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Abstract

We show that the Saccharomyeces cerevisiae GARP complex and the Cogl-4 subcomplex of the
COG complex, both members of the complexes associated with tethering containing helical rods
(CATCHR) family of multisubunit tethering complexes, share the same subunit organization. We
also show that the HOPS complex, a tethering complex acting in the endolysosomal pathway,
shares a similar architecture, suggesting that multisubunit tethering complexes use related
structural frameworks.

Transport vesicles bring protein and lipid cargo to and from organelles. Recognition of the
target membrane involves a number of proteins, including vesicle coat proteins, SNARE
proteins, Rab GTPases, Sec1-Muncl18 (SM) proteins, and tethering factors. Multisubunit
tethering complexes (MTCs) range in size from 250 kDa to 1 MDa, are recruited to
organelle membranes by Rab GTPases, and are thought to orchestrate the events that lead
from vesicle recognition to membrane fusion.

MTCs are categorized into three groups: (1) MTCs that act along the secretory pathway (the
CATCHR family): the Dsl1 complex, the Golgi-associated retrograde protein (GARP)
complex, the endosome-associated retrograde protein (EARP) complex, the conserved
oligomeric Golgi (COG) complex and the exocyst complex. These complexes are
characterized by long flexible legs!. (2) MTCs that act in the endolysosomal pathway: the
homotypic fusion and vacuole protein sorting (HOPS) complex and the class C core
vacuole-endosome tethering (CORVET) complex?2. (3) The transport protein particle
(TRAPP) family: the TRAPPI, 11, and 111 complexes. While TRAPP complexes have
historically been enumerated among the MTCs, their primary role is guanine nucleotide
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exchange for the Rab GTPase Yptlp-Rab13. They appear to be functionally distinct from the
other two MTC groups as they have no reported role in SNARE recruitment or assembly. As
discussed below, the TRAPP complexes also have a different, more compact architecture
from that of other MTCs.

We set out to characterize the structure of the yeast GARP and HOPS complexes. We first
used tandem affinity purification (TAP) to isolate the GARP complex (Supplementary Fig.
1a and Supplementary Table 1). Negative-stain EM images showed Y-shaped complexes
(Supplementary Fig. 1b), and class averages revealed substantial structural variability
(Supplementary Fig. 1c). The three legs, labeled A to C in Figure 1a, can be distinguished
by leg A being the shortest one, leg B ending in a compact “hook” density (arrowheads in
Fig. 1a), and leg C featuring a hinge in the middle (arrows in Fig. 1a).

To establish the subunit organization of the GARP complex we used a GFP-tagging
approach. We first expressed GARP complex with a C-terminal GFP on Vps51
(Supplementary Fig. 1d) and imaged the complex by negative-stain EM (Supplementary Fig.
1e). Some class averages showed extra density for the GFP and located the Vps51 C
terminus to the hinge region of leg C (Fig. 1b). Most averages, however, were poorly defined
(Supplementary Fig. 1f), making it difficult to unambiguously identify the location of the
GFP. We therefore decided to change to a double-GFP-tagging strategy and to analyze raw
particle images.

The results of double-GFP tagging (Fig. 1c-i, Supplementary Note 1 and Supplementary
Figs. 2 and 3a-g) and of a Vps51 deletion (Supplementary Fig. 3h) allowed us to establish
how the subunits are arranged in the GARP complex (Fig. 1j). Leg A is formed by the C-
terminal region of VVps52, and the distal segments of legs B and C are formed by the C-
terminal regions of Vps53 and VVps54, respectively. The N-terminal region of VVps54 also
contributes to the proximal region of leg B. All of Vps51 and the N-terminal regions of the
other three subunits form the proximal segment, up to the hinge, of leg C.

The subunit organization of the GARP complex is very similar to that of the Cog1-4
subcomplex? (Fig. 1k). Even though the corresponding subunits have very low sequence
similarity, comparison of the projection structures shows that structurally VVps51 corresponds
to Cog2, Vps52 to Cog3, Vps53 to Cog4, and Vps54 to Cogl. The similarity between the
corresponding subunits is also reflected in the crystal structures of the C termini of GARP
subunit Vps53° and the corresponding subunit, Cog4, of the Cog1-4 subcomplex®
(Supplementary Fig. 4a,b). Note that subunits VVps51 and Cog?2 are longer in humans’-8 than
in yeast (Fig. 1j,k). The N-terminal regions of the GARP subunits have been implicated in
SNARE binding?, but so far only Cog4 was found to interact with SNARESs0, so that it is
currently unclear whether the Cogl-4 subcomplex interacts with SNARES in the same way
as the GARP complex.

We also purified yeast HOPS complex containing all six subunits (Supplementary Fig. 4c,
Supplementary Table 2). Negative-stain EM images revealed particles with flexible rod-like
extensions (Supplementary Fig. 4d), markedly different from the more globular and rigid
particles reported beforell. The previous study used chemical cross-linking to stabilize the
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complex, and when we exposed our HOPS preparation to glutaraldehyde we found that the
particles became more similar in shape to those reported earlier (Supplementary Fig. 4e).

Class averages revealed that the HOPS complex is not only very flexible but also easily falls
apart (Supplementary Fig. 5a). The largest particles show that the HOPS complex consists of
a head and extended legs (Fig. 2a, averages 1-4). The head comprises two domains (marked
as |l and Il in Fig. 2a, average 1): a larger bipartite domain and a smaller globular domain
that is lacking in some complexes (Fig. 2a, averages 5 and 6). The head is attached to a long,
filamentous structure with a diffuse density near its center. In some class averages, this
diffuse density appears like a strongly bent leg (arrow in Fig. 2a, average 2). We thus
interpret the filamentous structure to represent three legs (labeled A to C in Fig. 2a, average
1). This assignment is supported by class averages of complexes that lack leg A (Fig. 2a,
averages 7 and 8) or leg C (Fig. 2a, averages 9 and 10).

Comparison of our projection structure with available literaturel1:12 allowed us to deduce
the likely subunit organization of HOPS (Fig. 2b, Supplementary Note 2 and Supplementary
Fig. 5b-h). Comparison with the GARP complex (Fig. 2c) suggests that HOPS subunits
Vpsll, Vpsl8, Vps39 and Vps4l are analogous to GARP subunits Vps51 to Vpsb4. While
HOPS Vps11 would correspond to GARP Vps51, the correspondence between the other
three subunits is ambiguous. Nevertheless, all HOPS subunits except Vps33 consist of N-
terminal B-propellers and C-terminal a-solenoids and likely interact through their C
terminil3, so that they may interact with each other in the same way as the N termini of
GARP subunits, i.e., through the formation of helical bundles. HOPS subunits Vps16 and
Vps33 would be unique to the HOPS complex. As V/ps33 has the fold of an SM protein13.14,
it may be that the HOPS and CORVET complexes evolved to have a “built-in” SM protein,
whereas CATCHR complexes associate less stably, maybe very transiently, with SM
proteins1®.

In summary, we find first that the CATCHR assemblies GARP and Cog1-4* are structurally
very similar at low resolution, and as EARP is identical to GARP in composition, other than
that syndetin replaces Vps54 (Fig. 2c), it likely also has the same organization. A recent
negative-stain EM study of the hetero-octameric exocyst complex!® suggests it is similarly
multi-legged, although the legs appear to interact more extensively than in the COG7 and
GARP complexes. Dsl, the smallest and most divergent of the CATCHR complexes, is
multi-legged, but the three subunits interact differently!8. Furthermore, our data suggest that
HOPS is similarly multi-legged as the CATCHR complexes and that its subunits may
interact as in the GARP and Cog1-4 complexes. The HOPS and CORVET complexes share
four of their six subunits, and so will be organized in the same way. Thus, it appears that the
tethering complexes of the secretory and endolysosomal pathways share a common building
plan, reflecting their analogous functions.

Online Methods

Yeast strains and plasmids

The yeast strains used in this work are summarized in Supplementary Table 3. GARP
complexes with and without GFP tags were purified using strains with a C-terminal TAP tag
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on Vps54 or Vps52. The strain expressing TAP-tagged Vps54 was purchased from the Open
Biosystems Collection (background strain BY4741). The strain expressing TAP-tagged
Vps52 was generated by using homologous recombination to add the sequence for
TAP::HIS3MX6 to the 3" end of the Vps52 gene.

The strains used to express GARP subunits with a C-terminal GFP tag were prepared by
adding the sequence for GFP:KanMX6 or GFP::hphNT1 to the 3" end of the genes
encoding the subunits. To make strains expressing GARP subunits with N-terminal GFP
tags, a DNA fragment containing the first 800 bp upstream of Vps52, the GFP sequence and
300 bp downstream of VVps52 was ligated into the pRS416 vector using the Kpnl-Xhol,
Xhol-Hindlll and Xbal-Notl restriction sites. Then, one of the genes encoding Vps51,
Vps52, Vps53 or Vps54 was added to the 3 end of the GFP sequence using the Smal-
BamHI or Smal-Spel restriction sites. These constructs were used to transform yeast strains
in which the genes for the respective subunits were deleted.

The HOPS complex was purified using a strain with a C-terminal TAP tag on Vps41, which
was purchased from the Open Biosystems Collection (background strain BY4741).

Purification of the GARP and HOPS complexes

The GARP and HOPS complexes were purified using the standard TAP purification
protocol. Yeast cells were grown in 18 L YPD medium, and when ODggg reached 2 to 2.5,
the cells were harvested by centrifugation at 4,000xg for 10 min at 4°C. The pellets were
frozen, ground up by hand, and broken with a bead beater (BioSpect Products Inc.) in lysis
buffer (6 mM NayHPO,4, 4 mM NaH,POy, pH 7.2, 150 mM NaCl, 2 mM EDTA, 1 mM
EGTA, 0.1 mM NazgVOQOy, 0.1% NP-40 and 50 mM NaF). The lysate was cleared by
centrifugation at 20,000xg for 40 min at 4°C, and the supernatant was incubated with IgG
Sepharose resin (GE HealthCare) for 1 hour at 4°C. The resin was washed with buffer A (10
mM Tris-HCI, pH 8.0, 150 mM NaCl, and 0.1% NP-40) and incubated with TEV protease
for 1.5 h at 16°C. The suspension was loaded into a column, and the flow-through was
incubated with Calmodulin Sepharose resin (GE HealthCare). After loading the resin into a
column, it was washed first with 0.1% and then with 0.01% NP-40 in CBB buffer (10 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM CaCl,,
and 1 mM DTT). GARP or HOPS complex was eluted with elution buffer (CBB buffer with
0.01% NP-40, but containing 20 mM EGTA instead of 2 mM CaCl,) and used immediately
for negative-stain EM.

For analysis by tandem mass spectrometry, Vps54 TAP-tagged GARP complex eluting from
the Calmodulin Sepharose column was precipitated with trichloroacetic acid (TCA) and
analyzed (Supplementary Table 1). In the case of Vps41 TAP-tagged HOPS complex,
protein eluting from the Calmodulin Sepharose column was run on an SDS-PAGE gel, and
the region of the gel marked by a bracket in Supplementary Fig. 4c was cut out and analyzed
(Supplementary Table 2).

For cross-linking, HOPS complex was incubated with 0.008% (v/v; final concentration)
glutaraldehyde (EM grade, Electron Microscopy Sciences) for 10 min on ice. The cross-
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linking reaction was stopped by adding 1 M Tris-HCI, pH 8.0, to a final concentration of 80
mM.

Electron microscopy

Samples were negatively stained with 0.75% (w/v) uranyl formate and imaged with an FEI
Tecnai 12 electron microscope operated at an acceleration voltage of 120 kV using low-dose
procedures. HOPS complex, untagged GARP complex and GARP complex with a C-
terminal GFP on Vps51 were imaged at a nominal magnification of 67,000x with a defocus
of —1.5 um. The images were taken on image plates, which were digitized with a DITABIS
scanner (DITABIS Digital Biomedical Imaging System AG, Pforzheim, Germany) using a
step size of 15 um. The images were binned over 2 x 2 pixels, resulting in a pixel size of
4.48 A on the specimen level.

Images of double-GFP-tagged GARP complexes were recorded on a Gatan 4K x 4K CCD
camera with an underfocus range of 2.5 - 3.0 ym. The nominal magnification was 67,000
and the calibrated pixel size was 1.68 A on the specimen level. The images were binned over
2 x 2 pixels, resulting in a pixel size of 3.36 A. Cross-linked HOPS was imaged with a
Gatan 4K x 4K CCD camera at a nominal magnification of 42,000x, resulting in a calibrated
pixel size of 2.61 A on the specimen level.

Image processing

For untagged GARP complex, 15,369 particles were picked and windowed into 110 x 110-
pixel images. After normalization and reducing the particle images to 64 x 64 pixels, the
particles were aligned and classified using the Interactive Stable Alignment and Clustering
(ISAC) procedure®® implemented in SPARX20, specifying 100 particles per group and a
pixel error threshold of 2. After 14 generations of ISAC, 5,737 particles (37.3% of the data
set) were classified into 231 classes. For GARP complex tagged with a C-terminal GFP on
Vps51, 5,355 particles were manually picked, windowed and classified into 50 classes using
the K-means algorithm implemented in SPIDER.

For the HOPS complex, 20,714 particles were picked and windowed into 150 x 150-pixel
images. After normalization and reducing the particle images to 64 x 64 pixels, the particles
were subjected to ISAC, specifying 50 particles per group and a pixel error threshold of 2.
After 11 generations, 3,580 particles (17.3% of the data set) were classified into 238 classes.
The particles were also classified into 200 classes using K-means classification in SPIDER.
Particles in classes giving poor averages and in classes containing subcomplexes were
discarded, and the remaining 9,300 particles were classified again using K-means
classification, specifying 50 classes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Subunit organization of the yeast GARP complex and comparison with the Cogl-4
subcomplex. () Selected averages of the GARP complex. The three legs of the Y-shaped
complex are labeled from the shortest leg (A) to the longest leg (C). The arrowheads point to
a hook at the end of leg B and the arrows point to a hinge in the middle of leg C. (b)
Selected class averages of GARP complex tagged with GFP at the C terminus of Vps51 (see
Supplementary Fig. 1f for all class averages). The GFP (indicated by arrows) is located close
to the hinge region in leg C. (c) Raw particle image (top panel) and schematic drawing
(bottom panel) of GARP complex with an N-terminal GFP on Vps51. A C-terminal GFP on
Vps54 was used to mark leg C. See Supplementary Fig. 3g for additional particles. (d - i)
Raw particle images (top panels) and schematic drawings (bottom panels) of GARP
complexes with a GFP at the N terminus (d) or C terminus (e) of Vps52, at the N terminus
(f) or C terminus (g) of Vps53, and at the N terminus (h) or C terminus (i) of Vps54. A C-
terminal GFP on Vps51 was used to mark leg C. See Supplementary Fig. 3a-f for additional
particles. Scale bars in panels (a) to (i) are 15 nm. (j, k) Schematic drawings of the GARP
complex (j) and the Cogl-4 subcomplex (k), revealing which subunits in the two complexes
correspond to each other.
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Figure2.
Proposed subunit organization of the HOPS complex and comparison with the GARP

complex. (a) Selected averages of the full HOPS complex and different subcomplexes.
Averages 1 to 4 illustrate the structural variability of the HOPS complex. In average 1 the
structural features of the HOPS complex are marked. The arrow in average 2 points to leg B
that usually appears as a smeared-out density. Averages 5 and 6 show subcomplexes missing
domain I1. Averages 7 and 8 show subcomplexes missing leg A. Averages 9 and 10 show
subcomplexes missing leg C. The arrows in panels 5 to 10 point to the area where the
missing domains would be located in the full complex. The scale bar is 20 nm. (b, )
Schematic drawings of the HOPS complex (b) and the GARP complex (c), revealing which
subunits in the two complexes potentially correspond to each other. Arrows and protein
names indicate the protein substitutions that convert the HOPS to the CORVET complex and
the GARP to the EARP complex.
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