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ABSTRACT In yeast the Golgi-associated retrograde protein (GARP) complex is required for
tethering of endosome-derived transport vesicles to the late Golgi. It consists of four subunits—Vps51p, Vps52p, Vps53p, and Vps54p—and shares similarities with other multimeric
tethering complexes, such as the conserved oligomeric Golgi (COG) and the exocyst complex. Here we report the functional characterization of the GARP complex in the nematode
Caenorhabditis elegans. Furthermore, we identified the C. elegans Vps51 subunit, which is
conserved in all eukaryotes. GARP mutants are viable but show lysosomal defects. We show
that GARP subunits bind specific sets of Golgi SNAREs within the yeast two-hybrid system.
This suggests that the C. elegans GARP complex also facilitates tethering as well as SNARE
complex assembly at the Golgi. The GARP and COG tethering complexes may have overlapping functions for retrograde endosome-to-Golgi retrieval, since loss of both complexes
leads to a synthetic lethal phenotype.
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INTRODUCTION
Vesicular membrane transport between different intracellular compartments relies on the specific delivery and fusion of transport
containers with the acceptor membrane. Although N-ethylmaleimide–sensitive factor attachment receptor (SNARE) proteins are sufficient to execute membrane fusion in purified membrane fusion
assays in vitro, cells require additional factors for efficient vesicular
membrane trafficking in vivo (Lang and Jahn, 2008). In particular, it
is still not clear how specificity is achieved during membrane transport. A set of additional factors helps to make the match by tethering transport vesicles to the acceptor membrane. These factors also
confer specificity for the fusion process by bringing the SNARE
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proteins in close proximity to allow efficient SNARE pairing. Tethering factors can be divided into two groups: 1) long coiled-coil proteins and 2) multisubunit tethering complexes. Long coiled-coil
proteins are recruited to acceptor membranes mostly by small GTPases and mark the identity of domains on subcellular compartments (Short et al., 2005). Multimeric tethering complexes are also
bound by small GTPases in their active, GTP-bound form and cooperate with the long coiled-coil proteins to tether vesicles to the acceptor membrane (Whyte and Munro, 2002). Three of these multisubunit tethering complexes share similarities in their domain
architecture and are composed of multimers of fourfold-symmetric
components. Therefore they were termed “quatrefoil” tethering
complexes. This group consists of the exocyst, the conserved oligomeric Golgi (COG) complex, and the Golgi-associated retrograde
protein (GARP) complex (Whyte and Munro, 2002). The exocyst
contains eight subunits, is required for tethering of vesicles to the
plasma membrane, and localizes mainly to sites of polarized growth
(Hsu et al., 2004). In contrast, COG and GARP complexes are
thought to function mainly in retrograde transport. The COG complex has been shown to tether vesicles to the Golgi apparatus (Bruinsma et al., 2004; Ungar et al., 2006; Shestakova et al., 2007; Smith
et al., 2009). It contains eight subunits that are organized in two
subcomplexes. COG1–4 are required for viability in yeast, whereas
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COG5–8 are not (Whyte and Munro, 2002; Ungar et al., 2006). The
COG complex has been proposed to act at multiple retrograde
transport steps within the Golgi as well as from post-Golgi, endosomal compartments to the Golgi (Bruinsma et al., 2004; Shestakova
et al., 2007; Smith et al., 2009). A retrieval function within the Golgi–
endosomal interface was also suggested by the fact that COG activity is required for proper localization of proteins to the trans-Golgi
network (TGN) (Spelbrink and Nothwehr, 1999) and early Golgi
(Bruinsma et al., 2004).
In contrast to the COG complex, the GARP complex seems not
to be involved in intra-Golgi retrograde transport but has been
reported to tether endosome-derived vesicles to the Golgi. In
yeast, the GARP complex consists of four subunits: Vps51p, 52p,
53p, and 54p. It localizes to the TGN and has been shown to be
required for protein sorting at the Golgi–endosomal interface
(Conboy and Cyert, 2000; Conibear and Stevens, 2000; Conibear
et al., 2003; Siniossoglou and Pelham, 2002; Reggiori et al., 2003).
Specifically, the retrieval of late Golgi membrane proteins, TGN
cargo receptors, and SNAREs is defective in GARP mutants. The
GARP complex is an effector of the Rab GTPase Ypt6p and the Arflike GTPase Arl1 (Siniossoglou and Pelham, 2001, 2002; Conibear
et al., 2003; Panic et al., 2003; Liewen et al., 2005). It also interacts
with the late Golgi SNARE Tlg1p (Siniossoglou and Pelham, 2001,
2002; Conibear et al., 2003; Reggiori et al., 2003; Liewen et al.,
2005).
Like the other tethering complexes, the GARP complex is evolutionarily conserved. However, only Vps52, 53, and 54 had been
identified in metazoans and shown to assemble a stable complex
(Liewen et al., 2005; Perez-Victoria et al., 2008). Knockdown of
GARP components by RNAi leads to missorting of the lysosomal
hydrolase cathepsin D by lack of retrieval of its cargo receptor to the
late Golgi. Similar to yeast, it has also been shown that TGN proteins like TGN46 were mislocalized due to a lack of recycling back to
the Golgi (Perez-Victoria et al., 2008). Furthermore, specific mutations in Vps54 cause motoneuron degeneration and sperm defects
in mice (Schmitt-John et al., 2005).
To study the requirement of GARP-mediated Golgi retrieval for a
multicellular organism, we used Caenorhabditis elegans to analyze
GARP complex function.

RESULTS
Identification of the GARP complex in C. elegans
and cloning of the VPS-51 subunit
GARP complex function has been described in yeast and mammalian cell culture. To study the function of the GARP complex in a
multicellular organism, we identified orthologues of the different
subunits in the nematode C. elegans (Figure 1). Previously it was
been suggested that the mammalian GARP complex contains just
the three subunits Vps52, Vps53, and Vps54 (Liewen et al., 2005;
Koumandou et al., 2007; Perez-Victoria et al., 2008), unlike yeast, in
which Vps51p had also been identified. By using the minimal conserved protein domain described for the yeast Vps51p we generated an alignment of all the yeast Vps51 family members. Using the
Vps51 domains from Dictyostelium discoideum (amino acids 182–
262) and Neurospora crassa (amino acids 250–310) (Figure 2E), we
searched the C. elegans protein databases by iterated Basic Local
Alignment Search Tool searches. These searches revealed a specific
match to the uncharacterized C. elegans open reading frame (ORF)
B0414.8 with 30% identity/65% similarity to Dictyostelium and 36%
identity/68% similarity to Neurospora, respectively. Comparisons
with Drosophila, Arabidopsis, and the mammalian system revealed
that this Vps51 domain has a characteristic central LVYENYNKVolume 22 July 15, 2011

Figure 1: The subunits of the C. elegans GARP complex. The gene
structure and protein structures of the four C. elegans GARP subunits
VPS-51 (A), VPS-52 (B), VPS-53 (C), and VPS-54 (D) are shown. The
exon–intron structure of each gene is depicted by solid black bars
(exons), which are connected by thin lines (introns). The positions of
the respective deletion alleles are given by red lines below the gene
structures. The domain organization of the different GARP subunits is
shown below the gene structures. CC, coiled-coil; ZnF, zinc finger.

FISATDT motif that distinguishes it from the common motifs found
with COG or exocyst subunits. Extensive multiple sequence alignments extended this central Vps51 consensus motif as shown in
Supplemental Figure 1D. This domain had been independently
identified as a Dor1-like domain and shown to be closely related to
the COG and exocyst subunits Cog8 and Sec5 (Whyte and Munro,
2001). However, this newly identified class of proteins was not linked
to the GARP complex. Because the COG and exocyst subunits have
been identified in C. elegans, we reasoned that ORF B0414.8 might
encode the missing VPS-51 subunit of the GARP complex (Figure 1).
To see whether B0414.8 colocalizes with the rest of the GARP complex, we expressed a translational mCherry-B0414.8 fusion protein
and determined its localization relative to the other GARP subunits.
As shown in Figure 2A, the localization of mCherry-B0414.8 completely overlapped with that of VPS-52-mYFP, as well as with the
other subunits (unpublished data). All fluorescently tagged GARP
subunits showed perfect colocalization with each other (Figure 2A).
To further demonstrate that B0414.8 is indeed an integral part of the
C. elegans GARP complex, we coimmunoprecipitated the other
subunits with B0414.8 and vice versa (Figure 2B). These interactions
were specific, since it was not possible to coimmunoprecipitate an
mCherry-Rab-2 fusion protein with any of the GARP subunits
C. elegans GARP complex contains conserved Vps51 subunit
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Figure 2: GARP complex consists of four subunits. (A) Confocal pictures showing the colocalization of the different
GARP subunits in a single adult body-wall muscle cell. Arrowheads point to similar localizations in the images. Scale bar,
5 μm. (B) Coimmunoprecipitations were performed from mixed-stage extracts of transgenic animals expressing
combinations of mYFP- and mCherry-tagged GARP subunits as indicated. One percent of each extract used for
immunoprecipitation was loaded as input. The monoclonal anti-GFP antibodies used for immunoprecipitations
recognized mYFP but not mCherry. The concentrated mYFP-fused proteins were detected by polyclonal anti-GFP
antibodies, which recognize mYFP but not mCherry. The coimmunoprecipitated products were detected with polyclonal
anti-DsRed antibodies, which recognize mCherry but not mYFP. A GARP subunit tagged with mCherry can be copurified
with another GARP subunit tagged with mYFP, indicating physical interactions between GARP subunits. A combination
of VPS-52-mYFP and mCherry-RAB-2 was used as a negative control. (C) Interaction between GARP subunits as
determined by yeast two-hybrid assays. The growth medium without histidine selects for interactions. (D) Schematics of
VPS-51 domains in C. elegans and S. cerevisiae; CC, coiled coil domain. (E) Alignment of VPS-51 domains from different
species. Conserved amino acids are boxed in black and similar ones in gray.
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expressed in the same body-wall muscle cells as a control (unpublished data; Figure 2B). In addition, all GARP subunits also display
interactions with each other and B0414.8/VPS-51 when assayed in
the yeast two-hybrid system (Figure 2C). This strongly suggests that
the metazoan GARP complex has four subunits, as in yeast, and that
B0414.8 is the missing VPS-51 subunit.

Vps51 is evolutionarily conserved and present in all
eukaryotic organisms
In contrast to the 164–amino acid (aa) yeast Saccharomyces cerevisiae Vps51p, C. elegans VPS-51 consists of 700 aa. Except for the
Vps51 homology domain (Figure 2D) and a coiled-coil motif, there
are no clearly recognizable domains present in VPS-51 (Figure 1A).
By using the newly identified Vps51 domain (see Supplemental
Figure S1), we were able to identify clear Vps51 orthologues in all
eukaryotic organisms. The Vps51 orthologue group is phylogenetically separated from the COG and exocyst subunits (Supplemental
Figure S1, A–D). In contrast to the yeast family, Vps51 proteins are
around 700–900 aa in plants and animals and 700–1700 aa in the
different protist lineages of heterologous single-celled eukaryotes
ranging from Monosiga and Dictyostelium to Plasmodium and
Trypanosoma. Human Vps51 has been previously identified as “another new gene 2” (ANG2) protein or C11orf2 (O’Brien et al., 2000)
and has recently been shown to be part of the mammalian GARP
complex (Perez-Victoria et al., 2010). The Vps51 protein from zebrafish, named fat-free (ffr), has been identified and shown to be
required for intestinal lipid absorption and proper Golgi morpho
logy (Ho et al., 2006). Almost all Vps51 proteins have the same domain architecture, with the Vps51 domain at the N-terminus and no
recognizable domains except some coiled-coil regions C-terminally
(Figure 1E and Supplemental Figure S1E). Among metazoan Vps51
proteins, motif detection revealed several conserved regions beside
the Vps51 domain that are present in almost all Vps51 proteins (Supplemental Figure S1, D and E). This suggests that a common ancestor possessed a GARP complex containing a large Vps51 subunit
and that all subsequent alterations—for example, the truncation of
Vps51 in the yeast family—were caused by secondary sequence loss
during evolution. The truncations and low similarity between the
yeast and metazoan Vps51 proteins (Figure 2E) might explain why it
was difficult to identify Vps51 in the metazoan system.

The C. elegans GARP complex localizes to Golgi domains
Transcriptional fusions of the vps-51, -52, and -53 promoters to
green fluorescent protein (GFP) revealed that the GARP complex
subunits are ubiquitously expressed, with particularly strong expression in neuronal cells (Supplemental Figure S2). This suggests that
GARP complex activity is required in many cell types, as in mammals
(Liewen et al., 2005). Localization studies using fluorescently tagged
GARP subunits showed that the C. elegans GARP complex extensively colocalizes in body-wall muscle cells with medial Golgi markers such as α-mannosidase II and a GFP-tagged GRIP domain from
the trans-Golgi golgin T05G5.9 (Figure 3A). VPS-52-mCherry
showed a more partial overlap with endosomal domains labeled by
the phosphoinositol-3-phosphate–binding GFP-2xFYVE domain fusion (Figure 3A). This is consistent with the findings in yeast and
mammals that the GARP complex localizes to the late Golgi (Conboy
and Cyert, 2000; Conibear and Stevens, 2000; Perez-Victoria et al.,
2008) and endosomal compartments, as well as vesicular structures
distributed throughout the cell body (Liewen et al., 2005). In
C. elegans body-wall muscles, only Golgi ministacks are present
(∼200 nm diameter). Because they form an integral unit with an endoplasmic reticulum (ER) exit site and endosomal compartment
Volume 22 July 15, 2011

(Figure 3B), colocalization might reflect the diffraction-limited localization of two fluorescence signals to the same secretion unit. Therefore we reanalyzed the localization of the GARP complex in macrophage-like coelomocytes in C. elegans, which contain mostly a
series of parallel Golgi stacks of ∼500–800 nm in size (Figure 3D). In
coelomocytes, the fluorescently tagged GARP subunit VPS-52tagRFP showed perfect overlap with the medial Golgi marker MansGFP, but there was no colocalization detectable between VPS-52tagRFP and the endosomal marker 2xFYVE-GFP (Figure 3C). This
suggests that the GARP complex localizes to the Golgi complex.
The yeast GARP complex is recruited to Golgi membranes by
the Rab6 GTPase Ypt6p. In C. elegans the staining of fluorescently tagged GARP complex subunits also largely overlapped
with the staining seen for the two C. elegans Rab6 orthologues,
RAB-6.1 and RAB-6.2 (Figure 3E). Consistent with previous reports, we were able to coimmunoprecipitate the GARP complex
with both Rab6 GTPases in C. elegans (Figure 3F). This interaction was specific, since we were not able to coimmunoprecipitate
any of the GARP subunits with a GFP-tagged RAB-10 as a control
(Figure 3F). This demonstrates that the C. elegans GARP complex also binds Rab6, as in yeast and mammals (Siniossoglou and
Pelham, 2001; Liewen et al., 2005). Whether C. elegans Rab6 is
also required to recruit the GARP complex to the Golgi could not
be tested because inactivation of both RAB-6 molecules leads to
lethality.
In yeast it has also been demonstrated that if one of the core
subunits Vps52p, 53p, or 54p is missing, the remaining subunits are
rendered unstable and are degraded (Conibear and Stevens, 2000).
To test whether the C. elegans complex behaves similarly, we determined the stability and localization of the remaining core GARP subunits when one is deleted. As shown in Figure 1, there are deletion
mutants available for all GARP subunits in C. elegans. All deletions
lead to frame shifts and early stop codons that truncate the proteins
before the coiled-coil regions that are required for complex incorporation (Siniossoglou and Pelham, 2002; Perez-Victoria et al., 2008).
Therefore these deletions should correspond to strong loss of function and most likely resemble molecular null alleles. In agreement
with this, we were never able to enhance any of the observed phenotypes in double- or triple-mutant combinations of the GARP subunits (unpublished data; Figure 5A later in the paper). To our surprise, deletion of any of the four GARP complex subunits in
C. elegans did not lead to a mislocalization of the remaining subunits (Figure 4A) or to their instability as assayed by Western blot
analysis (Figure 4B). So far it has only been reported that the yeast
Vps51p subunit is dispensable for core complex localization and stability (Siniossoglou and Pelham, 2002; Conibear et al., 2003).
To understand the reason for this difference, we analyzed possible interactions between the different GARP subunits in C. elegans
by yeast two-hybrid assays. On the basis of our finding, it might be
expected that each subunit would display multiple interactions
within the complex, as has been suggested for the mammalian
GARP complex (Liewen et al., 2005; Perez-Victoria et al., 2008). In
agreement with this, all C. elegans GARP subunits display interactions with each other when assayed in the yeast two-hybrid system
(Figure 2C). This creates a complex VPS-51-52-53-54 interaction
network within the C. elegans GARP complex, suggesting that even
in the absence of a subunit the remaining subunits may still interact
and localize properly. In addition, it is also possible that isolated
subunits or subcomplexes have independent means to localize to
the Golgi–endosomal interface. Therefore it was important to test
the functional activity of the remaining GARP subunits when one
subunit is missing.
C. elegans GARP complex contains conserved Vps51 subunit
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Figure 3: GARP complex localizes to the Golgi endosomal interface. (A) GARP complex localization overlaps with the
medial Golgi (Mans::GFP) and late Golgi (GFP::GRIP domain) and partially with endosomal domains (GFP::2xFYVE) in
body-wall muscles. Insets show magnifications of the marked regions of the merged fluorescence images. Scale bar,
5 μm. (B) Thin plastic section EM picture of a Golgi ministack present in C. elegans body-wall muscles. Scale bar, 200 nm.
(C) GARP complex localization overlaps with the medial Golgi (Mans::GFP) but not with endosomal domains
(2xFYVE::GFP) in coelomocytes. Scale bar, 5 μm. (D) Thin plastic section EM picture of Golgi stacks present in C. elegans
coelomocytes. Scale bar, 500 nm. (E) VPS-52::mCherry can be colocalized with the C. elegans Rab6 orthologues
GFP::RAB-6.1 and GFP::RAB-6.2. (F) VPS-52 can be coimmunoprecipitated with both Rab6 orthologues; GFP::RAB-10
was used as a negative control. Scale bar, 5 μm.

Loss of GARP activity leads to alterations in lysosomal
morphology
To functionally characterize the GARP complex in a multicellular organism, we analyzed deletion mutant strains of each subunit in C.
elegans (Figure 1A). Surprisingly, homozygous deletion mutants of
each single GARP subunit were viable. However, mutants in the core
2568 | L. Luo et al.

subunits vps-52, vps-53, and vps-54 had reduced brood sizes (vps52(ok853), 108 ± 7, N = 39; vps-53(ok2864), 102 ± 12, N = 24;
vps-54(ok1463), 57 ± 5, N = 32) as compared with wild type (290 ±
7, N = 25). Because the brood size defects could be rescued by mating homozygous vps-52 or vps-54 mutant hermaphrodites with
wild-type males, it is likely that mutations in the C. elegans GARP
Molecular Biology of the Cell

rophage-like scavenger cells. They reside in
the body cavity (pseudocoelom) and constantly filter the pseudocoelomic body fluid
by bulk endocytosis. Coelomocytes are
highly active in membrane transport and
therefore are widely used to study endocytic
membrane transport (Fares and Greenwald,
2001a, 2001b). Using transgenic marker
strains, we did not observe any differences
in structures of the secretory pathway such
as the ER and Golgi complex, nor did we
detect alterations in the early endocytic
pathway (early and late endosomes) (Figure
5A). In contrast, we observed strongly enlarged lysosomal structures labeled by the
transmembrane proteins CUP-5/mucolipin
and LMP-1 (Fares and Greenwald, 2001b;
Treusch et al., 2004). In mutants of the GARP
core complex, large vesicular structures
positive for lysosomal markers with a diameter of more than 4 μm were detectable
(Figure 5, A, B). These structures were already visible by differential interference contrast (DIC) microscopy (Figure 5C). We were
not able to detect such enlarged lysosomes
in the wild-type background. These enlarged lysosomal structures were similar in
single- and double-mutant combinations of
the GARP subunits (Figure 5A), suggesting
that the single mutants correspond to a
strong loss of GARP complex function.
An electron microscopic analysis revealed that these large structures are protein rich, as they are stained by osmium, like
Figure 4: GARP subunit stability in mutant backgrounds. (A) Deletion of individual GARP
subunits does not alter the localization of the rest of the complex in body-wall muscle cells.
lysosomes (Figure 6). These large lysosomal
Scale bars, 5 μm. (B) Deletion of individual GARP subunits does not alter the stability of other
structures were never detected in wild-type
subunits, as assayed by Western blotting.
coelomocytes. In addition to the enlarged
lysosomes, we also detected clear vacuolar
complex lead to sperm defects as reported for mouse Vps54 mustructures that were enlarged in both vps51(tm4275) and vpstants (Schmitt-John et al., 2005). The brood size defect (198 ± 7,
52(ok853) mutant backgrounds (Figure 6B, C). These clear vacuoles
N = 25) is less severe in vps-51(tm4275) animals, suggesting that
were generally surrounded by lysosomes and contained dark granuC. elegans VPS-51 might also be an auxiliary subunit of the GARP
lar material inside. Although the identity of these structures is not
core complex as has been proposed in yeast (Siniossoglou and
clear, they may represent aberrant lysosomes or lipid-filled storage
Pelham, 2002; Conibear et al., 2003). In addition to their brood size
compartments. However, the uptake and transport kinetics of endodefects, GARP mutant animals appeared slightly pale, grew more
cytosed material, such as Texas red–labeled bovine serum albumin
slowly than wild type, and displayed reduced locomotion (unpub(BSA) injected into the body cavity, was not affected in GARP mutant
lished), although their morphological appearance was largely norcoelomocytes (Figure 7). Furthermore, in a separate assay for coelomal. Despite the loss of a particular GARP subunit, we could demmocyte uptake, the fluorescence level of GFP that has been seonstrate that the remaining subunits were stable and still localized
creted into the body cavity and taken up by coelomocytes (Fares
to the Golgi (Figure 4). Therefore it was possible that the remaining
and Greenwald, 2001a) was similar between GARP mutants and
subunits could still support some GARP complex function sufficient
wild type (Supplemental Figure S3B, C). This indicates that endocyto confer viability. To test this, we constructed double-mutant comtosis is similar to that in wild type and suggests that lysosomal turnbinations of the different GARP subunits, which were all viable and
over of GFP is largely unaffected. To assay whether lysosomes are
phenotypically indistinguishable from the single-mutant animals
indeed fully functional in GARP mutants, we used the integrated
(unpublished data). This suggests that in C. elegans, GARP complex
marker strain arIs36[phsp::ssGFP], which expresses secreted GFP
function is not strictly required for viability. Thus it is likely that a
(ssGFP) under the control of a heat shock–inducible promoter (Fares
redundant pathway exists that is able to compensate for the loss of
and Greenwald, 2001b). We crossed arIs36[phsp::ssGFP] into vpsGARP complex function.
52(ok853) mutants and induced the transient production of a pulse
To study how the loss of GARP complex function affects intracelof ssGFP by a short heat shock. Subsequently, we followed the uplular transport, we analyzed the effects of mutations in GARP comtake of ssGFP into coelomocytes and its lysosomal degradation
plex subunits on the morphology of intracellular compartments. We
over time as described previously (Fares and Greenwald, 2001b). As
chose to examine this in C. elegans coelomocytes, which are macexpected from the previous experiments, the uptake of ssGFP in
Volume 22 July 15, 2011

C. elegans GARP complex contains conserved Vps51 subunit

| 2569

Figure 5: GARP complex mutations lead to enlarged lysosomes. (A) Confocal pictures of coelomocytes in which the
indicated subcellular organelles are labeled. GARP mutants exhibit enlarged lysosomal structures. Scale bar, 5 μm.
(B) Diameters of vesicles labeled by RME-8::GFP, GFP::CUP-5, and LMP-1::GFP in each coelomocyte were measured and
divided into three categories: <2, 2–4, and >4 μm. The y-axis represents the percentage of each category. Error bars
represent SEM. GARP mutants do not show a difference in the size of RME-8::GFP–labeled vesicles. vps-52(ok853),
vps-53(ok2864), and vps-54(ok1463) mutants show a dramatic increase in the proportion of GFP::CUP-5 and LMP-1::GFP
vesicles that are >4 μm. LMP-1::GFP vesicles in vps-51(tm4275) mutant show a decreased proportion in the category of
<2 μm and an increased proportion in the category of 2–4 μm compared with wild type, although no significant change
was seen in the category of >4 μm. (C) DIC pictures of coelomocytes. Enlarged vesicular structures (as indicated by
arrow heads) are detectable in GARP mutants.
2570 | L. Luo et al.
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might be responsible for SNARE recruitment
at the target membrane. The Tlg1 interaction motif was mapped to the very N-terminus of Vps51p (aa 18–30) and shown to form
a short helix that interacts with a three-helix
bundle formed by Tlg1p (Siniossoglou and
Pelham, 2002; Fridmann-Sirkis et al., 2006).
Surprisingly, a deletion of the N-terminal
domain of Vps51p or mutations that eliminate Tlg1p binding did not affect the ability
of Vps51p to recycle proteins back to the
Golgi. This led to the idea that the Vps51p/
Tlg1p interaction may just increase the
efficiency of the fusion reaction with the target membrane by ensuring the presence
of all components required (Siniossoglou
Figure 6: Serial EM reconstructions reveal enlarged compartments in GARP mutant
and Pelham, 2002; Conibear et al., 2003;
coemolocytes. Electron microscopy images of 40-nm thin plastic sections of coelomocytes in
wild type (A), vps-51 (B), and vps-52 (C) mutants are shown. Enlarged vesicular structures
Fridmann-Sirkis et al., 2006).
present in the GARP mutants are marked by arrowheads (filled for dark and open for clear
Recently, similar SNARE interactions have
vacuolar structures). The nucleus is marked with an asterisk. Bottom, serial reconstructions of
been demonstrated for the other GARP
16 successive 40-nm thin sections per strain. Lysosomal compartments are labeled in brown,
complex subunits. The mammalian GARP
mitochondria in green, the nucleus in orange (marked with an asterisk), Golgi complexes as
complex has been shown to directly bind
rainbow multicolored, and clear vacuolar structures present in the GARP mutants in gray.
late Golgi SNAREs syntaxin-6, -10, and -16,
as well as VAMP4 (Liewen et al., 2005;
vps-52 mutants followed the same kinetics as in the wild-type backPerez-Victoria and Bonifacino, 2009; Perez-Victoria et al., 2010). We
ground (Supplemental Figure S4). It is striking that, roughly 26 h aftherefore systematically tested the interactions of each complex subter the heat shock, wild-type and vps-52 mutant coelomocytes had
unit with almost all C. elegans SNARE proteins by yeast two-hybrid
degraded comparable amounts of ssGFP (Supplemental Figure S4).
analysis (Figure 8A). VPS-54 interacted with the syntaxin-5 orthoTherefore lysosomes are likely functional in GARP mutants despite
logue SYX-5 and the membrin/GS27 orthologue MEMB-2, which are
their morphological alterations.
both Golgi SNAREs. VPS-52 showed an additional binding to syntaxin-16 (SYX-16) present at the trans-Golgi and weak binding to the
VPS-51 is required for GARP complex function
second C. elegans membrin orthologue, MEMB-1. VPS-51 interDespite being an integral part of the GARP complex, vps51 mutants
acted specifically with SYX-5 as well as with both MEMB-1 and
in yeast display weaker growth defects than the other complex
MEMB-2. Furthermore, VPS-51 also binds the late Golgi SNAREs
components. This is consistent with the fact that the core complex is
syntaxin-16 and the Vti1 orthologue, VTI-1 (Figure 8A), which has
still correctly assembled and localized in the absence of Vps51p
been shown to localize to the Golgi as well as to the Golgi endo(Siniossoglou and Pelham, 2002; Conibear et al., 2003). This led to
somal interface. The SNARE interactions with VPS-53 could not be
the idea that Vps51 might be an auxiliary GARP subunit. However,
tested since it is autoactivating when fused to the DNA-binding dovps51 mutants do show phenotypes similar to the rest of the GARP
main within the yeast two-hybrid system. These results suggest that
subunits. In yeast, Vps51p has been shown to affect the sorting of
there are direct interactions of each GARP subunit with a specific set
soluble vacuolar proteins and the recycling of the plasma membrane
of Golgi SNAREs. To further support this finding, we labeled the
SNARE Snc1p. In addition, inactivation of Vps51p leads to fragGARP subunit VPS-53 with mCherry and analyzed its colocalization
mented vacuoles and defects in autophagosome formation similar
with GFP-tagged SNAREs that had been shown to interact with the
to mutants in the other subunits (Siniossoglou and Pelham, 2002;
different GARP subunits based on the yeast two-hybrid assays. When
Conibear et al., 2003; Reggiori et al., 2003). In the mammalian cells
expressed under the control of the panneuronal rab-3 promoter, the
small interfering RNA–mediated knockdown of Vps51/Ang2 leads
trans-Golgi SNAREs SYX-16 and VTI-1, as well as the earlier Golgi
also to missorting of lysosomal enzymes, as well as impairment of
SNAREs SYX-5 and MEMB-2, showed colocalization with the
protein retrieval to the TGN and autophagy (Perez-Victoria et al.,
mCherry-VPS-53 fusion protein in motoneurons (Figure 8B). This sug2010). In C. elegans, vps-51 mutants also show enlarged lysosomal
gests that the GARP complex localizes to these SNARE domains.
structures, although these structures were mostly between 2 and
Thus we wondered whether it would be possible to phenocopy
4 μm in size and never reached the size seen in the GARP core comthe GARP complex mutant phenotype with respect to enlarged lysplex mutants (Figure 6C). Thus the VPS-51 subunit in C. elegans
osomal structures by inactivating specific SNAREs. To address this,
also contributes to basic GARP complex function. However, as in
we used RNAi-mediated gene knockdown by bacterial feeding
yeast, vps-51 mutants may retain some GARP complex activity.
(Kamath et al., 2001) of each SNARE individually in the RNAi-hypersensitive eri-1 strain background expressing the lysosomal marker
The GARP complex may support multiple retrograde routes
GFP-CUP-5. Of all SNARE molecules tested, knockdown of only the
to the Golgi through differential SNARE interactions
Golgi SNARE GOS28 (GOS-28) and the trans-Golgi SNARE synYeast Vps51p was shown to bind to the late Golgi t-SNARE Tlg1p
taxin-6 (SYX-6) showed lysosomal structures larger than 4 μm at high
(Siniossoglou and Pelham, 2002; Conibear et al., 2003). The mamfrequency (Supplemental Figure S5). An intermediate lysosomal
malian Vps51/Ang2 has been demonstrated to bind to the regulaphenotype reminiscent of vps-51 mutants was obtained with RNAi
tory Habc domain of the TGN SNARE syntaxin-6 (Perez-Victoria
for Ykt6 (YKT-6) and Use1 (USE-1). Because RNAi against YKT-6 and
et al., 2010). This led to the attractive model that the Vps51 subunit
USE-1 leads to slow growth, we cannot exclude that the observed
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Figure 7: Coelomocyte endocytosis is not affected in GARP mutants. TR-BSA was
microinjected into the body cavities of animals. Coelomocytes were tracked at indicated time
spots by confocal microscopy. Late endosomes in coelomocytes were labeled by RME-8::GFP.
Ten minutes after injection, TR-BSA had already entered the late endosomes. Thirty minutes
after injection, part of the TR-BSA exited late endosomes and entered later structures, probably
lysosomes. Forty-five minutes after injection, most of the TR-BSA exited late endosomes and
entered later structures. No significant difference was seen in the endocytosis dynamics
between wild type and GARP mutants. Scale bar, 5 μm.

size increase of lysosomal structures is due to a general sickness of
the animals (see also Supplemental Table S1).
The interaction of the GARP subunits with specific SNARE molecules prompted us to analyze whether redundant or parallel SNARE
pathways may exist that would compensate for the loss of GARP
complex function. Routinely, this analysis is done best by screening
for synthetic genetic interactions, which may lead to synthetic lethality. Screens for synthetic interactions between two factors can be
assayed either by the construction of double-mutant animals or by
RNAi-mediated inactivation of a particular gene in a mutant back2572 | L. Luo et al.

ground. To increase RNAi efficiency, we
used the RNAi-hypersensitive eri-1(mg366)
mutant background (Lee et al., 2006). Double mutants between eri-1(mg366) and vps52(ok853) or vps-54(ok1463) were used to
knock down each individual C. elegans
SNARE, and the eri-1 single mutant served
as a control. As shown in Supplemental
Table S1, we were unable to detect any synthetic sick or lethal interaction between the
GARP subunits and SNARE molecules. Genetic interactions with syx-5 and nbet-1
could not be tested since RNAi against both
SNAREs already causes lethality in the control strain. These experiments suggest that
in the absence of GARP complex activity retrograde trafficking and tethering is functional enough to confer viability of the organism. This is most likely due to the fact
that a redundant retrograde trafficking process exists that could compensate the loss
of GARP complex function.
The COG tethering complex has also
been shown to bind to the early Golgi
SNARE Sed5/syntaxin-5 (Bruinsma et al.,
2004; Shestakova et al., 2007). Therefore
the COG and GARP complexes may be redundantly required for retrograde Golgi
transport. C. elegans mutants in the COG
subunits COGC-1 and -3 are viable and display only mild defects in gonad morphology
(Kubota et al., 2006). However, when cogc1(k179) or cogc-3(k181) mutations were
combined with a deletion of vps-52, a very
strong synthetic lethality was observed
(Figure 8C). The strength of the genetic interaction was even more impressive since
both COG and GARP single-mutant animals
were quite healthy. This suggests that COG
and GARP complexes share overlapping
functions for Golgi retrieval.
In summary, these results support a
model in which the GARP tethering complex orchestrates retrograde transport to
the Golgi through binding to multiple Golgi
SNAREs.

DISCUSSION

As in yeast, GARP complex–mediated
Golgi retrieval is not required for viability in
C. elegans. In contrast, Vps54-null mutations in the mouse lead to embryonic lethality, most likely due to cardiovascular malfunction (Schmitt-John
et al., 2005). In addition, homozygous Vps54−/− mice showed abnormalities in spinal cord development and a lack of dorsal root
ganglia, suggesting that GARP function is required for the generation of specific higher-order structures during vertebrate development. Common features of GARP complex mutants in all
multicellular systems are male-specific defects in either sperm
development, as in mice and in C. elegans (as shown here; also
see Schmitt-John et al., 2005), or pollen development, as reported
for Arabidopsis (Guermonprez et al., 2008). This further suggests
Molecular Biology of the Cell

loss of both GARP and COG complexes
leads to synthetic lethality in C. elegans.
Thus most of the cargo that has to be retrieved back to the Golgi may either be
able to use both COG- and GARP-dependent retrieval pathways at steady state or
might be able to switch retrieval routes if
one pathway is compromised. Additional
evidence for a parallel or overlapping function of GARP and COG retrograde tethering complexes comes from our observation
that some of the C. elegans GARP subunits
interact with the Golgi SNARE syntaxin-5
within the yeast two-hybrid system (Figure
8A). The COG complex has previously
been shown to bind syntaxin-5/Sed5p in
mammals and yeast and has been demonstrated to support tethering to the early
Golgi (Bruinsma et al., 2004; Shestakova
et al., 2007; Smith et al., 2009), partly also
through its interaction with the SM protein
Sly1 (Koumandou et al., 2007; Laufman
et al., 2009). Thus the GARP complex
might use multiple tethering modes to the
Golgi, some of which might also be supported by the COG complex. This has also
been suggested by the finding that specific mutations in VPS53 in yeast can be
suppressed by the dominant SLY1 allele
SLY1-20 (Vanrheenen et al., 2001), which is
also able to suppress mutations in the
COG complex components SEC34 and
SEC35 (VanRheenen et al., 1998, 1999).
This observation led the authors suggest
that Vps53p may also have some function
at the cis-Golgi, in addition to its reported
role at the trans-Golgi together with the
SNARE Tlg1p (Conibear and Stevens,
2000; Siniossoglou and Pelham, 2002;
Conibear et al., 2003). In contrast to earlier
reports, which implicated syntaxin-5/Sed5p
mainly in trafficking at the cis-Golgi side, it
was subsequently found that syntaxin-5
and its SNARE complex partners are distributed widely across the Golgi stacks,
consistent with a function at later Golgi
stages (Hay et al., 1998; Orci et al., 2000;
Volchuk et al., 2004). Of interest, a synFigure 8: GARP complex interacts with early and late Golgi SNAREs. (A) Interactions of GARP
taxin-5–containing SNARE complex has
subunits with Golgi and endosomal SNAREs were assayed by yeast two-hybrid analysis. The
recently also been implicated in early/recygrowth medium without histidine selects for interactions. (B) mCherry::VPS-53 colocalizes with
cling endosome to trans-Golgi transport.
GFP::MEMB-2, GFP::syntaxin-5, GFP::VTI-1, and GFP::syntaxin-16 in motoneurons. Insets show
Specific depletion of syntaxin-5 dramatimagnified parts of the pictures. Scale bar, 5 μm. (C) The GARP complex shows a genetic
interaction with the COG complex. The vps-52(ok853) mutant is synthetically lethal with the
cally reduced the retrograde transport of
available cogc-1(k179) and cogc-3(k181) mutants, which encode subunits of the COG complex.
bacterial Shiga toxin B (STxB) subunit to
the trans-Golgi (Tai et al., 2004; Amessou
that GARP activity is particularly required for very specialized
et al., 2007). Furthermore, the effects of syntaxin-5 were similar to
membrane trafficking events during spermatogenesis. The fact
the down-regulation of trans-Golgi SNARE syntaxin-16, which has
that GARP complex activity is not required for basal cell survival or
been demonstrated to be required for early endosome to Golgi
the development of yeast and C. elegans may point to parallel
trafficking (Mallard et al., 2002). Strikingly, inhibition of syntaxin-5
and partially redundant Golgi retrieval pathways. Here we show
or syntaxin-16 showed the same kinetics of STxB transport inhibithat COG complex–mediated retrieval pathways might be able to
tion. Because both SNAREs are part of distinct functional compartially compensate for the lack of GARP complex activity, since
plexes, this has led to the notion that a syntaxin-16– as well as a
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syntaxin-5–dependent retrieval pathway to the trans-Golgi may
exist (Tai et al., 2004).
However, COG and GARP complexes also supply clearly distinct
and nonoverlapping functions for intracellular trafficking. It has
been reported that loss of COG complex activity in C. elegans
leads to distal tip cell (DTC) migration defects, resulting in aberrant
gonad morphology (Kubota et al., 2006). In contrast, DTC migration defects were not observed in GARP complex mutants (L.L. and
S.E., unpublished data). These defects have been shown to be
caused mainly by the lack of glycosylation of the secreted metalloprotease MIG-17, which subsequently fails to localize to the gonadal basement, where it is required for proper DTC migration
(Kubota et al., 2006). On the basis of wheat germ agglutinin staining of mutant extracts, COG mutations seem to cause a general
hypoglycosylation of protein within the secretory apparatus, most
likely due to mislocalization of Golgi-resident glycosyltransferases,
as in mammals (Ungar et al., 2006; Smith and Lupashin, 2008).
Similar glycosylation defects could not be detected in mutants of
the C. elegans GARP complex (L.L. and S.E., unpublished data).
This suggests that each tethering complex also has specialized or
additional functions, which are not shared by the other retrieval
pathway. Thus the trafficking of some of the cargo might depend
on a particular pathway.
In yeast, mutations in the GARP core complex vps52/vps53/vps54
also lead to alterations in lysosomal morphology, causing lysosomal
fragmentation (Conboy and Cyert, 2000; Conibear and Stevens,
2000; Siniossoglou and Pelham, 2001, 2002). In contrast, mutations
in the C. elegans GARP core complex lead to strongly enlarged lysosomes. A similar lysosomal phenotype has been observed in mutants
of the C. elegans PIKfyve/Fab1p phosphoinositide kinase PPK-3,
which phosphorylates phosphatidylinositol-3-monophosphate into
phosphatidylinositol-3,5-bisphosphate (Nicot et al., 2006). Thus the
localization or function of this phosphatidylinositol-3-phosphate-5kinase may depend on GARP-dependent retrograde trafficking.
In addition, inefficient retrieval from endosomal compartments
in GARP complex mutants may cause an increase of cargo and
membrane flow into the endosomal–lysosomal pathway. The lysosome, as terminal compartment, might be the last acceptor of this
increased flow and thus has to adapt by enlargement. On the basis
of pulse-chase experiments we can demonstrate that these enlarged
lysosomal structures are still functional and degrade endocytosed
GFP with kinetics similar to those of wild type (Supplemental Figure
S4). A morphological analysis of GARP mutant coelomocytes by
electron microscopy (EM) further revealed that in addition to enlarged lysosomes, enlarged clear vesicular structures were also detectable (Figure 6). These clear vesicular structures often contained
darker inclusions. At this point we do not know to what these clear
structures correspond, but they may resemble aberrant lysosomes
or lipid-rich storage compartments. Knockdown of Vps51/Ang2 in
mammalian cells has been shown to cause not only mistargeting of
lysosomal hydrolases, but also a proliferation of lysosomal structures
to larger vacuoles that were often filled with membranous material
(Perez-Victoria et al., 2010). In contrast to C. elegans coelomocytes,
these lysosomes have been report to exhibit impaired lysosomal
proteolysis.
In C. elegans, enlarged lysosomes similar to GARP mutants could
also be induced specifically by RNAi-mediated knockdown of the
SNAREs GOS-28, syntaxin-6/SYX-6, YKT-6, and USE-1 (Supplemental Figure S5). Of interest, most of these SNAREs have been linked
to retrograde trafficking within the Golgi, endosome to Golgi, and
Golgi to ER (Lupashin et al., 1997; Dilcher et al., 2001, 2003; Tai
et al., 2004; Volchuk et al., 2004; Maekawa et al., 2009). This further
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supports the view that inefficient retrieval at Golgi and endosomal
domains leads to a strongly increased flow of membranes and cargo
to the lysosomal compartment and thus enlargement. It is interesting to note that the SNAREs that lead to lysosomal enlargements in
the RNAi experiment match very well with the SNAREs that have
been found to interact with the GARP subunits within the yeast twohybrid system (Figure 8A). Gos28 and Ykt6 have been reported to
be in a specific complex with GS15 and syntaxin-5, and the latter
also binds to the GARP complex subunits (Tai et al., 2004). This specific SNARE complex has been shown to be required for retrograde
transport within the Golgi and from endosome to Golgi (Tai et al.,
2004). In C. elegans GOS-28 has also been reported to display synthetic lethality when YKT-6 is knocked down by RNAi in a gos-28
mutant background (Maekawa et al., 2009). The same authors also
noted that gos-28 displays in addition synthetic interactions with
COG complex components and syntaxin-5/SYX-5. In addition, a
separate SNARE complex consisting of Sed5/Vti1/Sft1/Ykt6 has also
been reported in yeast to mediate vesicular transport from the prevacuolar compartment to the early Golgi (Fischer von Mollard and
Stevens, 1999) in a Ypt6/Rab6–dependent manner (Bensen et al.,
2001). However, additional possible Sed5p-containing SNARE complexes have been described in vitro (Tsui et al., 2001). We also identified syntaxin-6 by RNAi and syntaxin-16/SYX-16 and VTI-1 in the
two-hybrid assay as binding partners of the GARP subunits VPS51
and VPS-52 in C. elegans (Figure 8A and Supplemental Figure S5).
In the mammalian system syntaxin-6 is found in a complex with syntaxin-16 and Vti1, which localize to the late Golgi/TGN and form a
SNARE complex with VAMP4 (Jahn and Scheller, 2006). The corresponding yeast SNARE complex is composed of Tlg2p/Vti1p/Tlg1p/
Snc1/2p (Burri and Lithgow, 2004). Both syntaxin-6 and its corresponding yeast orthologue Tlg1p have been reported to bind to the
GARP complex (Siniossoglou and Pelham, 2002; Conibear et al.,
2003; Fridmann-Sirkis et al., 2006; Perez-Victoria and Bonifacino,
2009; Perez-Victoria et al., 2010). Thus, given that a great deal of
redundancy and promiscuity has been documented in the SNARE
system (Tsui and Banfield, 2000), tethering complexes may help to
match the right combination of various SNARE molecules. The
GARP complex might achieve this by preassembling SNAREs in a
fusion-competent state through interactions with multiple SNARE
molecules. Our observation that the GARP complex may interact
with different sets of specific SNARE pairs further suggests that it
may support multiple routes to different Golgi domains. Some of
these routes might partially overlap or also be supported by other
tethering complexes like the COG complex.

What is the function of VPS-51?
We showed that the C. elegans GARP complex also contains the
Vps51 subunit originally identified in yeast. Furthermore, we demonstrate that Vps51 is evolutionarily conserved and that metazoan
Vps51 is larger (≥700 aa) than the yeast counterpart (∼150 aa). The
VPS-51 subunit is tightly bound to the other GARP subunits and can
be coimmunoprecipitated with the core complex. Yeast Yps51p has
been reported to bind to the late Golgi SNARE Tlg1p (Siniossoglou
and Pelham, 2002; Conibear et al., 2003), whereas the mammalian
Vps51 subunit was found to interact with the regulatory Habc domain of sytaxin-6 (Perez-Victoria et al., 2010). Thus Vps51p was considered to serve as a specific adaptor that links the GARP core complex to the SNARE machinery at the acceptor membrane. This was
an attractive model since it points to a mechanism by which the
GARP complex would support SNARE pairing at the acceptor membrane. Subsequently, however, it was shown that mammalian GARP
core complex subunits also bind to several late Golgi SNAREs and
Molecular Biology of the Cell

that SNARE-binding domains could be localized on all GARP subunits (Liewen et al., 2005; Perez-Victoria and Bonifacino, 2009; PerezVictoria et al., 2010). In C. elegans, we confirmed that all GARP subunits analyzed bind to a specific set of SNAREs. This may suggest
that the SNARE-binding activity of the Vps51 subunit might not be
its main activity. The fact that vps51 mutants in yeast and C. elegans
display weaker phenotypes may suggest that Vps51 subunits are essential for more specialized functions of the GARP complex. In agreement with this, the zebrafish Vps51 orthologue ffr has been shown to
regulate fat metabolism (Farber et al., 2001; Ho et al., 2006). fat-free
mutant fish embryos display lipid processing defects in the pancreas
and vesicular recycling defects in the intestine, as well as degeneration of biliary epithelial cells and dilated Golgi structures within the
digestive tract. However, the growth and morphology of ffr mutant
fish were normal (Ho et al., 2006). In the mammalian system, Vps51/
Ang2, together with the other GARP subunits, has been shown necessary for protein retrieval to the TGN and sorting of lysosomal hydrolases but also to be required for proper autophagy (Perez-Victoria
et al., 2010), which may be a consequence of reduced lysosomal
function. These results indeed suggest that Vps51 may serve as an
adaptor for the GARP complex that has adopted specific functions in
multicellular systems. These functions might have been dispensable
in yeast, and thus yeast Vps51 was subsequently shortened to a
minimal unit. Thus these findings may provide a framework that will
lead to a more detailed view of the tethering reaction mediated by
the GARP complex at the acceptor membranes of the Golgi.

spectively, was amplified from genomic DNA and subcloned as a
HindIII and BamHI fragment into pPD115.62 (pmyo-3::gfp) by replacing the myo-3 promoter. In the case of the vps-53 promoter, a
4.5-kb promoter fragment was used starting at the ATG of the upstream gene (T05G5.9) of the vps-53 operon. All clones were verified by sequencing.
To analyze SNARE proteins that may potentially genetically interact with the GARP complex, we amplified memb-1/B0272.2, memb-2/
M03E7.5, gos-28/F08F8.8, syx-5/F55A11.2, syx-6/C15C7.1, syx-7/
F36F2.4, syx-16/ZC155.5, syx-17/VF39H2L.1, vamp-7/Y69A2AR.6,
vamp-8/B0513.9, vti-1/Y57G11C.4, nbet-1/Y59E9AL.7, ykt-6/
B0361.10, use-1/Y110A7A.11, sec-20/F40G9.1, and sec-22/F55A4.1
by PCR from a C. elegans mixed-stage cDNA library (Proquest;
Invitrogen) and subcloned them into L4440 RNAi vector (Kamath
et al., 2001). To examine whether some SNARE proteins (VTI-1, syntaxin-5, syntaxin-16, and MEMB-2) colocalize with the GARP complex
in neurons, we subcloned respective cDNA with a GFP tag at their
N-terminals under the control of the panneuronal rab-3 promoter.
To generate transgenic animals, young adult hermaphrodites
were used for microinjection of DNA mixes into the distal part of the
gonads (Mello et al., 1991). Expression constructs were injected at
20 ng/μl and protein fusions at 5 ng/μl. pttx-3::gfp and rol-6 (su1006)
were used as coinjection markers each at 30 ng/μl. The total DNA
concentration of injection mixtures was adjusted to 120 ng/μl by
adding pBlueScript SKII (Stratagene, Santa Clara, CA).

Coimmunoprecipitation and Western blotting
MATERIALS AND METHODS
Strains
Strains were maintained at 20°C and cultured as previously
described (Brenner, 1974). Strains used in this study were
as follows: Bristol N2 wild-type strain, vps-51(tm4275) I,
vps-52(ok853) X, vps-53(ok2864) III, vps-54(ok1463) V,
vps-35(hu68) II, pwIs50[lmp-1::GFP + unc-119(+)], bIs1[vit-2::GFP]
X, bIs34[rme-8::GFP], cdIs40[pcc1::GFP::CUP-5], cdIs54
[pcc1::MANS::GFP], cdIs29[pcc1::GFP::TRAM], cdIs85[pcc1::2x
FYVE::GFP], rab-6.2(ok2254) X, cogc-1(k179) I, cogc-3(k181) I,
arIs37[pmyo-3::ssGFP] I, arIs36[phsp::ssGFP], eri-1(mg366). All
strains were outcrossed at least three times before analysis.

DNA constructs and the generation of transgenic animals
vps-51/B0414.8, vps-52/F08C6.3, vps-53/T05G5.8, and vps-54/
T21C9.2 cDNAs were PCR amplified from a C. elegans mixed-stage
cDNA library (Proquest; Invitrogen, Carlsbad, CA), subcloned, and
verified by sequencing. Except for vps-52, all cDNAs were shown to
be according to the WormBase predictions (www.wormbase.org).
The corrected VPS-52 sequences have been submitted to GenBank
(HQ237455). To express the different GARP complex subunits in C.
elegans body-wall muscle cells under the control of the myo-3 promoter, the respective cDNA along with a fluorescent protein tag was
cloned into pPD115.62(pmyo-3::gfp), replacing GFP. As fluorescent
protein tag, mYFP citrine, mCherry, or tagRFP (Evrogen, Moscow,
Russia) was used. vps-51 and vps-53 were N-terminally tagged, and
vps-52 and vps-54 were tagged at the C-terminus. To examine the
subcellular localization of VPS-52 in coelomocytes, a construct that
expresses a translation fusion of tagRFP to the C-terminus of VPS-52
under the control of the vps-52 promoter (470 base pairs) was used.
This construct was injected into the strains cdIs54[pcc1::MANS::GFP]
and cdIs85[pcc1::2xFYVE::GFP] carrying integrated arrays that label
Golgi and early endosomal structures in coelomocytes.
To analyze the expression pattern of vps-51 and vps-52 a 3.6-kb,
470–base pair promoter fragment upstream of the start ATG, reVolume 22 July 15, 2011

C. elegans mixed-staged worms from two 9-cm nematode growth
medium (NGM) plates were rinsed off, washed, and snap frozen in
liquid nitrogen and kept at −80oC until subsequent use. The frozen
worm pellet was ground with a mortar and pestle and frozen in liquid nitrogen. While it was thawing, four to five volumes of homogenization buffer (50 mM HEPES, 7.5% glycerol, 10 mM NaCl, 1 mM
EDTA, 0.1% NP-40) and complete EDTA-free protease inhibitor
(Roche, Indianapolis, IN) were added. The suspension was kept at
4°C and centrifuged at 500 × g for 10 min. A total of 1.5 ml of supernatant was incubated with 4 μg of monoclonal mouse anti-GFP
(Invitrogen) for 3 h at 4oC. A 10-μl amount of protein A–coated paramagnetic beads slurry (New England Biolabs, Ipswich, MA) was
added and incubated for 2 h at 4°C. Beads were washed three times
with 1 ml of homogenization buffer and eluted by adding 2× Laemmli buffer at 96oC. Western blotting was done according to the standard method. To detect mCherry fusion proteins, a polyclonal rabbit
anti-DsRed (Clontech, Mountain View, Ca) was used at 1:1000
dilution. Secondary horseradish peroxidase–labeled anti–mouse
and anti–rabbit antibodies were purchased from Jackson/Dianova
(Hamburg, Germany) and used at 1:10,000.

Phylogenetic analysis
Phylogenetic trees were generated based on the PFAM Vps51
(PF08700) full alignment and subsets thereof, respectively, of fulllength sequences selected based on phylogeny and aligned using
MAFFT (Katoh et al., 2005). Trees were constructed using neighbor
joining (Howe et al., 2002; Frickenhaus and Beszteri, 2008) and
Bayesian inference (Ronquist and Huelsenbeck, 2003). Motif discovery was carried out using MEME (Bailey et al., 2009). A detailed
analysis is described in the Supplemental Material.

Coelomocyte and oocyte uptake assays
Pulse-chase assays were done by injecting 1 mg/ml Texas red (TR)–
BSA into the pseudocoelom of young adult hermaphrodites as described (Treusch et al., 2004). After recovery on NGM plates at 20°C
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for 10, 30, and 45 min, worms were mounted, and the coelomocytes
were imaged by confocal microscopy.
Pulse-case analysis of coelomocyte function by heat-shock induced expression of ssGFP was carried out as previously described
(Fares and Greenwald, 2001b). Worm strains containing the integrated arIs36[phsp::ssGFP] array, which allows heat shock–induced
expression of ssGFP, were grown at 20°C and synchronized at the L4
stage. The L4 larvae were heat shocked at 33°C for 30 min and returned to 20°C. The coelomocytes were imaged by confocal microscopy using the same parameter setting at 3.5, 6, and 26 h after the
heat shock, respectively.
To analyze the uptake of the secreted yolk protein VIT-2-GFP fusion into oocytes, the integrated marker array bIs1[vit-2::GFP] was
crossed into vps-52(ok853), and vps-54(ok1463) mutants and proximal oocytes were subsequently imaged by confocal microscopy as
described (Grant and Hirsh, 1999).

Confocal microscopy and data analysis
Transgenic worms were paralyzed by 50 mM sodium azide and
mounted on 2% agarose pads. Confocal images were taken using a
Leica SP2 inverted confocal microscope equipped with 488- and
561-nm laser diodes. The intensity and size of vesicular structures in
coelomocytes were normalized to the background and quantified
by using ImageJ.

Electron microscopy
A 100-μm-deep aluminum platelet (Microscopy Services, Flintbek,
Germany) was filled with Escherichia coli OP 50 suspension. About
20 young adult worms were transferred into the chamber and immediately high-pressure frozen using a BalTec HPM 10. Freeze substitution was carried out in a Leica EM AFS at −90°C for 100 h in
0.1% tannic acid and another 7 h in 2% OsO4 (each wt/vol in dry
acetone), as described (Rostaing et al., 2004).
A Leica UC6 ultramicrotome was used to cut 40-nm sections, and
ribbons of serial sections were transferred on Formvar-coated copper slot-grids. The grids were stained with 4% (wt/vol) uranyl acetate
in 75% methanol and analyzed using a Zeiss EM 902A TEM with a
1024 × 1024 charge-coupled device detector (Proscan Electronic
Systems, Scheuring, Germany).
Three-dimensional images of coelomocytes were reconstructed
from serial 40-nm thin plastic EM sections. Consecutive images of
serial sections were imported into the “reconstruct” program (Fiala,
2005) and aligned linearly by setting traces. All structures (nucleus,
mitochondria, Golgi stacks, and further cell inclusions) were surrounded on each image as closed structure and reconstructed as
“Boissonnat surface” at 32 facets.

Yeast two-hybrid assay
The Matchmaker yeast two-hybrid assay was performed according
to the manufacturer’s protocol (Clontech). vps-51, -52, -53, and -54
were cloned into the bait vector pGBKT7 (Clontech) as well as in the
prey vectors pGADT7 (Clontech). All C. elegans SNARE proteins
were identified and annotated by sequence comparison (Kloepper
et al., 2008), and the respective cDNAs were PCR amplified and
subcloned into pGBKT7 as well as pGADT7. The appropriate plasmid combinations were transformed into the yeast strain AH109
(Clontech). Yeast transformants were spread onto growth media
lacking leucine and tryptophan for plasmid selection. Interactions
were tested as follows: several clones of transformants were mixed,
diluted to OD600 of 0.2, and spotted onto selective plates lacking
leucine, tryptophan, and histidine. Interactions were identified by
growth after 3–4 d at 30°C. All interacting proteins were tested for
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self-activation as described earlier, using the appropriate empty
vector pGBKT7 or pGADT7, respectively.

RNA interference experiments
Constructs that contain SNARE cDNAs in the L4440 RNAi vectors
were transformed into the E. coli HT115 (DE3) strain that has been
used for RNAi induced by bacterial feeding (Kamath et al., 2001).
After transformation, plasmid-containing HT115 (DE3) bacteria were
inoculated in LB medium containing 100 μg/ml ampicillin, grown to
OD600 = 1, and seeded onto 3.5-cm NGM plates supplemented
with 1 mM isopropyl β-d-1-thiogalactopyranoside and 100 μg/ml
ampicillin. From 10 to 15 young adult hermaphrodites were placed
on each RNAi plate and transferred to a new plate every day. To
score the RNAi phenotype, young adult F1 progeny were analyzed
and imaged by confocal microscopy. To increase the efficiency of
RNAi, the RNAi-hypersensitive eri-1(mg366) strain background was
used (Lee et al., 2006). For an unknown reason, in our hands RNAi
bacteria transformed with the syx-16-RNAi vector grew extremely
slowly and thus were omitted from further analysis. In the case of
syx-5 and nbet-1 RNAi, which lead to mostly embryonic or larval
lethality animals, we analyzed animals that escaped the lethality and
grew to adulthood.
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