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The Golgi-associated retrograde protein (GARP) complex is a mem-
brane-tethering complex that functions in traffic from endosomes
to the trans-Golgi network. Here we present the structure of
a C-terminal fragment of the Vps53 subunit, important for binding
endosome-derived vesicles, at a resolution of 2.9 Å. We show that
the C terminus consists of two α-helical bundles arranged in tan-
dem, and we identify a highly conserved surface patch, which may
play a role in vesicle recognition. Mutations of the surface result in
defects in membrane traffic. The fold of the Vps53 C terminus is
strongly reminiscent of proteins that belong to three other teth-
ering complexes—Dsl1, conserved oligomeric Golgi, and the exo-
cyst—thought to share a common evolutionary origin. Thus, the
structure of the Vps53 C terminus suggests that GARP belongs to
this family of complexes.

endocytosis | membrane traffic

Tethering complexes are multisubunit assemblies that function
in the last steps of most membrane trafficking pathways, as

a transport vesicle docks to and is recognized at the target or-
ganelle (1). These complexes may physically link the arriving
vesicle and acceptor membrane and may also play a role in fa-
cilitating the assembly of the SNARE complexes (2, 3), which
catalyze vesicle fusion with the target organelle and cargo de-
livery. Distinct tethering complexes function in distinct transport
pathways. They are localized to specific compartments through
interactions with SNAREs, with the small activated GTPases that
help to define organelle identity, and with phospholipids enriched
in the membranes of target organelles (4, 5), or a combination of
these interactions.
The last 5 y have seen a number of structural studies aimed at

understanding the architecture and ultimately the function of
tethering complexes. The TRAPPI and Dsl1 complexes, which
function in traffic between the endoplasmic reticulum and the
Golgi, have been particularly well studied (3, 6), and substantial
effort has also been expended in investigating structures of in-
dividual subunits of the exocyst and conserved oligomeric Golgi
(COG) complexes (reviewed in ref. 7). These studies have shown
that subunits within each of the complexes are structurally re-
lated and, moreover, that subunits in the Dsl1, exocyst, and COG
complexes (but not TRAPPI) are structurally related despite low
or undetectable sequence conservation (8, 9).
In contrast, little is known regarding either the overall or subunit

architecture of the Golgi-associated retrograde complex (GARP).
This complex, conserved in all known eukaryotes, functions in
traffic from early and late endosomes to the trans-Golgi network
(TGN) (10). Mutations in GARP subunits lead to impaired retro-
grade traffic and, in yeast, to a vacuolar tubulation phenotype (10).
In mice, mutations in the Vps54 subunit lead to embryonic lethality
or motor neuron degeneration similar to amyotrophic lateral
sclerosis in humans (11).
GARP consists of at least three different proteins, Vps52 (75

kDa), Vps53 (95 kDa), and Vps54 (100 kDa), which are asso-
ciated in a stable 1:1:1 complex (10); and yeast GARP has an

additional small subunit, Vps51 (20 kDa) (12). GARP interacts
directly with small GTPases that localize to the TGN [Ypt6/Rab6
(12, 13) and Arl1 (14)], and in humans, GARP also interacts with
SNARE proteins specific to the retrograde pathway (t-SNARE
proteins syntaxin 6, syntaxin 16, and v-SNARE Vamp4) and may
facilitate formation of the SNARE complex (2) at the TGN, the
site of vesicle fusion. The SNARE interaction requires N-terminal
regions in the Vps53 and Vps54 proteins (2). Interaction with
transport vesicles additionally requires the C terminus of Vps53,
and deletion of that region disrupts retrograde traffic even as it
does not affect GARP complex assembly (2).
GARP, Dsl1, COG, and the exocyst are all multisubunit as-

semblies that function as membrane tethers late in membrane
trafficking pathways. On the basis of weak conservation of a single
amphipathic helix present at the N terminus of several subunits
(including Vps53 and Vps54 in GARP), it has been speculated
that GARP could be related to the Dsl1, COG, and exocyst
tethering complexes in structure as well as in function (8, 9). Here
we report the structure of the C-terminal portion of the Saccha-
romyces cerevisiaeVps53 subunit at a resolution of 2.9 Å. The fold,
comprising contiguous α-helical bundles, is similar to that re-
ported for structures of the subunits of Dsl1, COG, and the exo-
cyst, providing strong evidence that GARP does indeed belong
to this family of tethering complexes. The structural similarity is
consistent with the notion that the general molecular mecha-
nisms that underlie tethering are conserved for the complexes in
this group.

Results and Discussion
Structure of the Vps53 C-Terminal Fragment. Because we were un-
able to obtain crystals of the full-length Vps53 (residues 1–822),
we performed limited proteolysis experiments to investigate its
domain architecture. On the basis of proteolytic cleavage sites, we
identified three fragments (residues 95–822, 200–822, and 554–
822) that could be solubly expressed and purified fromEscherichia
coli. Only the C-terminal fragment (residues 554–822) crystal-
lized. We determined its structure by single anomalous wave-
length dispersion methods using data from selenomethionine
substituted crystals, where residues I586 and L722 of Vps53 had
been mutated to methionine to increase the anomalous signal.
The final model for the Vps53 C terminus includes residues 564–
730 and 742–779, 19 water molecules, and three barium ions
(from barium chloride in the crystallization solution). The N and
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C termini of the fragment (residues 554–563 and 780–822), as well
as one loop (residues 731–741), are not ordered. Data collection
and refinement statistics are reported in Table 1.
TheVps53C terminus folds into a single domain consistingof two

adjacent α-helical bundles (Fig. 1A). Three N-terminal α-helices
(H1–H3) form a ≈60-Å-long stem, which adjoins a second, more
globular helical bundle (H4–H9), ≈25–30 Å in diameter. An un-
usual feature of the surface is an extended hydrophobic region,
centered on helices H1 and H2 and running along their length
(Fig. 2 B and C). In the crystal lattice, this surface is buried in
a crystallographic interface (Fig. S1), but this interface is not
maintained in solution as the Vps53-C-terminal fragment migrates
as a monomer on sizing columns.
One possibility is that this surface is involved in protein–protein

interactions. As discussed below, however, it is more likely that in
the full-length Vps53 protein, the hydrophobic surface is buried by
structural elements missing in the fragment that was crystallized.

Similarity to Other Tethering Complex Subunits. The key finding of
this work is that the structure of the Vps53 C terminus bears
a strong resemblance to structures of subunits belonging to three
other tethering complexes—Dsl1, the exocyst, and COG—even
though sequence identity is minimal (Fig. 2). Each of these com-
plexes has subunits that are constructed from a series of α-helical
bundles arranged in tandem. The Vps53 C terminus is structurally
most similar to the C terminus of Sec6p in the exocyst (15), Cog4 in
the COG complex (16), and Dsl1 in the Dsl1 complex (3) (Fig. 2),
with similar orientations and connectivities for the helices that
comprise the two C-terminal helical bundles. The Vps53 structure
differs from these other structures by the presence of two additional
α-helices at the very C terminus (Fig. 2 A and B). Additionally, the
“stem” of the Vps53 fragment crystallized comprises only three
α-helices, whereas the equivalent bundle in the other proteins
consists of five or six helices. Residues in the extended hydrophobic
region on the surface of the Vps53 fragment would be buried in
the presence of the additional “stem” helices (Fig. 2C), as the hy-
drophobic, structurally equivalent residues in Sec6, Cog4, and Dsl1
are. In these proteins, the hydrophobic residues are part of the

protein core. It is likely that sequences that would form the addi-
tional helices in Vps53 were deleted in the crystallization construct,
but most probably the helices are present in the full-length protein.
(In the limited proteolysis experiment used to design the crystalli-
zation construct, the cleavage site would have been in the loop that
connects these helices to H1 in the structure. The nature of the
proteolysis experiment did not allow us to assess whether N-ter-
minal sequences inVps53 remain associated with the crystallization
fragment in the absence of a covalent linkage, and we have not
further investigated the possibility that the interaction between the
hydrophobic region and these additional sequence elements might
be dynamic. To our knowledge, there is no evidence that the in-
terface is dynamic in Sec6, Cog4, or Dsl1.) The structural similarity
of Vps53 in GARP to subunits in Dsl1, the exocyst, and COG
suggests that Vps53 shares a common ancestor with these proteins
despite low or undetectable sequence similarity.

Conserved Surface and Possible Functions. To identify functionally
important surfaces, we aligned the sequences of Vps53 subunits
from different organisms and mapped residues that are highly
conserved onto the S. cerevisiae structure (Fig. 3). We find a cluster
of conserved positions that includes residues in helices H2, H3,
and H4. This surface is distinct from the elongated hydrophobic
region discussed above (which likely is buried in full-length Vps53)

Table 1. Data collection and refinement statistics

Parameter Statistic

Data collection
Space group P6322
Unit cell dimensions a = b =127.2 Å, c = 81.7 Å

α = β = 90°, γ = 120°
Wavelength (Å) 0.9792 (peak)
Resolution (Å) 25.0–2.90 (3.00–2.90)
Rsym (last shell) (%) 8.8 (34.8)
I/σI 28.8 (8.1)
Completeness (%) 100.0 (100.0)
Redundancy 15.4 (11.1)

Refinement
Resolution (Å) 24.40–2.90
No. of reflections 8,606
Rwork/Rfree (%) 18.9/22.1
No. of protein atoms 1745
Average B (Å2) 61.5
Rms deviation

Bond lengths (Å) 0.017
Bond angles (°) 1.768

Ramachandran plot
Allowed (% residues) 95.5
Generously allowed (% residues) 4.5
Disallowed (% residues) 0.0

Values in parentheses refer to the highest resolution shell.
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Fig. 1. Structure of the C-terminal fragment of Vps53 (residues 564–799). (A)
Ribbon diagrams colored from blue at the N-terminal end to red at the C
terminus. Sequences that are disordered in the structure are indicated by
dotted lines. Two orientations, related by a 180° rotation, are shown. (B) The
surface of the Vps53 C terminus (oriented as in the ribbon diagrams) is colored
according to electrostatic potential. (C) The surface is colored according to
hydrophobicity. Hydrophobic residues (Val, Ile, Leu, Pro, Met, Ala, Phe, and
Trp) are orange, polar residues (Ser, Thr, Cys, Asn, Gln, and Tyr) are pale or-
ange, and charged residues (Glu, Asp, Lys, Arg, and His) are yellow.
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and includes a mix of charged, polar, and hydrophobic residues
(Fig. 3 A and B).
We used carboxypeptidase Y (CPY) secretion assays to test

whether the conserved surface is functionally important. In these
experiments, we mutated residues in the conserved surface of
Vps53 and monitored the effect on CPY transport. Only ≈1% of
total CPY is secreted in wild-type yeast, and levels are increased
when traffic from the endosome to the Golgi is disrupted. We
observe that CPY secretion is increased in strains where Vps53
bears mutations in the conserved surface (Fig. 4). The largest
effect is for a hextuple mutant (M1,2,3 in Fig. 4 B and C). Se-
cretion levels for this mutant are similar to those in which the
entire Vps53 C terminus is removed (T1 in Fig. 4), suggesting that
the conserved surface in the Vps53 C terminus is the functionally
important part of the C terminus. The effects in all cases are
appreciably smaller than effects caused by deletion of the entire
Vps53 protein (Fig. 4 and ref. 10). This result would be expected
given that Vps53 deletion abrogates GARP complex formation
(10), whereas the Vps53 C terminus is not important for complex
formation (2).
The defects in secretion are not explained by decreases in

expression or protein instability because expression levels for the
mutant proteins are comparable to that of wild-type (compare
levels of Vps53 with the ADH loading control in Fig. 4B). The
largest secretion effects, observed for the M2,3 and M1,2,3
mutants, do not correlate with lower protein levels. Thus, the
CPY assays are consistent with the functional importance of the
conserved surface of the Vps53 C terminus for membrane traffic.
Notably, the Cog4 C-terminal fragment has a conserved sur-

face patch on an equivalent face to that in the Vps53 C terminus
(16). The importance of this surface was confirmed by CPY
assays similar to ours, and the effects were of similar magnitude.
The finding that conserved regions of the Vps53 and Cog4 C
termini are similarly located is consistent with the notion that
these structurally related protein fragments may also be func-
tionally related. The conserved surfaces in Sec6, however, are on
different faces (15). Because the Vps53 C terminus is not re-
quired for the assembly of the GARP complex (2), it is unlikely
that the conserved surface is involved in interactions with other
GARP subunits. Instead, the Vps53 C terminus is required for
interactions with the transport vesicle (2), suggesting that the

conserved surface revealed by our structure may mediate this
interaction.
How might the Vps53 C terminus interact with the transport

vesicle? The Exo70 and Sec3 subunits in another tethering com-
plex, the exocyst, are believed to interact with the membrane di-
rectly via extended basic surface regions (5, 17–19). However, the
mixed nature of the Vps53 C terminus surface, and of the con-
served surface in particular, argues against this mechanism for the
Vps53 C terminus. Several tethering complexes, including Dsl1
and TRAPPI (20, 21), recognize proteins in the vesicle coat, and
an intriguing possibility is that the Vps53 C terminus could in-
teract with the retromer coat of endosome-derived vesicles, per-
haps through the conserved patch.

Conclusions.We have shown that the C terminus of Vps53 is similar
in structure to C-terminal fragments of subunits in three other
tethering complexes—Dsl1, the exocyst, and COG—strongly sug-
gesting that GARP is a member of this family of tethering com-
plexes. Most of the subunits within each of these complexes (all
structurally characterized subunits except for Sec39 in Dsl1p) also
seem to be related in their architecture because they are all con-
structed from tandem helical bundle domains. Similarly, the other
GARP proteins—Vps51, Vps52, and Vps54—are predicted to be
almost entirely α-helical, making it plausible that they too will
feature α-helical bundles arranged in tandem.Additional structural
information regarding these other subunits of GARP should elu-
cidate whether the components of the GARP complex are also
structurally related to each other.
A related question is whether certain modules—such as the

structurally similar C termini of Vps53, Sec6, Cog4, and Dsl1—
have evolved for related functions. Interestingly, as for Vps53, the
C-terminal helical bundles of Sec6, Cog4, and Dsl1 are not re-
quired for complex formation (2, 3, 15, 16). Further, as with
Vps53, the C terminus of Dsl1 is thought to interact with transport
vesicles (3), and the Sec6 C terminus is thought to be important
for binding to the target membrane (22). As noted above, the
Vps53 and Cog4 (but not Sec6) C termini have conserved surface
patches on the same face, which might serve a similar function.
Thus, at this still early stage in structural and functional studies of
membrane tethering complexes, it seems possible that these
structurally related domains may perform related functions.

Vps53 Cog4 Sec6                               Dsl1             

A B

C

Fig. 2. The C-terminal fragment has a similar fold to subunits in the COG, exocyst, and Dsl1 multisubunit tethering complexes. (A) Vps53, Cog4 (PDB ID 3HR0),
Sec6 (PDB ID 2FJI), and Dsl1 (PDB ID 3K8P) C-terminal fragments are shown in the same orientation. Distinct helical bundles are shown in dark green, green,
and yellow (at the C terminus). The C-terminal helical bundle in Vps53 has two helices not present in the other proteins; they are shown in cyan. The
N-terminal-most helical bundle, or “stem,” in the Vps53 fragment lacks two or three helices present in the other proteins. A more quantitative comparison of
the structures is tabulated below. (B) Superposition of the Vps53 and Cog4 C termini, showing that Cog4 lacks the two most C-terminal helices in Vps53 (cyan).
Vps53 and Cog4 are colored as in A. (C) The surface of the C-terminal fragment of Vps53, with residues colored according to hydrophobicity as in Fig. 1C. The
additional helices present in the Cog4 “stem” are indicated in green. They bury the Vps53 hydrophobic patch, suggesting that the full-length Vps53 protein
shares these helices even as they are not present in the proteolytic fragment of Vps53 that was crystallized.
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Another outstanding question is whether the higher-order or-
ganizations of the different tethering complexes have similarities,
because thus far only the architecture of Dsl1 (3) is well un-
derstood. Size differences may argue against a common overall
organization. Dsl1 and GARP have three subunits (or four for
the yeast GARP), and COG and the exocyst each have eight (8).
Dsl1 and GARP may be organizationally similar, however, and it
remains possible that their architecture is repeated in forming
the larger complexes. Hopefully structural and functional studies
will help to answer these challenging questions in the next seve-
ral years.

Methods
Cloning. Sequences for full-length Vps53 from S. cerevisiae as well as for
several C-terminal fragments thereof (residues 95–822, 200–822, and 554–
822) were cloned into a modified pCOLA DUET plasmid (Novagen) between
the BamHI and the NotI restriction sites. The constructs include an N-terminal
hexahistidine tag followed by a tobacco etch virus (TEV) protease cleavage
site. The construct used for structure determination includes residues 554–
822 of the Vps53 sequence. In this construct, residues Ile586 and Leu722
were mutated to methionine using QuikChange site-directed mutagenesis
(Stratagene).

Protein Expression and Purification. E. coli BL21(DE3) cells harboring plasmids
for Vps53 protein constructs were grown at 37 °C in Luria broth supple-

mented with 30 μg/mL of kanamycin. When the cells reached an OD600 of
0.6–0.8, the cells were shifted to 20 °C, and protein production was induced
with 1 mM isopropyl β-D-1-thiogalactopyranoside. The selenomethionine
substituted protein used for structure determination was similarly expressed,
except that the cells were grown onM9 media, supplemented with all amino
acids except methionine. Just before induction, L-selenomethionine was
added (60 mg/L) along with threonine, lysine, and phenylalanine (100 mg/L),
and leucine, isoleucine, and valine (50 mg/mL) to inhibit methionine bio-
synthesis. Protocols for expression of selenomethionine substituted proteins
are well described (23).

Cells were harvested 12–15 h after induction. They were resuspended in
lysis buffer [50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5% glycerol (wt/vol), 20 mM
imidazole (pH 8.0), and 20 mM β-mercaptoethanol] supplemented with
Complete Protease Inhibitor Mixture (Roche), 0.5 mg/mL lysozyme, and 0.5
mg/mL DNaseI. The cells were lysed in a cell disruptor (Avestin), and the
lysate was cleared by centrifugation. Vps53 protein was isolated by batch
binding to Ni-NTA resin (Qiagen). The resin was washed with 10 bed volumes
of lysis buffer, followed by 10 more volumes of lysis buffer supplemented to
contain 50 mM imidazole. Vps53 protein was eluted using lysis buffer sup-
plemented to contain 250 mM imidazole. To cleave the hexahistidine tag,
TEV protease was added and incubated overnight at 4 °C. The cleavage
reaction was terminated by addition of Complete Protease Inhibitor Mix-
ture (Roche), and the protein was concentrated for further purification on
a MonoQ anion exchange column (GE Amersham). The MonoQ column was
equilibrated with 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5% glycerol, and
10 mM DTT, and protein was fractionated using a gradient of 0.15–0.5 M
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Fig. 3. A surface of of the Vps53 C terminus is highly conserved. (A) residues on the surface of Vps53 that are most highly conserved are dark blue, and those
that are conserved are light blue. The conserved patch is enlarged, and the most highly conserved residues are labeled. A ribbons diagram indicates the
orientation of the molecule. (B) A second view of the Vps53 C terminus and conserved surface residues, related to that in A by a 90° rotation. Hydrophobic
regions thought to be buried in the core of the Vps53 stem by additional helices not present in the crystallized fragment, as in Fig. 2C, are outlined in orange.
(C) A third view, related to that in B by a 90° rotation.(D) Sequence alignments for the Vps53 C terminus. Residues that are identical or highly conserved in the
alignment are indicated in dark and light blue, respectively, and were mapped in A–C. Secondary structure for the S. cerevisiae C-terminal fragment is indicated.
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NaCl. Final purification was by gel filtration on a Superdex200 16/30 column
(GE Amersham). All Vps53 constructs behaved as monomers on the gel fil-
tration column. Protein was collected from the gel filtration column in
buffer containing 20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, and 10 mM DTT and
concentrated to 10 mg/mL for crystallization.

Crystallization and Structure Determination. Crystals of the C-terminal frag-
ment of selenomethionine substituted Vps53 (residues 554–822) were grown
at room temperature using the hanging drop method. The protein solution
(1 μL) was mixed with an equal volume of well solution containing 50 mM
Tris (pH 8.5), 10% PEG 4K, 200 mM BaCl2, and 10 mM DTT. Crystals appeared
in 1 wk, growing to final dimensions of 200 × 60 × 60 μ within 2 wk. They
belong to spacegroup P6322 (a = b = 127.2 Å, c = 81.7 Å). For data collection,
the crystals were quick-dunked in well solution supplemented to contain
20% (vol/vol) of glycerol and flash-frozen in liquid nitrogen.

Data from the flash-frozen crystals were collected at beamline 24-IDC at
the Advanced Photon Source in Chicago, IL. For structure determination, we
used complete and highly redundant anomalous data from a single sele-
nomethionine substituted crystal (Table 1). Data were integrated and scaled
using HKL2000 (24). Selenium and barium positions (barium also has a large
anomalous signal at the wavelength used) were located with SHELXD (25).
The positions were refined and phases were calculated with the program
SHARP (26). Phases were modified by solvent flipping as implemented in
SHARP, and an easily interpretable electron density map was obtained at
a resolution of 2.9 Å (Fig. S2). An initial model was built into the experi-
mental density using the programs O and COOT (27, 28). There is one copy of
the Vps53 C-terminal fragment in each asymmetric unit. Cycles of manual
rebuilding, energy minimization, and Translation/Libration/Screw (TLS) re-
finement were performed using REFMAC (29, 30). The final model includes
residues 564–730 and 742–779 of Vps53, 19 water molecules, and three
barium ions. Final Rwork is 18.9%, and Rfree is 22.1%. Other details describing
the refined structure are listed in Table 1. Coordinates and structure factors
have been deposited in the Protein Data Bank (accession no. 3NS4).

CPY Secretion Assay. Mutations were made to plasmid PLC92, an integrating
plasmid bearing the Vps53 C terminus (a kind gift from Dr. T. Stevens,
University of Oregon), using the Quikchange system (Stratagene). The vps53
mutations were introduced into NY1490 (NY1490: Mat a, leu2-3,112, ura3-
52, trp1, his3α200, LA-) by transformation and selected on –Trp dropout
medium. PCRs were performed on genomic DNA isolated from trans-
formants to verify integration at the correct locus, and the resulting PCR
products were sequenced to check that the mutations were present in the
VPS53 coding sequence. To perform the CPY secretion assay, cells were
grown overnight in YPD at 25 °C, and six OD600 units of cells were harvested
for the assay. The cells were pelleted, and the culture supernatant was
carefully removed. Proteins in the supernatant were precipitated by addi-
tion of 100% (wt/vol) trichloroacetic acid (TCA) to a final concentration of
10% TCA. After incubation on ice for 30 min, the precipitated proteins were
pelleted at 20,000 × g for 15 min, washed in acetone, and resuspended in 1×
SDS/PAGE loading buffer. Tris base (1 M) was added at a 1:50 dilution, when
needed, to neutralize any residual TCA. The pelleted cells were washed with
1× PBS and then lysed by vortexing in the presence of glass beads and 100 μL
of 1× PBS. One hundred microliters of 2× SDS/PAGE loading buffer was
added to the lysate, and the samples were separated by SDS/PAGE, trans-
ferred to nitrocellulose, and probed with polyclonal antibodies against CPY.
We also probed for Vps53 expression with monoclonal antibodies against C-
terminal 3× HA tags present in the all Vps53 constructs except the C-terminal
truncations (T1, T2).

Figures were made in PYMOL (31) and GRASP (32).
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