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Abstract

GGAs (Golgi-localizing, c-adaptin ear domain homology, ADP-ribosylation factor (ARF)-binding proteins), constitute a family of
monomeric adaptor proteins and are associated with protein trafficking from the trans-Golgi network to endosomes. Here, we show that
GGA3 is monoubiquitylated by a RING-H2 type-ubiquitin ligase hVPS18 (human homologue of vacuolar protein sorting 18). By in vitro

ubiquitylation assays, we have identified lysine 258 in the GAT domain as a major ubiquitylation site that resides adjacent to the ubiq-
uitin-binding site. The ubiquitylation is abolished by a mutation in either the GAT domain or ubiquitin that disrupts the GAT-ubiquitin
interaction, indicating that the ubiquitin binding is a prerequisite for the ubiquitylation. Furthermore, the GAT domain ubiquitylated by
hVPS18 no longer binds to ubiquitin, indicating that ubiquitylation negatively regulates the ubiquitin-binding ability of the GAT
domain. These results suggest that the ubiquitin binding and ubiquitylation of GGA3-GAT domain are mutually inseparable through
a ubiquitin ligase activity of hVPS18.
� 2006 Elsevier Inc. All rights reserved.
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In eukaryotic cells, vesicular trafficking of proteins
between intracellular compartments, such as the Golgi
complex and the multivesicular body (MVB)/lysosome,
plays an important role in cellular functions. GGAs (Gol-
gi-localizing, c-adaptin ear domain homology, ADP-ribo-
sylation factor (ARF)-binding proteins) are a family of
monomeric adaptor proteins that regulate delivery of clath-
rin-coated vesicles from the TGN to endosomes [1–3]. In
mammals, there are three GGAs (GGA1, GGA2, and
GGA3) that share four functional domains, named VHS
(Vps27/Hrs/Stam), GAT (GGA and Tom1 (target of
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Myb 1)), hinge, and GAE (c-adaptin ear) [4–7]. The N-ter-
minal VHS domain directly binds to acidic cluster-dileu-
cine motifs found in the cytoplasmic domains of
transmembrane cargo proteins [8–10]. The GAT domain
is responsible for association of GGAs with the TGN
membrane through interacting with activated ARF (a
GTP-bound form) [11]. The proline-rich hinge region, the
most variable among the GGA isoforms, mediates recruit-
ment of clathrin [12]. The C-terminal GAE domain associ-
ates with various accessory proteins that modulate vesicle
transport [1,3].

In the past few years, a number of proteins that are
involved in membrane trafficking, especially in endocytosis
and degradation in lysosomes, have been shown to be
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functionally modulated by their ubiquitin binding and ubiq-
uitylation [13–16]. Recently, it has also been shown that
ubiquitin binding and ubiquitylation play an important role
in selective transport of proteins from the TGN. The GAT
domains of GGAs bind to ubiquitin and/or ubiquitylated
proteins and undergo monoubiquitylation in the cell [17–
20]. The interaction between the GAT domain and ubiqui-
tin may endow GGAs with the ability to sort ubiquitylated
transmembrane proteins at both the TGN and endosomes.
Several ubiquitin ligases (E3) have been shown to be
involved in monoubiquitylation of membrane-associated
proteins and to participate in the endocytic and degradation
pathways [21]. For example, c-Cbl, a RING-type ligase,
ubiquitylates epidermal growth factor receptor (EGFR)
depending on ligand-stimulated phosphorylation of the
receptor [22], and Nedd4, a HECT-type ligase, is required
for monoubiquitylation of eps15 and Hrs [23,24].

The Class C Vps (vacuolar protein sorting) complex is
required for vesicle transport from the late endosome to
vacuole in yeast [25,26]. In mammals, VPS proteins also
appear to control the fusion events of late endosomes
and lysosomes [27,28]. In humans, four Class C VPS pro-
teins, hVPS11, hVPS16, hVPS18, and hVPS33, constitute
a large hetero-oligomeric complex that interacts with syn-
taxin 7 at late endosomes/lysosomes [29]. Moreover, they
also exist as a large detergent-insoluble HOPS (homotypic
fusion and vacuole protein sorting) complex that contains
additional components, hVPS39/Vam6, and hVPS41/
Vam2 [27]. Overexpression of VPS39/Vam6S alters the late
endosome function in mammalian cells [30]. Thus, it is nec-
essary to discuss specific functions of Class C VPS proteins
based on the biochemical properties.

In this report, we have demonstrated that GGAs
(GGA1 and GGA3 but not GGA2) are monoubiquitylated
by hVPS18, a RING-H2 type ubiquitin ligase, and identi-
fied a lysine residue in the C-terminal subdomain of the
GAT domain as a major ubiquitylation site. Furthermore,
we have shown that the monoubiquitylation negatively reg-
ulates the ubiquitin-binding ability of GGA itself. These
observations shed light on the regulatory mechanisms of
GGA to participate in membrane trafficking through the
association of hVPS18.
Materials and methods

Plasmid construction. Full-length and various truncated human GGA
cDNAs, as described previous, [17], were subcloned into the following
vector: the pGEX-4T2 (Amersham Biosciences) prokaryotic expression
vector for the production of GST-tagged fusion proteins. Myc-tagged
hVPS18 and hVPS11 mammalian expression vectors were prepared as
described previously [29]. The full-length hVPS18, hVPS11, and hVPS16
were subcloned into pFastBacHTb insect expression vector (Invitrogen) to
generate His6-tagged fusion proteins.

Expression and preparation of recombinant proteins. E2 ubiquitin-con-
jugating enzyme, human Ubc4, was produced in Escherichia coli strain
BL21-AI (Invitrogen). GST-GGA (wild-type and truncated mutants)
and GST-ubiquitin (Ub) (wild-type and mutants) were expressed in
E. coli strain BL21-AI and the recombinant proteins were purified by
using glutathione–Sepharose 4B beads (Amersham Biosciences) in PBS
containing 1 mM PMSF, Complete protease inhibitor mixture, and 1%
Triton X-100. His6-tagged hVPS18, hVPS11, and hVPS16 were expressed
in Sf-9 insect cells using baculovirus protein expression system (Invitro-
gen) and the recombinant proteins were purified under the denatured
condition (8 M urea), and followed by using TALON metal affinity beads
(BD Biosciences), and renatured in PBS. Circular dichroism spectra of the
wild-type and mutant proteins were recorded on a Jasco J-820 spectro-
polarimeter at 25 �C using a cuvette with 1 mm path length with the
protein concentration of 30 lM in PBS.

Antibody. Polyclonal antibody against human GGA1, GGA2, and
GGA3 was raised in rats by immunization with purified full-length GGA1,
GGA2, and GGA3, respectively. These antibodies were affinity-purified
on HiTrap NHS-activated columns (Amersham Biosciences) conjugated
with immunogens. Monoclonal GGA3 antibody was purchased from BD
Transduction Laboratories. Anti-hVPS18, hVPS11, and hVPS16 anti-
bodies were prepared as described previously [29].

Immunocytochemistry. HeLa cells were immunostained with mouse
anti-GGA3 antibody and rabbit anti-hVPS18 as described previously [29].
To confirm intracellular colocalization, immunoreactivities were analyzed
by the sectioning microscope (Delta Vision) calibrated by using fluorescent
beads (TetraSpeck Fluorescent Microsphere Standards, 0.1 lm,
Invitrogen).

Immunoprecipitation. Immunoprecipitation was performed as descri-
bed previously [29]. Briefly, the cells were transfected with various plas-
mids by Fugene 6 reagent (Roche Molecular Biochemicals) according to
the manufacturer’s instructions. At 24 h after transfection, total cell
lysates were incubated with 4 lg of anti-FLAG antibodies (monoclonal
M2, Sigma) at 4 �C overnight. Immunoprecipitation of the antigen-anti-
body complex was accomplished by adding 40 ll of protein G–Sepharose
for 1 h at 4 �C. Sepharose bound proteins were subjected to SDS–PAGE
and detected by Western blot analyses with anti-Myc antibody (Roche
Molecular Biochemicals) or anti-FLAG M2 antibody, respectively.

In vitro pull-down assay. In vitro pull-down assay was performed as
described previously [31]. Briefly, GST-GGA-GAT proteins were immo-
bilized on glutathione–Sepharose 4B beads and incubated with His6-
hVPS18 at 25 �C for 30 min. The resin was washed, subjected to SDS–
PAGE, and detected by Western blot analyses with either anti-His6 anti-
body (Santa Cruz Biotechnology) or anti-GST antibody.

We performed assays of GGA3 binding to ubiquitin as described
previous [17]. Briefly, various GGA3 proteins were incubated with Ub-
(10 ll) or protein A–agarose (15 ll) beads (Sigma) for 1 h at room tem-
perature. The beads were washed, subjected to SDS–PAGE, and detected
by Western blot analyses using anti-GST antibody.

To prepare ubiquitylated GGA3 C-GAT proteins, GGA3 C-GAT
proteins were subjected to in vitro ubiquitylation assay and immobilized on
glutathione–Sepharose 4B beads. The beads were then washed with a buffer
(25 mM Hepes, pH 7.4, 0.1% Nonidet P-40, 0.5 M NaCl, and 50% ethylene
glycol) and eluted with 25 mM Hepes, pH 7.4, 20 mM reduced glutathione.

In vitro ubiquitylation assay. An in vitro ubiquitylation assay was
performed as described previously [29]. Briefly, GST-GGA proteins were
mixed with yeast E1 (500 ng) (Boston Biochem), human Ubc4, ubiquitin
(Boston Biochem) or GST-Ub (10 or 5 lg, respectively), and His6-tagged
hVPS18 (or hVPS11 or hVPS16). The mixture was incubated at 25 �C for
30 or 60 min in the presence of 50 mM Tris–HCl, pH 7.4, 5 mM MgCl2,
2 mM dithiothreitol (DTT), and 4 mM ATP in a 20 ll volume. After
incubation, the mixtures were immobilized on glutathione–Sepharose 4B
beads and washed with wash buffer for three times. The resin was sub-
jected to SDS–PAGE and detected by Western blot analyses using anti-
GST antibody or anti-His6 antibody or specific antibody.
Results and discussion

Direct interaction with GGAs and hVPS18

Recent studies identified the GAT domain as a ubiqui-
tin-binding module [17–20]. Furthermore, our recent yeast
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two-hybrid screening using hVPS18 as bait identified a par-
tial fragment of GGA3 [31]. We first confirmed the molec-
ular interaction by an in vitro pull-down assay using
recombinant GGAs and hVPS18. As shown in Fig. 1A,
His6-hVPS18 was pulled down with the GST fusion of
the GAT domain of GGA1, GGA2 or GGA3. We next
in
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using anti-GST antibody. (B) Cos7 cells were co-transfected with His6-FLAG-
lysates were co-immunoprecipitated using anti-FLAG M2 antibody. Immuno
analyses using indicated antibody. (C) The interaction of endogenous
immunocytochemistry. Colocalizing profiles are pointed out with arrows. Bar,
analyzed the in vivo interaction by a co-immunoprecipita-
tion experiment using lysates of cells cotransfected with
FLAG-GGAs and either Myc-hVPS18 or Myc-hVPS11.
As shown in Fig. 1B, all GGAs co-immunoprecipitated
hVPS18. By contrast, either GGA could not interact with
hVPS11, another Class C component having a RING-H2
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GGAs and Myc-hVPS11 or hVPS18. At 24 h post-transfection, whole-cell
precipitates were resolved by SDS–PAGE and detected by Western blot
GGA3 (Red) and hVPS18 (Green) in HeLa cells was detected by
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Fig. 2. GGAs are monoubiquitylated by hVPS18. (A) The in vitro

ubiquitylation of GST-GGAs wild-type by His6-hVPS18. The sample was
detected by Western blot analyses using anti-GGA1, GGA2, or GGA3
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to arginines (KO). The sample was detected by Western blot analyses
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(C) The in vitro ubiquitylation of GST-GGA3-VG (VHS+GAT) by
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tagged hVPS18 (or hVPS11 or hVPS16) protein was detected by Western
blot analyses using specific antibodies.
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domain. Considering the molecular interaction between
GGAs and hVPS18, a major issue that arises is the intracel-
lular localization of these proteins. GGAs have been char-
acterized as TGN-associated clathrin adaptors, whereas the
Class C VPS complex has been proposed to function in
endosomal/lysosomal compartments. We therefore ana-
lyzed the precise intracellular localization of endogenous
GGA3 and hVPS18 in HeLa cells by the sectioning micros-
copy. The optical pathways were calibrated using fluores-
cent labeled beads (0.1 lm diameter). The thirty series of
sections covering 5 lm thickness were captured and decon-
voluted images were analyzed. As shown in a representa-
tive image Fig. 1C, GGA3 immunoreactivities (colored in
Red) and hVPS18 immunoreactivities (colored in Green)
were often colocalized on punctuates (colored in Yellows)
of perinuclear structures (indicated by arrowheads).

Monoubiquitylation of GGAs by hVPS18, RING-H2 type

ubiquitin ligase

Our recent study, showed that the RING-H2 domain of
hVPS18 displays a E3 ubiquitin ligase activity [31]. To
examine whether GGAs are ubiquitylated by the hVPS18,
we performed an in vitro ubiquitylation assay using full-
length GGAs as substrates. As shown in Fig. 2A, the
molecular weight of GGA1 and GGA3 was shifted by �8
kDa only in the simultaneous presence of ubiquitin, E1,
E2 (UbcH4), and hVPS18 (lanes 2 and 6, respectively).
By contrast, the shift was not observed in the case of
GGA2 (lane 4), being compatible with our previous study
showing that GGA2 is not able to interact with ubiquitin
nor ubiquitylated in the cell. We next examined whether
the in vitro modification represents monoubiquitylation/
multiubiquitylation or not. In this experiment, we used
wild-type (WT) ubiquitin fused to GST, and its K48R
and KO (all lysine residues were replaced with arginine)
mutants, since these mutants are not conjugated to conven-
tional polyubiquitin chains. As shown in Fig. 2B, when
GST-ubiquitin WT was used, the molecular weight of the
GGA3-GAT domain was shifted by 35 kDa, which corre-
sponds to the size of GST-ubiquitin. Essentially the same
band shift was observed using the K48R and KO mutants,
indicating that GGA3 is mainly monoubiquitylated by
hVPS18.

Since hVPS18 forms a complex with other Class C VPS
components [29], we then examined whether hVPS11 and
hVPS16 were also involved in the monoubiquitylation of
GGA3. Although hVPS11 also has a RING-H2 domain
and shows a ubiquitin ligase activity (data not shown),
it did not ubiquitylate the GGA3-VHS+GAT domain
irrespective of the presence of hVPS16 (Fig. 2C lanes 2
and 3). However, the monoubiquitylation of GGA3 by
hVPS18 was extremely enhanced in the presence of
hVPS11 and hVPS16 (compare lane 5 with lanes 6 and
7). This result makes it likely that hVPS18 is involved
in the monoubiquitylation of GGA3 as a Class C VPS
complex.
Ubiquitin binding-dependent monoubiquitylation of GGA3-

GAT

Identification of the ubiquitylation site is of great signif-
icance to discuss the molecular mechanism underlying the
GGA ubiquitylation. We have recently shown that
GGA3 is ubiquitylated in the C-terminal subdomain of
its GAT domain (C-GAT) in vivo [17]. We therefore,
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performed an in vitro ubiquitylation assay using various
truncation mutants of GGA3 (Fig. 3A). As shown in
Fig. 3B, ubiquitylation occurred in the GGA3 fragments
covering the C-GAT subdomain (lanes 4, 8, 10, and 12)
but not in the GST protein (lane 2) nor the VHS domain
alone (lane 6), in agreement with our previous ubiquityla-
tion data in the cell [17] .

Recent studies have shown, that many proteins contain-
ing ubiquitin-binding modules undergo monoubiquityla-
tion and more importantly, their ubiquitin-binding ability
is required for their own monoubuquitylation [23,32,33].
Therefore, we tested in vitro whether various GGA3
mutants that lack ubiquitin-binding ability were monoub-
iquitylated by hVPS18. As shown in Supplementary
Fig. 1, the GGA3-GAT helix a3 mutant (L280R or
D284G) defective in ubiquitin binding was not monoubiq-
uitylated (compare lane 2 with lanes 6 and 8). Essentially
the same result was obtained with a GGA3-GAT helix
a2/a3 double mutant, E250N/D284G. These results indi-
cate that binding to ubiquitin is a prerequisite for the
GGA3 ubiquitylation. Next we constructed various trun-
cated mutants of the GGA3-GAT domain (Supplementary
Fig. 2A) and compared their ubiquitin binding (in Supple-
mentary Fig. 2B) and ubiquitylation by hVPS18 (Supple-
mentary Fig. 2C). Remarkably, all of the GAT fragments
that retained ubiquitin-binding ability were monoubiquity-
lated by hVPS18, whereas the fragments lacking the ability
were not monoubiquitylated. These data indicate that
binding to ubiquitin and ubiquitylation of the GAT
domain are intimately coupled events.
Lys258 is the major ubiquitylation site

In the C-GAT subdomain of GGA3, there are six lysine
residues that can be conjugated to ubiquitin. To determine
which lysine residue(s) was ubiquitylated, we systematically
replaced the lysine residues with arginines (Fig. 4A) and
examined binding to ubiquitin and monoubiquitylation of
these lysine mutants. As shown in Fig. 4B, all of the C-
GAT mutants examined retained their ubiquitin-binding
ability. In striking contrast, they were variable in the ubiq-
uitylation efficiency (Fig. 4C). Namely, (i) a mutant,
5KR(258), in which all the lysine residues except for
K258 were replaced with arginines (Fig. 4A), underwent
monoubiquitylation (lane 10) at comparable efficiency to
that of the WT C-GAT subdomain (lane 2); (ii) the
5KR(249), 5KR(264), and 5KR(294) mutants underwent
ubiquitylation at extremely low efficiency (lanes 8, 12,
and 14); and (iii) ubiquitylation of 5KR(210), 5KR(213),
and 6KR mutants was under the detection level (lanes 4,
6, and 16). As shown in Supplemental Figure 4, the circular
dichroism spectra of WT and 5KR(258) were almost iden-
tical, suggesting that the mutations did not significantly
affect the overall conformation of the C-GAT subdomain.
Taken together, we conclude that lysine 258 is the major
site ubiquitylated by hVPS18, although other lysine resi-
dues at positions 249, 264, and 294 were also ubiquitylated
to some extent.

Model of GGA3-GAT domain ubiquitylated at Lys258

Previously, we determined the crystal structure of the
complex between GGA3 C-GAT and ubiquitin, and
showed primarily hydrophobic interactions in which the
site 1 in C-CAT constitutes the binding site with three times
higher affinity than the site 2 [34]. To understand the
molecular basis for the coupling of ubiquitin binding and
ubiquitylation of the GGA3-GAT domain, we mapped
the positions of lysine residues of GGA3 C-GAT in the
complex structure (Fig. 5). Among the six candidate lysine
residues, lysine 258 is the closest to the C-terminus of ubiq-
uitin (Fig. 5, Table 1), suggesting that this lysine is most
susceptible to ubiquitin conjugation. This model also sug-
gests that no major structural rearrangement between ubiq-
uitin and the GGA3 C-GAT domain is required for the
ubiquitylation of lysine 258.

Ubiquitylated GGA3 C-GAT loses its ubiquitin-binding

ability

Hicke et al. have proposed a possibility that ubiquityla-
tion of ubiquitin-binding proteins might generally have a
regulatory function by affecting association of their ubiqui-
tin-binding modules with either free ubiquitin or ubiquity-
lated proteins [13]. To address this possibility, we
performed in vitro pull-down assay using reaction products
of the in vitro ubiquitylation, in which both ubiquitylated
and non-ubiquitylated C-GAT proteins were included. As
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shown in Fig. 6, the ubiquitylated form of C-GAT WT or
its 5KR(258) mutant was not pulled down with ubiquitin-
agarose beads (lanes 3 and 7, indicated by asterisks),
whereas their non-ubiquitylated forms were pulled down
well. This result indicates that covalent modification by
ubiquitin at lysine 258 makes C-GAT inaccessible to
ubiquitin.

Recent advances have uncovered that several mem-
brane-trafficking events are mediated by ubiquitin binding
and monoubiquitylation, including changes in subcellular
localization, protein conformation, activity, and protein-
protein interaction. [16,35,36]. GGA might have evolved
to allow a wide variety of proteins to interact directly with
ubiquitin or ubiquitylated proteins during various cellular
processes [1,20,37,38]. In this study, we first identified that
hVPS18 acts as a genuine ubiquitin ligase of GGAs
(Fig. 2A). The modification by hVPS18 slightly differs
among GGAs; the monoubiquitylation occurs in one or
multiple lysine sites of GGA1 and GGA3 but not of
GGA2 (Figs. 2A and B). We then focused on GGA3 and
tried to identify the responsible lysine. By taking an advan-
tage of E3 identification, we utilized various KR mutants
(Fig. 4). Finally, we identified the lysine 258 is the main tar-
get lysine for the ubiquitylation by hVPS18. If we closely
look at the results of co-crystallization of GGA3 C-GAT
and ubiquitin, the lysine 258 is located at the closest posi-
tion to the C-terminus of ubiquitin, suggesting that the
ubiquitin binding is necessary for ubiquitylation.

It has been recently shown that a free ubiquitin or ubiq-
uitylated proteins are recognized by small (20–150 amino
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Fig. 5. Molecular surface representation of GGA3 C-GAT. The model
was built by combining the crystal structures of the complex between
ubiquitin and GGA3 C-GAT subdomain [34] and the entire GGA1 GAT
domain [44]. Ubiquitin and GGA3 GAT domain are shown as ribbon
diagrams with transparent surface representations (ubiquitin, Orange;
GGA3 GAT, Green). Six lysine residues of the GGA3 C-GAT subdomain
are shown with space-filling atoms (carbon atoms, Yellow; nitrogen atoms,
blue). The C-terminal of ubiquitin (The last visible residue in the crystal,
Leu73) and the side chain of Lys258 of GGA3 GAT are connected by an
orange dotted line. Figure was drawn using PyMOL (http://pymol.
sourceforge.net).

Table 1
Distances between the nitrogen atoms of the lysine side chains of C-GAT
and the a carbon atom of Leu73 of ubiquitin, in the model structure in
Fig. 5

Lysine 210 213 249 258 264 294

Distance (Å) 32.0 24.1 14.3 12.7 24.5 21.5

Leu73 of ubiquitin is the C-terminal residue visible in the crystal.
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Fig. 6. Ubiquitylated GGA3 prevents further attachment to ubiquitin.
The in vitro pull-down assay of ubiquitylated GGA3-GAT proteins. Equal
amounts of ubiquitylated GGA3-GAT proteins were incubated with Ub-
or Protein-A–agarose. The resin was washed, subjected to SDS–PAGE,
and detected by Western blot analyses with anti-GST antibody. The
supernatants were subjected to incubate with glutathione–Sepharose 4B
(lanes 4 and 8). The 25% of input samples were loaded on input lanes (lane
1 and 5). Asterisks indicate that ubiquitylated forms of GGA3-GAT could
not bind to Ub-agarose.
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acids), independently folded motifs; ubiquitin-interacting
motif (UIM), ubiquitin-associated (UBA), ubiquitin-conju-
gating enzyme-like (UBC)/ubiquitin E2 variant (UEV), or
Cue1-homologous (CUE) domains [39]. These domains
are also referred to as ubiquitin receptors [40]. However,
in most cases, little is understood how biochemical interac-
tions are transferred to downstream signals by these ubiq-
uitin-binding proteins. Immediately after ubiquitin-binding
abilities were reported, it was generally accepted that ubiq-
uitin receptors are themselves ubiquitylated. Interestingly,
the ubiquitylation of ubiquitin receptors requires ubiquitin
binding. From our results, all of the GAT mutants that
lack ubiquitin binding also inhibit ubiquitylation (Fig. 6).
Conversely, a ubiquitin mutant (Ile44Ala) that cannot bind
ubiquitin receptors per se cannot be conjugated to GAT
domain. Previous reports described that the GAT domain
contains two binding sites for ubiquitin [34]. The site 1 cen-
ters on leucine 227 and the site 2 centers on leucine 276.
The site 1 has a higher affinity for ubiquitin than does site
2. When a ubiquitin was conjugated to the lysine 258 that is
close to the site 1, no more ubiquitin can bind to the GGA3
C-GAT. This type of autoinhibition is reminiscent of intra-
molecular SH2-domain-phosphotyrosine interaction [41].
There has been a strong link between the presence of ubiq-
uitin binding in a protein and its ubiquitylation. Ubiquitin
binding and ubiquitylation of ubiquitin receptors are close-
ly coupled and mutually inseparable [42,43]. But so far no
ubiquitylation of lysine in the UBD has been reported. This
is the first example demonstrating the ubiquitylated lysine
resides in the UBD and consequently inhibit further ubiq-
uitin binding. hVPS18 is one of the responsible E3 ubiqui-
tin ligases that directly regulate the ubiquitin binding by
conjugating ubiquitin in UBD of GGA3. A major question
that has not been answered is to test how E3 hVPS18 is
recruited to ubiquitin-binding proteins.

The ubiquitin ligase E3 functions as a monomer or a
complex with other cofactors, such as SCF (Skp1/cullin/
F-box protein) and the anaphase-promoting complex or
cyclosome (APC/C) [35]. But none of the ligase activity
has been observed when the catalytic subunit was solely
added. Our study showed hVPS18, in the presence of E1
and E2, is sufficient for the in vitro ubiquitylation of
GGA3, but the modification was significantly enhanced
when equal molar of hVPS11 and hVPS16 are mixed. Pre-
vious report demonstrated that hVPS18, hVPS11, and
hVPS16 constitute a hetero-oligomeric complex in the
cytosolic membrane of endosome/lysosome [29]. The aug-

http://pymol.sourceforge.net
http://pymol.sourceforge.net
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mented ligase-activity implies that the complex formation
plays the functionally significant role both in vivo and
in vitro.

In this report, we identified hVPS18 as a ubiquitin ligase
(E3) for the monoubiquitylation of GGAs through their
ability of ubiquitin-interaction. A number of molecules
have been reported to interact with GGA, such as ARF,
Rabaptin-5, clathrin, AP-1, and c-synergin [1,3]. It will
be a next issue to address whether these interactions are
regulated via monoubiquitylation by hVPS18.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.2006.
09.013.
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