anti-HA polyclonal anti-
serum and anti-myc mAb 9E10.
The distribution of Vps51p (left
panels) overlaps closely with that
of Vps52p or Vps53p (center pan-
els). Scale bar, 4 um.

though as yet there is little evidence for this in vivo. We
initially used the yeast two-hybrid system to see if any of the
GARP subunits were able to interact with TGN SNAREs
(Figure 7A). Using this system, Vps5lp, but not Vps52p,
Vps53p, or Vpsb4p, was found to interact with the Golgi
t-SNARE Tlglp (Figure 7A, and unpublished data). Tlglp
and Tlg2p form a complex in vivo (Nichols ef al., 1998), but
Vps51p did not interact with Tlg2p in the two-hybrid sys-
tem, although Tlglp-Tlg2p two-hybrid interactions were ob-
served.

Molecular Biology of the Cell



GFP-Snclp DIC

Figure 5. The v-SNARE Snclp is mislocalized in vps51 and vps52
mutants. Wild-type (SNY36-B), vps52A::kan” (LCY222), wvps51A:
TRP1 (LCY271) and tIg1A:: TRP1 (LCY300) strains containing inte-
grated copies of the GFP-Snclp were grown to log phase in syn-
thetic medium and examined by fluorescence microscopy under
FITC optics (left panels) to visualize Snclp or DIC optics (right
panels) to visualize vacuoles. Snclp is localized to the plasma mem-
brane of the growing bud tip in wild-type cells, whereas in vps51,
ups52, and tlgl mutants it is found in intracellular structures that
coincide with the vacuole as seen in DIC. Scale bar, 4 um.

These results led us to investigate whether Vps51p binds
directly to Tgllp in vivo. Strains containing epitope-tagged
versions of Vps51p and Vps52p were lysed in the presence
of different concentrations of cross-linkers and subjected to

Vol. 14, April 2003

Vps51p Links GARP to the t-SNARE Tlglp

immunoprecipitation under nondenaturing conditions us-
ing anti-Tlglp antiserum (Figure 7B). Under these condi-
tions, both Vps52p and VpsSlp copurified with Tlglp. At
the highest cross-linker concentration used, immunoprecipi-
tation of Tlglp resulted in the copurification of a relatively
small fraction (~1%) of the intracellular pool of Vps51p and
Vps52p. This is likely to underestimate the amount of Tlg1p-
bound GARP complex present in the cell, because detection
of these complexes was dependent on the cross-linking ef-
ficiency. No interactions were detected in the absence of
cross-linker, suggesting that the interactions between GARP
and Tlglp may be of low affinity or may be detergent
sensitive. Binding of Tlglp to ProtA-tagged Vps54p in the
presence of cross-linkers has previously been reported (Sin-
iossoglou and Pelham, 2001). Interestingly, no Vps52p was
recovered in the pellet when the same immunoprecipitation
protocol was carried out on a strain lacking Vps51p (Figure
7B, lane 2), even though Vps52p is present at normal levels
in vps51A cells. However, Vps51p remained associated with
Tlglp even in the absence of Vps52p (Figure 7B, lane 3).
These data strongly suggest that Vps51p mediates the inter-
action of the GARP complex with Tgllp.

Tiglp Is Not Required for the Golgi Association of
Vpsb1p and Vps52p

Both Vps51p and Tlglp localize to the late Golgi, and thus
binding of Vps51p to Tlglp could provide a mechanism for
its association with Golgi membranes. However, both
Vps5lp and Vps52p still show a characteristic Golgi-like
staining pattern in strains lacking Tlglp (Figure 8A). The
localization of both Vps51p (Figure 8A) and Tgllp (unpub-
lished data) is more dispersed in vps52 mutants. Despite the
lack of obvious Golgi staining pattern, the fact that these
proteins still coprecipitate (Figure 7) suggests that they are
able to maintain their interaction to some extent, perhaps
instead associating at the cytosolic face of transport vesicles.
Loss of the late Golgi Rab protein Ypt6p has no effect on the
localization of the late Golgi marker Sec7p (Siniossoglou and
Pelham, 2001), yet causes the redistribution of Vps52p to a
dispersed, finely punctate staining pattern (Figure 8B). Be-
cause the proportion of Vps52p associated with membranes
is unaffected by the absence of Ypt6p (Figure 8C), this dis-
persed staining pattern does not represent mislocalization of
the GARP complex to the cytosol but may instead reflect
binding to transport vesicles. Therefore, membrane associa-
tion of the GARP complex must be mediated by an uniden-
tified mechanism that is independent of both the Rab protein
Ypt6p and the t-SNARE Tlglp.

Vps51p Is Required for the Binding of Vps52/53/54 to
the N-Terminal Domain of Tlglp In Vitro

The binding of regulatory factors to the N-terminal domain
of syntaxin-like t-SNAREs promotes SNARE assembly and
membrane fusion. Recent studies have demonstrated that
many nonsyntaxin SNARESs, including the Tlglp homolog
syntaxin 6, have a conserved, independently folded N-ter-
minal domain that is structurally similar to that of syntaxin
(Dulubova et al., 2001; Tochio et al., 2001; Misura et al., 2002).
To identify which domain of TIglp is responsible for bind-
ing Vpsblp, we expressed the entire soluble (cytosolic) por-

1617



E. Conibear et al.

VpsSlpmyc

Kex2pHA

merge

VpsSlpmyc

OchlpHA

merge

Figure 6. Vps51p colocalizes with the late Golgi marker Kex2p, but not with the cis-Golgi marker Ochlp. Strains containing integrated
copies of myc-tagged VpsSlp and either Kex2p-HA (LCY329, top) or Ochlp-HA (LCY328, bottom) were fixed, spheroplasted, and
double-labeled with an anti-myc mAb and an affinity-purified HA rabbit antiserum. The merged images (right panels) show that the punctate
staining pattern of Vps51p (green) coincides well with that of Kex2p (red, top panels) but shows little or no overlap with that of Ochlp (red,

bottom panels). Scale bar, 4 pwm.

tion of Tlglp, as well as C- and N-terminal domains, as GST
fusion proteins in E. coli. When clarified detergent extracts of
strains expressing epitope-tagged GARP subunits were in-
cubated with immobilized GST fusion proteins, both Vps51p
and Vps52p showed significant binding to full-length Tlg1p-
GST compared with GST alone (Figure 9). Furthermore, both
proteins bound efficiently to the N-terminal domain of Tgllp
but not to the GST fusion protein containing the Tlglp
C-terminal domain. This is consistent with observations that
Vps54p binds the Tlglp N-terminal domain in vitro (Sinios-
soglou and Pelham, 2001).
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When cell lysates from strains lacking VPS51 were in-
cubated with GST-TIglp fusion proteins, Vps52p no
longer bound to full-length or N-terminal forms of Tlglp,
even though the levels of Vps52p protein as well as its
TGN localization remain unchanged in vps51A cells. Thus
Vps5lp is required for the binding of the remaining sub-
units to the N-terminal domain of the t-SNARE TIglp
both in vivo and in vitro. Conversely, in the absence of
VPS52, VPS53, or VPS54, Vps5lp is still able to bind
specifically to the full-length and N-terminal domain
GST-Tlglp fusion proteins although the binding is dras-
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Figure 7. Vps5lp is required for the association of Vps52p with
Tlglp in vivo. (A) Haploid strains expressing GAL,, fusion proteins
were mated in duplicate with strains expressing GALgp, fusion pro-
teins, as indicated. Interaction between fusion proteins activates the
HIS3 reporter and permits the growth of diploids on selective media
lacking histidine. (B) Strains expressing the indicated epitope-tagged
proteins were lysed, treated with the cross-linker DSP, and subjected to
immunoprecipitation under nondenaturing conditions using Tlg1p an-
tiserum. Coprecipitating proteins were detected by immunoblotting
with anti-HA and anti-myc mouse mAbs and species-specific second-
ary antibodies. Cell lysates were TCA precipitated, solubilized, and
analyzed in parallel to confirm expression of the tagged proteins.
Vpsb2p does not copurify with Tlglp from strains lacking Vps51p,
whereas Vps51p maintains its association with Tlg1p in the absence of
Vps52p. The following strains were used: lane 1, LCY325; lane 2,
LCY321; lane 3, LCY421; and lane 4, LCY423.
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tically reduced (unpublished data), suggesting that the
presence of the remaining GARP subunits is not essential
for binding but does increase the affinity of Vps51p for
Tlglp. Efforts to express a functional form of Vps51p in E.
coli have not yet been successful, so we cannot rule out the
possibility that Vps51p requires additional factors in or-
der to bind Tlglp. However, these in vivo and in vitro
binding studies clearly show a requirement for the small
coil-coil protein Vps51lp in mediating the interaction of
the GARP complex with the N-terminal domain of the
TGN t-SNARE Tlglp.

DISCUSSION

Here we report the identification and characterization of
Vps51p, a novel protein that is required for the association of
the Vps52/53/54, or GARP, complex with the SNARE fu-
sion machinery. A single allele of vps51 was isolated in the
same genetic screen used to identify vps52, vps53, and vps54
(Conibear and Stevens, 2000) and found to have similar
morphological defects but less severe missorting pheno-
types. Nevertheless, Vps51p appears to be the fourth sub-
unit of the GARP complex. As a tetramer, the GARP com-
plex has half the number of subunits of the related exocyst
and COG complexes. Interestingly, it has been suggested
that the COG complex is composed of two subcomplexes of
four subunits each, based on phenotypic analysis and deep-
etch electron microscopy studies (Whyte and Munro, 2001,
2002; Ungar et al., 2002). Further work will be needed to see
if the proposed fourfold nature of the exocyst, COG, and
GARP complexes (Whyte and Munro, 2002) has functional
significance. Loss of VPS51 did not alter the abundance of
Vps52p, Vps53p, or Vpsb4p, even though these last three
proteins are dependent on each other for their stability.
Conversely, Vps51p levels were not appreciably changed by
mutation of any other subunit. Therefore, Vps51p is unlikely
to play a significant structural role in the complex but may
instead have a regulatory function, or act in only a subset of
late Golgi trafficking events.

GARP Is Required for the Fusion of Two Types of
Vesicles with the TGN

Tethering complexes may mediate the fusion of more than
one type of vesicle with the target membrane and therefore
participate in more than one trafficking pathway. The cargo
proteins Snclp and VpslOp follow distinct recycling path-
ways to the TGN involving two different types of endo-
somes. We have found that mutation of any of the four
GARP subunits causes defects in the retrograde transport of
both Vpsl0p and Snclp to the TGN. Therefore, the GARP
complex appears to mediate the fusion of two different
classes of vesicle, derived from distinct early and late endo-
somal populations.

Defects in both retrograde pathways to the late Golgi are
known to result from loss of the TGN fusion machinery,
include the SNAREs Tlglp and Tgl2p, the Rab Ypt6p, and
the GTP exchange factor Rgplp/Riclp (Lewis et al., 2000;
Panek et al., 2000; Siniossoglou et al., 2000). Loss of Snclp
recycling in GARP mutants is therefore consistent with its
proposed role in fusion at this step. However, failure to
retrieve exocytic v-SNAREs to the Golgi would be expected
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Figure 8. Loss of Tlglp does not
prevent the Golgi association of
Vps51p or Vps52p. (A) The local-
ization of Vps5lp-myc by indi-
rect immunofluorescence (la-
beled with the anti-myc mAb
9E10; top panels) is unaffected by
loss of TLG1 but becomes diffuse
in the absence of VPS52. Loss of
either VPS51 or TLGI does not
abolish the punctate staining of
Vps52p-HA labeled with anti-HA
mAb HA.11 (bottom panels). (B)
Although the localization of
Vps52p-HA becomes diffuse in
cells lacking ypt6A (LCY392); (C)
subcellular fractionation indi-
cates that the proportion of
Vps52p sedimenting with high-
speed membranes is unchanged.
L, lysate; P13, 13,000 X g pellet;
P100, 100,000 X g pellet; S100,
100,000 X ¢ supernatant.
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Figure 9. VPS51 is required for the binding of Vps52p to the Tlglp
N-terminal domain in vitro. Binding to the N-terminal (N), C-
terminal (C), or full-length cytosolic portion (C+N) of Tlglp was
assessed by incubating lysates from cells expressing Vps52p-HA (1
and 2) or Vps51p-myc (3) with GST-TIgl fusion proteins purified
from E. coli and bound to sepharose beads. The binding of
Vps52p-HA to the full-length and N-terminal domains of Tlglp was
abolished by loss of VPS51. The following strains were used: 1,
LCY325; 2, LCY321; and 3, LCY327.

to block secretion and result in severe growth defects if not
death. It is possible that continued synthesis of Sncl/2p
could maintain sufficient levels of secretion to support life.
Alternatively, in the absence of GARP and other compo-
nents of the TGN fusion machinery, Sncl/2p may follow
alternative recycling pathways to the Golgi. The suppression
of ypt6A and vps52A mutants by high levels of the cis-Golgi
Rab protein Yptlp (unpublished data) may be explained by
the upregulation of such a salvage pathway to the cis-Golgi.
Because little if any GARP complex colocalized with cis-
Golgi markers by immunofluorescence microscopy, and its
loss does not affect the distribution of cis-Golgi markers
(Conibear and Stevens, 2000), it is unlikely that GARP itself
has a role in tethering at this compartment.

VPS51 Is Required for the Binding of GARP to the
TGN t-SNARE Tiglp

By binding activated Rab proteins and SNARE regulatory
regions, tethering proteins may form a critical link between
components of the fusion machinery. The association of
Vps52/53/54 with the Tgllp N-terminal domain does not
depend on the Rab YPT6 (Siniossoglou and Pelham, 2001).
Instead, we found that this interaction requires Vps51p. In
cells lacking VPS51, the remaining GARP subunits are
stable, but no binding of GARP to Tlglp could be ob-
served either in vivo or in vitro. However, the binding of
Vps5lp to Tlglp was independent of the other GARP
subunits. These results are consistent with recently re-
ported in vitro binding studies that map the Tlglp-bind-
ing domain to an N-terminal region of Vps51p (Siniosso-
glou and Pelham, 2002).

In cells lacking Vps52p the amount of Vps5lp that
coimmunoprecipitated with Tlglp was only slightly re-
duced, yet its localization is dramatically altered, becom-
ing much more dispersed. A similar redistribution of the
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GARP complex is seen in the absence of YPT6, even
though it remains membrane-bound. Taken together, this
suggests that the association of GARP with Tlglp is not
restricted to the late Golgi, but must also occur at other
compartments, presumably on transport vesicles. Other
members of the “quatrefoil” family of tethering com-
plexes (Whyte and Munro, 2002) are not only localized to
donor compartments but also have additional functions
there. The mammalian Sec6/8 (exocyst) complex func-
tions at the TGN as well as at the basolateral membrane in
polarized epithelial cells (Yeaman et al., 2001). Similarly,
the COG (sec34/35) complex is required both for the
sorting of cargo at the ER and for the tethering of these
ER-derived vesicles at the cis-Golgi (Morsomme and Riez-
man, 2002). This role for tethering factors may ensure that
newly formed vesicles carry the factors required for their
subsequent targeting and fusion. Further research will be
needed to see if the GARP has a role in sorting and vesicle
formation at endosomal membranes.

In vitro, Vps51p still showed weak but specific binding to
the N-terminus of Tlglp expressed as a GST fusion protein,
when each of the other GARP subunits was deleted in turn.
Binding to t-SNARE regulatory domains may be a conve-
nient way for tethering factors to recognize vesicle and/or
target membranes and bring them together. Tethering com-
plexes may do more than simply restrain vesicles in the
proximity of the target membrane, but may instead interact
with SNAREs to promote fusion. Despite having no se-
quence similarity to the N-terminal regions of syntaxin-like
t-SNAREs, other SNAREs have independently folded N-
terminal inhibitory domains and appear to exist in a closed
conformation (Tochio et al., 2001; Antonin et al., 2002). This
suggests that inhibition by N-terminal domains may be a
general mechanism for regulating SNARE assembly at other
transport steps and that a number of regulatory proteins
must exist to remove the inhibition.

An attractive model is that the binding of the small coiled-
coil protein Vps51p to the N-terminal domain of Tlglp stabi-
lizes it in the open conformation, thereby activating SNARE
assembly and directly linking tethering to the fusion event
(Figure 10). In a liposome fusion assay, the late Golgi t-SNAREs
Tlg2p, Tgllp, and Vtilp must be activated in order to bind their
cognate v-SNARE Snc2p (Paumet et al., 2001). In vitro, prein-
cubation of the t-SNAREs with a C-terminal peptide corre-
sponding to the SNARE motif of Snc2p is sufficient to activate
the t-SNAREs. In vivo, a cytosolic factor is likely to replace the
Snc2p peptide in t-SNARE activation.

The N-terminal domains of Tlg2p, Vtilp, and the Tlglp
homolog syntaxin 6 have recently been shown to all possess a
strong structural similarity to that of syntaxin, but none ap-
pears to form a closed conformation in vitro (Antonin ef al.,
2002; Dulubova et al., 2002; Misura et al., 2002). It may be that
intramolecular SNARE interactions are not always readily de-
tected in vitro, because the results of the liposome fusion work
are most consistent with the model that an unidentified factor
catalyzes SNARE assembly by displacing an inhibitory do-
main. Although it is usually assumed that this domain corre-
sponds to the N-terminus of the syntaxin-like Tlg2p, the recent
identification of structurally related regions in Tlglp and Vtilp
argue that the N-terminal regions of these “nonsyntaxin” t-
SNAREs are equally likely to mediate inhibitory intramolecu-
lar interactions that regulate fusion. We hypothesize that
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Vps51p may well be the cytosolic factor that carries out the
activating function of the Snc2p peptide. A more detailed char-
acterization of the interactions that link GARP subunits to the
SNARE machinery should lead to a better understanding of
how tethering factors connect vesicle and target membranes to
promote docking and fusion.
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v-SNARE

Golgi

Figure 10. Vps5lp links Vps52/
53/54 to the t-SNARE Tlglp. In this
model, Vps51p interacts with the N-
terminal domain of Tlglp and causes
a conformational change that pro-
motes the assembly of v- and
t-SNAREs into a fusion complex. The
Ypt6-dependent, Vps51/Tlgl-inde-
pendent interactions that link the
GARP complex to the Golgi are not
well understood and are not shown
here. See text for details.
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