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GCC185, a trans-Golgi network-localized protein predicted to assume a long, coiled-coil structure, is required for
Rab9-dependent recycling of mannose 6-phosphate receptors (MPRs) to the Golgi and for microtubule nucleation at the
Golgi via CLASP proteins. GCC185 localizes to the Golgi by cooperative interaction with Rab6 and Arl1 GTPases at
adjacent sites near its C terminus. We show here by yeast two-hybrid and direct biochemical tests that GCC185 contains
at least four additional binding sites for as many as 14 different Rab GTPases across its entire length. A central coiled-coil
domain contains a specific Rab9 binding site, and functional assays indicate that this domain is important for MPR
recycling to the Golgi complex. N-Terminal coiled-coils are also required for GCC185 function as determined by plasmid
rescue after GCC185 depletion by using small interfering RNA in cultured cells. Golgi-Rab binding sites may permit
GCC185 to contribute to stacking and lateral interactions of Golgi cisternae as well as help it function as a vesicle tether.

INTRODUCTION

The Golgi complex plays a central role in processing and
sorting of secreted and membrane proteins. In mammalian
cells, it is made up of a set of flattened cisternae that are
organized as a stack (Farquhar and Palade, 1998). Within the
Golgi, proteins undergo oligosaccharide side chain matura-
tion, and they are sorted to different destinations, including
apical or basolateral plasma membranes, prelysosomes, or
secretory storage granules, as they exit this compartment.

The Golgi surface is decorated with proteins called
Golgins (Short et al., 2005; Sztul and Lupashin, 2006).
Golgins are characterized by their predicted, highly ex-
tended, coiled-coil structures, and they typically have a high
glutamic acid content (Ramirez et al., 2008). Certain Golgins
have been implicated as transport vesicle tethers that help
capture vesicles and bring them closer to their cognate tar-
gets; they are also essential for the maintenance of normal
Golgi structure. For example, temperature-sensitive cells
lacking GM130 have a disrupted Golgi at the nonpermissive
temperature (Vasile et al., 2003); loss of Golgin-84 (Diao et al.,
2003), Golgin-245 (Yoshino et al., 2005), TATA modulatory
factor (Fridmann-Sirkis et al., 2004), GRASP55 (Feinstein and
Linstedt, 2008), GRASP65 (Puthenveedu et al., 2006), and the
so-called COG complex (Zolov and Lupashin, 2005) all lead
to disruption of the Golgi ribbon. Thus, the Golgi complex is
highly sensitive to the loss of any one of a large collection of
Golgi-associated proteins.

Most Golgins are peripherally associated with this or-
ganelle by virtue of interaction with small GTPases of the
Rab and/or Arf (Arl) families; a few contain C-terminal
membrane anchors (Short et al., 2005). Four human Golgins
contain a so-called GRIP domain at their C termini that
enables them to bind the Arl1 GTPase at the trans-Golgi
network (TGN); Arl1 is essential for the Golgi targeting of
multiple GRIP domain-containing proteins (Lu and Hong,
2003; Panic et al., 2003; Setty et al., 2003; Lu et al., 2006). We
study GCC185, a GRIP domain-containing protein that uses
cooperative, C-terminal interactions with Rab6 and Arl1 to
achieve its TGN localization (Burguete et al., 2008). GCC185
came to our attention when we identified it as a Rab9 GTPase
binding partner (Reddy et al., 2006). Using small interfer-
ing (siRNA) depletion in live cells and in vitro transport
assays, we showed that like Rab9, GCC185 is required for
the recycling of mannose 6-phosphate receptors (MPRs)
from endosomes to the TGN. Cells lacking GCC185 accu-
mulate MPRs in peripheral vesicles that contain Rab9
GTPase. In addition, the elegant and ordered Golgi ribbon
fragments into perinuclear mini-stacks (Reddy et al., 2006;
Derby et al., 2007).

The accumulation of transport vesicle intermediates in
cells depleted of GCC185 is good evidence that this protein
functions in the process of transport vesicle tethering
(Reddy et al., 2006). We initially proposed that Rab9 present
on transport vesicles (Barbero et al., 2002) could recruit cy-
tosolic GCC185 to the vesicle surface and move along mi-
crotubule tracks toward the Golgi, in which Rab9 could pass
the tether to Golgi-associated Rab6 and Arl1 proteins
(Reddy et al., 2006; Burguete et al., 2008). But the Rab9
binding site we identified was located near the C terminus of
GCC185, which also interacts with the TGN surface. This left
the rest of the 1684-amino acid-long coiled-coil without a
clear role. An obvious alternative possibility was that
GCC185 contained additional Rab9 binding sites elsewhere
along its length to permit vesicle binding at one site and
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Golgi association at another. For this reason, we conducted
a screen for additional Rab binding sites in GCC185 protein.
As we describe herein, this screen was a very fruitful en-
deavor and simplifies our model for vesicle tethering at the
TGN surface.

MATERIALS AND METHODS

Yeast Two-Hybrid Analysis
Yeast two-hybrid analysis was carried out as described previously (Fuchs et
al., 2007). Briefly, a library of 57 mutant Rab proteins deficient for guanosine
triphosphate (GTP) hydrolysis was cloned into pGBT9 as a Gal4-binding
domain fusion library (Bai and Elledge, 1996). Individual GCC185 domains
were cloned into pACT2 as Gal4-activation domain hybrids. Cotransforma-
tions of these two constructs into the PJ269-4A yeast strain and plating onto
synthetic complete agar plates lacking leucine and tryptophan yielded colo-
nies expressing both fusion proteins. Five individual colonies were picked for
each Rab/coiled-coil pairing and streaked onto selective plates (synthetic
complete media containing 0.4 mg/ml adenine and lacking leucine, trypto-
phan, and histidine); a Rab/coiled-coil interaction was indicated by the
presence of cell growth on this selective media.

Expression Plasmids, Protein Expression, and Purification
Different cDNAs encoding residues 1–50 and 51–1684 of GCC185 were ob-
tained from Kazusa (Kisarasu, Japan) and American Type Culture Collection
(Manassas, VA), respectively. Full-length GCC185 cDNA was constructed by
three-piece ligation of polymerase chain reaction (PCR)-amplified products
into pCDNA3.1(�) (Invitrogen, Carlsbad, CA) modified with an N-terminal
myc-tag. �CC1 (358-1684), �CC12 (752-1684), �CC123 (890-1684), and �C110
(1-1574) truncation constructs were assembled by PCR and ligated into
pCDNA3.1(�)-myc. For the full-length GCC185 siRNA rescue construct,
GCC185 was cloned into a myc-tagged pcDNA3.1(�)vector, and eight silent
mutations were introduced via QuikChange mutagenesis into the region of
CC1 targeted by the GCC185 siRNA; results were verified by sequencing. This
plasmid was used to generate GCC185 (�862-882). CC1 (34-358), CC2 (394-
751), and CC3 (805-889) coiled-coil domains were amplified from the full-
length sequence and cloned into both the yeast two-hybrid prey vector
pACT2 (Clontech, Mountain View, CA) and the glutathione transferase (GST)
fusion vector pGEX4T-1 (GE Healthcare, Little Chalfont, Buckinghamshire,
United Kingdom); CC3 and CC3 L873A I880A were also inserted into
pCDNA3.1(�)-myc. The CC3 L873A I880A mutant in pGEX4T-1 was gener-
ated via QuikChange and confirmed by sequencing. The �CC123 and C343
(1341-1684) domains were cloned separately into the pACT2 prey vector.

Wild-type, untagged Rab1A and Rab9A were purified according to Aivazian
et al. (2006); His-tagged Rab6A was purified as described previously (Ganley
et al., 2008). Untagged Rab9B in pet14b was transformed into BL21(DE3) cells,
and cultures grown at 37°C (OD600 � 0.6) were induced with 0.4 mM
isopropyl �-d-thiogalactoside (IPTG) for 3 h at 37°C. Cell pellets were resus-
pended in Rab lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 8 mM MgCl2,
2 mM EDTA, 0.5 mM dithiothreitol [DTT], and 10 �M GDP) and lysed by two
passes at 20,000 psi through an EmulsiFlex-C5 apparatus (Avestin, Ottawa,
ON, Canada). Clarified lysates (20,000 rpm for 20 min in a JA 20 rotor;
Beckman Coulter, Fullerton, CA) were applied to a Q Sepharose ion exchange
column and eluted with a 100–400 mM NaCl gradient. Fractions containing
Rab9B were concentrated via ammonium sulfate precipitation (at 50% satu-
ration) and loaded onto a Superdex 200 16/60 gel filtration column equili-
brated in Rab storage buffer (20 mM HEPES pH 7.4, 200 mM NaCl, 8 mM
MgCl2, 2 mM EDTA, 10 �M GDP, and 0.5 mM DTT). Fractions containing
Rab9B were pooled and stored at �80°C in 10% glycerol. His-tagged Rab33B
Q92A was also cloned into the pET14b expression vector; expression and cell
lysis was performed as for Rab9B. Clarified cell lysate was loaded onto a Q
Sepharose column and washed with 10 column volumes of Rab lysis buffer.
The His-Rab33b enriched column wash was concentrated by ammonium
sulfate precipitation (at 50% saturation) and applied to a gel filtration column
equilibrated in Rab storage buffer. His-Rab33b fractions were pooled and
stored at �80°C in 10% glycerol.

GST-coiled-coil constructs were transformed into BL21(DE3) Rosetta II
cells, and cultures (OD600 � 0.7) were induced with 0.5 mM IPTG for 2.5 h at
37°C. Cells were resuspended in 50 mM HEPES, pH 7.4, 250 mM KCl
containing 1 mM phenylmethylsulfonyl fluoride, 1 mM DTT and lysed by
emulsification at 15,000 psi in a EmulsiFlex-C5 apparatus (Avestin); lysates
were centrifuged at 20,000 rpm for 30 min in a JA 20 rotor (Beckman Coulter).
Clarified lysates were incubated with glutathione 4B-Sepharose beads (GE
Healthcare) for 2 h at 4°C, eluted with 50 mM HEPES, pH 7.4, 250 mM KCl,
and 20 mM glutathione, and dialyzed overnight against 50 mM HEPES, pH
7.4, 250 mM KCl. Purified proteins were stored on ice at 4°C to prevent
freezing-induced aggregation. The C110 I1588A L1595A mutant was obtained
as described previously (Burguete at al., 2008).

Binding Assays
Binding reactions were carried out similarly to that described previously
(Aivazian et al., 2006). Purified Rab proteins were loaded with radioactive
[35S]guanosine 5�-O-(3-thio)triphosphate (GTP�S) (PerkinElmer Life and An-
alytical Sciences, Boston, MA) in loading buffer (50 mM HEPES pH 7.4, 150
mM KCl, 2 mM EDTA, 1 mM MgCl2, 0.1 mg/ml bovine serum albumin (BSA),
7 �M GTP�S, and 2.7 �M Rab) for 2 h (Rab9A and Rab9B) or 3 h (Rab6A,
Rab1A, and Rab33B) at room temperature (Rab9A and Rab9B) or 37°C
(Rab6A, Rab1A, and Rab33B). Rabs were then desalted on a PD-10 column
(GE Healthcare) into binding buffer (50 mM HEPES pH 7.4, 150 mM KCl, 5
mM MgCl2, and 0.1 mg/ml BSA). Binding reactions were assembled in a
250-�l reaction containing 0.1 �M Rab and 3 �M (for single point binding) or
varying (for concentration curve) amounts of GST-coiled-coil in binding
buffer. Reactions proceeded at room temperature for 1.5 h. Glutathione-
Sepharose beads (15 �l) equilibrated in binding buffer were added to each
reaction and incubated for 30 min at room temperature with rotation. Beads
were then washed with 10 column volumes of binding buffer, and the amount
of retained Rab protein was detected through liquid scintillation counting of
the beads.

Cell Culture
HeLa cells from American Type Culture Collection were cultured at 37°C and
5% CO2 in Dulbecco’s modified Eagle’s medium supplemented with 7.5%
fetal calf serum, penicillin, and streptomycin. For RNA interference (RNAi),
HeLa cells were transfected at 50% confluence with fluorescein labeled duplex
RNA (Dharmacon RNA Technologies, Lafayette, CO) by using Oligo-
fectamine (Invitrogen) according to the manufacturer’s instructions. The
GCC185 siRNA sequence was located in the first coiled-coil domain and
targeted the sequence GGAGTTGGAACAATCACAT. RNAi depletion was
carried out for 72 h posttransfection and followed by fixation and staining.
For rescue experiments, plasmids containing GCC185 constructs were trans-
fected 48 h after initial siRNA treatment (24-h rescue) by using FuGENE6
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s in-
structions. Transfection of GCC185 constructs in the absence of RNAi deple-
tion was carried out by treatment of cells by using FuGENE6 24 h before
fixation.

Immunofluorescence Microscopy
Twenty-four hours before fixation, cells were split onto 22- � 22-mm cover-
slips in a six-well plate. Cells were washed twice in phosphate-buffered saline
(PBS) and fixed for 20 min in 3.7% formaldehyde in 200 mM HEPES, pH 7.4
(Warren et al., 1984). After fixation, cells were washed twice and incubated for
15 min in DMEM and 10 mM HEPES, pH 7.4, to quench. Cells were perme-
abilized for 5 min with 0.2% Triton X-100 in PBS, followed by two washes and
a 15-min incubation with 1% BSA in PBS. Cells were incubated with primary
antibody, diluted 1:500 (anti GM130), 1:750 (anti myc), or 1:1000 (anti-�-COP
or anti-GCC185) in BSA/PBS for 30 min. This was followed by three 5-min
washes and a 30-min incubation in secondary antibody diluted 1:1000 in
BSA/PBS. The following antibodies were used in this study: rabbit anti-
GCC185 residues 1301–1684 (Reddy et al., 2006); mouse anti-GM130 (BD
Biosciences, San Jose, CA), chicken anti-myc (Bethyl Laboratories, Montgom-
ery, TX), Cy3-goat anti chicken (Jackson ImmunoResearch Laboratories, West
Grove, PA), and Cy5-goat anti mouse/rabbit (Invitrogen). A rabbit anti-�-
COP polyclonal antibody was generated according to Pepperkok et al. (1995).
Micrographs were acquired using a microscope (Eclipse 80i; Nikon, Tokyo,
Japan) fitted with a 60�/numerical aperture (NA) 1.40 plan apochromat
objective lens and a charge-coupled device camera (CoolSnapHQ; Photomet-
rics, Tucson, AZ) and controlled by MetaMorph Imaging software (Molecular
Devices, Sunnyvale, CA). Pictures were analyzed using MetaMorph and
Adobe Photoshop (Adobe Systems, Mountain View, CA) software. Confocal
microscopy was performed with a Leica TCS SP2 SE confocal scanner in
conjunction with a Leica DM6000 B upright scope (with attached Leica HCX
PL apochromatic 63�/NA 1.4 objective) and a Leica CTR 6000 confocal
control box. This setup was controlled by Leica Control software (Leica
Microsystems, Heidelberg, Germany). Images taken represent single slices of
a confocal Z-stack at 63�.

RESULTS

Rab9A, Rab6A, and Arl1 GTPases interact with the C-termi-
nal 110 amino acids of GCC185 (Reddy et al., 2006; Burguete
et al., 2008). We used a yeast two-hybrid approach to deter-
mine whether Rab proteins might also interact with other
domains within the full-length, 1684-residue GCC185 pro-
tein. Secondary structure prediction algorithms revealed
five distinct regions with high coiled-coil probability along
the length of GCC185 (Figure 1A). This analysis guided the
construction of shortened GCC185 constructs spanning the
length of the protein (CC1, CC2, CC3, �CC123, and C343). A
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library of 57 human Rab proteins (all GTP hydrolysis defi-
cient) representing �88% of the full complement of human

Rabs (�65 excluding nonprenylated Ran related members;
Colicelli, 2004) was screened against each of the GCC185
constructs in a yeast two-hybrid assay. As summarized in
Figure 1A, as many as 14 different Rab GTPases showed
binding to different regions of GCC185 by this method (Sup-
plemental Figure 1). The screen for binding to GCC185
fragment C343 is shown in Figure 1B. As expected, both
Rab6A and Rab9A showed robust interaction with the C343
construct, in agreement with previous work that identified
Rab6 and Rab9 binding sites within the C-terminal most
110 amino acids (Figure 1B). In addition, C343 interacted
with four additional Golgi-associated Rabs: Rab6B, Rab9B
(Yoshimura et al., 2007), Rab30, and Rab33B (Table 1). This,
coupled with the discrete and distinct Rab interactions for
each coiled-coil truncation construct, suggested that the ob-
served interactions were likely significant.

It is of interest to note that yeast two-hybrid screens of
full-length GCC185 yielded strong interaction with Rabs1A,
1B, and 35; weak binding was detected for Rabs9B and 6B
(data not shown). Most of these Rabs interact with GCC185’s
first coiled-coil (Figure 1A). We consider it likely that the
GAL4 activation domain at GCC185’s N terminus cannot be
brought close enough to the Gal4 DNA binding domain,
when Rab partners interact at too great a distance from
GCC185’s N terminus. Thus, screens of individual coiled-
coils provided additional information regarding possible
Rab interactions.

Several of the Rab interactions discovered by yeast two
hybrid (Figure 1) were verified independently using puri-
fied proteins and an in vitro binding assay. For this purpose,
we purified untagged Rab9A, Rab9B, Rab1A, and His-
tagged Rab6A and Rab33B, as well as GST fused to GCC185
CC1, CC2, CC3, and C110 (Figure 2A). Rab proteins were
preloaded with [35S]GTP�S, and binding of Rabs to gluta-
thione Sepharose-immobilized GCC185 constructs was
tested. As shown in Figure 2B, almost all of the yeast two-
hybrid interactions that we tested could be verified using
purified components. For example, CC1 showed significant
binding to Rab1A but poor binding to Rab9A; CC2 bound
Rab6A but not Rab9A; in contrast, CC3 bound Rab9A in

Figure 1. Yeast two-hybrid analysis of Rab GTPase binding to
distinct coiled-coils in GCC185. (A) Top, secondary structure pre-
diction for GCC185 using Paircoils software. Residue number is
shown at bottom. Middle, schematic representation of predicted
coiled-coils: CC1, CC2, CC3, and fragments representing the re-
mainder of the protein (�CC123, C343, and C110). Bottom, sum-
mary of Rab binding to each of the domains as determined by yeast
two-hybrid analysis. Rab9A is asterisked because it was variably
detected by two hybrid; biochemical experiments shown below
confirm its binding to CC3. (B) Yeast two-hybrid data for the con-
struct C343. Each box shows five colonies streaked on selective
media; numbers represent activated versions of the human Rab
proteins.

Table 1. GCC185 binding partners: localization and function

Rab protein Localization Function References

Rab1A, Rab1B Golgi ER-to-Golgi and intra-Golgi transport;
Golgi maintenance

Allan et al., (2000); Moyer et al., (2001);
Haas et al., (2007)(see Yoshimura et al., 2007)

Rab2A, Rab2B Golgi ER-to-Golgi transport and Golgi
structure

Short et al., (2001); Tisdale et al., (1992)
(see Yoshimura et al., 2007)

Rab6A, Rab6B Golgi Retrograde transport to the ER and
GCC185 localization at the TGN

Opdam et al., (2000); Echard et al.,
(2000); Mallard et al., (2002);
Burguete et al., (2008)

Rab9A Perinuclear late endosomes,
transport vesicles

Late endosome-to-TGN transport Lombardi et al., (1993); Barbero et al.,
(2002)

Rab9B Golgi Unknown Yoshimura et al., (2007); our
unpublished data

Rab15 Perinuclear recycling endosomes Not precisely known; traffic
modulation

Strick and Elferink, (2005); Zuk and
Elferink, (2000)

Rab27B Golgi Regulated secretion Zhao et al., (2002); Tolmachova et al.,
(2007); Gomi et al., (2007)(see Yoshimura et al., 2007)

Rab30 Golgi Unknown Yoshimura et al., (2007)
Rab33B Golgi Retrograde transport to the ER Zheng et al., (1998); Valsdottir et al.,

(2001)
Rab35 Plasma membrane, perinuclear

endosomes
Not precisely known; traffic

modulation, cytokinesis
Kouranti et al., (2006); Yoshimura et

al., (2007)
Rab36 Unknown Unknown
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strong preference to Rab6A. Finally, the C-terminal 110
residue fragment bound Rab9A as we have reported pre-
viously, in addition to Rab9B, but not Rab33B. Because
Rab33B was unable to bind C110, we infer that its binding
site lies within the region upstream of C110, but down-
stream of the C343 N terminus. Unfortunately, it was not
possible to obtain soluble C343 protein for in vitro bind-
ing studies.

The levels of binding observed in our in vitro binding
assays (�1–2 pmol) were comparable with the levels of
binding detected for proteins known to interact with C110 at

2–4 �M KD under similar conditions (Burguete et al., 2008).
This is a typical affinity for Rab-effector binding. It should
also be noted that at higher concentrations of GST-CC3 (�25
�M), some binding of Rab6A was detected, although it was
substantially lower than that of Rab9A (data not shown).

Interaction of Rab9A and Rab6A with the C110 region of
GCC185 requires a surface-exposed leucine/isoleucine pair
that are found separated by one helix turn, on the same face
of the C110 coiled-coil (Burguete et al., 2008). A helical wheel
plot of GCC185 CC3 revealed a similar leucine/isoleucine
motif near the C terminus of this peptide (Figure 3A). We
therefore engineered and purified a GST-CC3 mutant pro-
tein containing leucine-to-alanine and isoleucine-to-ala-
nine mutations to test the role of these residues in Rab9A
binding. As shown in Figure 3B, the predicted, surface-
exposed leucine 873 and isoleucine 880 residues were im-
portant for Rab9 interaction with CC3: KD estimates for the
interaction were �8 �M for the wild-type CC3 and �29 �M
for the mutant CC3. This suggests that Rab9A interacts with
two distinct coiled-coils by a similar surface interaction.

Rab9A is localized to late endosomes (Lombardi et al.,
1993) and to the transport vesicles that carry MPRs from
endosomes to the Golgi complex (Barbero et al., 2002). Be-
cause GCC185 seems to be a tether for this transport process
(Reddy et al., 2006), it made little sense that GCC185 would
both attach to transport vesicles (via Rab9) and to its Golgi
target (via Rab6 and Arl1) by using only its C terminus. The
presence of a second Rab9A binding site near the middle of

Figure 2. Rab GTPase binding to purified GCC185 coiled-coils. (A)
Coomassie stained SDS-polyacrylamide gel electrophoresis of un-
tagged Rab proteins and GST-coiled-coil domains used in this
study. Molecular mass is shown to the left. (B) Solution binding of
[35S]GTP�S-loaded Rab proteins to purified coiled-coil constructs.
Reactions contained 3 �M coiled-coil and 0.1 �M active, nucleotide-
loaded Rab protein. Products were collected on glutathione Sepha-
rose and determined by scintillation counting. Binding to GST alone
was subtracted; error bars represent SE of the mean for three inde-
pendent experiments.

Figure 3. (A) Helical wheel plot of residues near the C terminus of
GCC185 CC3 predicts a solvent exposed leucine/isoleucine pair. (B)
GCC185 I880A L873A are important for Rab9A binding to coiled-
coil 3 (CC3). Binding was carried out as in Figure 2 by using the
indicated concentrations of CC3 and 0.1 �M Rab9A.
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the protein, in GCC185 CC3, provided a solution to this
conundrum and suggested that CC3 might be especially
important for MPR transport.

To test this, we used an in vitro transport assay that
measures the retrograde transport of cation-dependent (CD)
MPRs from late endosomes to the TGN (Itin et al., 1997).
Figure 4 shows that purified CC3 inhibited transport in
vitro. The ability of CC3 to inhibit transport was concentra-
tion dependent (Figure 4B) and with an apparent Ki value
similar to the affinity of interaction of Rabs with this frag-
ment. As expected, a control, mutated fragment of GCC185
that contains a coiled-coil but cannot bind Rab9A or Rab6A
(C110 I/L3 A/A) failed to inhibit in vitro transport (Figure
4A). We have shown previously that the wild-type C110
fragment inhibits in vitro transport �60% (Reddy et al.,
2006). In contrast, the CC3 L/I3 A/A mutant was still able
to inhibit transport (although perhaps slightly less well than
wild type), implicating other regions of the CC3 domain in
this transport step. Alternatively, Rab9A may bind suffi-
ciently well to the mutant protein (Figure 3B) to still result in
inhibited transport under these conditions. Nevertheless,
together, these data support the importance of GCC185’s
CC3 in MPR recycling.

In an attempt to characterize further the functional impor-
tance of CC3, we overexpressed this protein fragment and
tested whether it interfered with MPR trafficking as moni-
tored by an increase in lysosomal enzyme secretion. Al-
though the protein was observed to be entirely cytosolic
upon expression in HeLa, human embryonic kidney 293, or
COS-1 cells, we were not able to obtain high enough expres-
sion to detect a change in hexosaminidase secretion (data not
shown).

Functional Analysis of GCC185 Coiled-Coil Domains
1 and 2
GCC185’s TGN localization requires Rab6A and Arl1 GTPases
and specifically, Rab6A’s precise binding site (I1588, L1595)
within the C110 coiled-coil (Burguete et al., 2008). Consistent
with these previous observations, a set of GCC185 deletion
constructs lacking the first, second, and third coiled-coil
domains (�CC1, �CC12, and �CC123) localized normally to
the Golgi (Figure 5). As expected, a GCC185 construct lack-
ing the C-terminal 110 amino acids, �C110, failed to associ-
ate with the Golgi and was completely cytosolic (Figure 5).
This confirmed that the first three coiled-coil domains are
dispensable for GCC185 Golgi localization. In addition, at
least one of the individual coiled-coil domains (CC2) was
unable to localize to the Golgi and was predominantly cy-
tosolic (data not shown). Moreover, association of full-
length GCC185 with purified Golgi membranes was Rab
dependent: removal of Rab proteins from Golgi membranes
by pretreatment with GDP dissociation inhibitor protein
decreased GCC185’s Golgi binding (Supplemental Figure 2).
Thus, these data suggest that the multiple, non–C-terminal,
Rab binding sites located across the GCC185 protein are not
sufficient to mediate stable Golgi association. In addition, the

Figure 4. Coiled-coil 3 inhibits in vitro transport of mannose
6-phosphate receptors from late endosomes to the trans-Golgi net-
work. (A) Ninety minute reactions were carried out as described in
Reddy et al. (2006) and contained 10 �g of membranes, 0.5 mg/ml
cytosol, and where indicated, 4 �M GST-tagged GCC185 coiled-coil
domains. Reactions were corrected to the higher salt buffer of the
coiled-coil preps added. Shown is a representative of three experi-
ments carried out in triplicate; error bars represent SE of the mean.
(B) In vitro transport in reactions containing GST-CC3. Values rep-
resent means of at least triplicates; shown are aggregate data from
seven independent experiments.

Figure 5. GCC185 coiled-coil deletion constructs containing an in-
tact C terminus are correctly localized to the Golgi complex. Left
column, myc-tagged constructs lacking the indicated domains
(green); right column, Golgi localization as determined using rabbit
anti-�COP antibodies (red). Alexa488-goat anti mouse and Alexa594
goat anti-rabbit antibodies were used for detection. Bar, 10 �m.
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ability of �CC1, �CC12, and �CC123 to show normal local-
ization indicates that these proteins are not grossly mis-
folded.

What role do the non–C-terminal, Rab binding domains
play for GCC185? To explore whether these domains con-
tribute to Golgi organization, we made use of the striking
Golgi fragmentation phenotype observed when GCC185 is
depleted from cells by using siRNA (Reddy et al., 2006).
GCC185 was depleted from cells by 72-h treatment with
fluorescein conjugated siRNA. We then attempted to rescue
Golgi fragmentation with plasmids containing different re-
gions of GCC185. These plasmids were constructed so that
they would not be targets of the siRNA used (see Materials
and Methods) and were expressed at very similar levels as
determined by total pixel intensity.

In Figure 6, cells that contained fluorescent, GCC185
siRNA are indicated with an asterisk. As expected, aster-
isked cells that displayed only green (GM130) fluorescence
(and had not received the complementing GCC185 plasmid)
showed Golgi fragmentation compared with nonasterisked
(nondepleted), green labeled cells (bottom row). Expression
of Myc-tagged, full-length GCC185 (red; top row) restored
normal Golgi morphology (Figure 6A, top row). In contrast,
neither �CC1 nor �CC12 constructs were capable of revers-
ing the fragmented Golgi phenotype upon siRNA treatment
(Figure 6A, middle and bottom rows). Quantitation of these
data confirmed the importance of at least CC1 (and possibly
also CC2) in contributing to Golgi organization. Similar
experiments were carried out using full-length GCC185 that
lacked 20 residues in the middle of CC3 as the rescue plas-
mid. In these cells, Golgi structure seemed restored at the
same frequency as seen with wild-type plasmid rescue (data
not shown). Therefore, full-length GCC185 is required for
proper maintenance of Golgi structure; CC3 residues that
contribute to Rab9 binding seem to be dispensable for this
aspect of GCC185 function.

Does GCC185 reach across the entire Golgi stack? If
GCC185 exists as a fully extended coiled-coil, it would
achieve a length of 	240 nm (1.4 Å/residue), a length that is
almost sufficient to stretch across the entire Golgi stack in
several cell types (200–300 nm; Rambourg et al., 1979; Cler-
mont et al., 1995; Ladinsky et al., 1999) (Figure 7A). In addi-
tion, the complement of GCC185-interacting Rabs includes
those localized to the trans (Rab6)-, medial (Rab6, Rab33B),
and cis/medial (Rab1)-Golgi cisternae. Although these inter-
actions are not required for localization of GCC185 to the
TGN (Figure 5; Burguete et al., 2008), they could provide
contacts for maintaining Golgi structure with contacts across
the height of the stack (Figure 7C). It is intriguing to note
that the binding site for the Rab protein that may be located
the farthest away from the TGN (Rab1) is located the farthest
away from GCC185’s TGN anchoring sites near its C termi-
nus (Figure 1).

To explore this possibility further, we carried out confocal
microscopy experiments in which we could distinguish the
localizations of GCC185’s N and C termini, independently.
Specifically, we compared the distributions of N-terminally
myc-tagged, full-length GCC185, and N-terminally myc-
tagged, C-terminal C-110 fragment, in relation to the cis-
Golgi markers GM130 (Figure 8) and p115 (data not shown).
In both cases, very low levels of overlap were observed in
terms of the staining of anti-myc antibodies with the cis-
Golgi markers.

Overlap was quantified in at least 50 different images for
each marker by using a colocalization coefficient according
to Manders (R; Manders et al., 1993; Zinchuk and Zinchuk,
2008). Visually apparent colocalization yields Manders R

values of 0.6 –1.0 (Zinchuk and Zinchuk, 2008). As shown
in Figure 8B, in the cells studied, labeling of the endoge-
nous cis-Golgi marker GM130 and the TGN marker
GCC185,yielded an R value of 0.55, which represents a base-
line for two adjacent, distinct compartments in these exper-
iments. The myc-tagged, C-terminal C110 fragment yielded
an R value of 0.53; N-terminally myc-tagged, full-length
GCC185 yielded an R value of 0.58. Thus, although the trend
was slightly upward, we did not detect a significantly
greater degree of colocalization of the N terminus of the

Figure 6. GCC185 coiled-coils one and two are required to rescue
Golgi disruption caused by GCC185 depletion. (A) Cells were
treated with fluorescein-labeled GCC185 siRNA for 72 h. After 48 h
of siRNA treatment, cells were transfected with plasmids encoding
the indicated myc-tagged proteins. Golgi localization was deter-
mined using mouse anti-GM130 and Cy5-goat anti-mouse antibod-
ies (green); GCC185 rescue construct expression was detected using
chicken anti-myc and Cy3-goat anti-chicken antibodies (red). Cells
containing siRNA (as determined by detection of fluorescein) are
indicated with asterisks. (B) Quantitation of rescue experiments.
Golgi fragmentation was scored visually; data represent the average
of two experiments in which a total of �40 cells were counted for
each condition. Error bars represent SE of the mean of two inde-
pendent experiments. Bar, 10 �m.
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full-length protein with cis-Golgi markers than that seen
with the much shorter, C-terminal construct.

From these data, we conclude that the majority of GCC185
molecules do not extend fully toward the cis-Golgi; rather,
they are likely to reach laterally across the stack to stabilize
this dynamic compartment and outward to help in vesicle
tethering. This does not preclude a small subset of the
proteins from reaching all the way from the TGN to the
cis-Golgi. Given the pancake stack-structure of the Golgi
(Rambourg et al., 1979; Clermont et al., 1995; Ladinsky et al.,
1999), our findings are consistent with most GCC185 mole-
cules facing outward from the bottom of the stack, rather
than being localized to the rims of the stack, where they
would have the potential to reach upward.

DISCUSSION

We have shown here that GCC185 contains at least five and
likely six distinct binding sites for multiple Rab proteins that
are distributed along its entire length. Yeast two-hybrid
screening revealed the ability of 14 different Rabs to bind to
these sites; direct, in vitro binding studies confirmed their
existence and documented binding for Rabs1A, 6A, 9A, and
9B. In previous work, we showed that Rab6 binds to a
C-terminal coiled-coil via a pair of surface exposed, leucine,
and isoleucine residues (Burguete et al., 2008). A similar
mode of interaction was revealed for Rab9A binding to
GCC185’s coiled-coil 3: mutation of this motif resulted in
significantly lowered Rab9A affinity. GCC185’s coiled-coil 3
inhibited transport of MPRs from late endosomes to the
TGN in vitro, consistent with its importance for GCC185
function. The importance of GCC185’s first and second,
N-terminal coiled-coil domains was revealed in experiments
that tested the ability of truncation constructs to rescue the
Golgi fragmentation phenotype that is seen upon depletion

of GCC185. Although full-length GCC185 was able to fully
rescue Golgi fragmentation in GCC185-depleted cells, con-
structs lacking the first or first and second coiled-coil do-
mains failed to promote reestablishment of a normal Golgi
ribbon. Thus, length matters—and despite a sequence that at
first glance, seems to be just a long coiled-coil, GCC185’s
N-terminal domains play important and unexpected func-
tional roles for this protein in live cells.

As summarized in Table 1, the overwhelming majority of
Rab proteins identified in this study as GCC185 binding
partners are Golgi-localized. Some of the Rabs are cell type
specific: for example, Rab27B is present is regulated secre-
tory cells, but localizes to the Golgi when expressed in
cultured fibroblasts (Yoshimura et al., 2007). Why might
GCC185 interact with so many Golgi-localized Rab proteins?
We favor a model in which GCC185 binding to multiple Rab
proteins contributes to its role in maintaining normal Golgi

Figure 7. Model for GCC185 function as a tether and Golgi orga-
nizer. (A) Dimensions of GCC185 if fully extended, transport vesi-
cles and Golgi stacks. (B) A model for GCC185 in vesicle tethering.
In this model, cytosolic GCC185 would first associate with Rab9-
positive transport vesicles via GCC185 coiled-coil 3. GCC185 on
vesicles brought close to the Golgi by cytoplasmic dynein could
then engage Rab6 and Arl1 GTPases at the target membrane.
SNARES would then drive fusion. (C) Although GCC185 is poten-
tially long enough to reach across the stack, most molecules do not
seem to; for details, see Figure 8 and text.

Figure 8. Neither the N or C terminus of GCC185 colocalizes with
the cis-Golgi marker GM130. (A) Confocal micrographs of cells
either nontransfected (left column) or expressing N-terminally myc-
tagged GCC185 (center column) or N-terminally myc tagged C110
(C-terminal) fragment (right column) were labeled for GM130
(green), endogenous GCC185 C terminus (left column only), or myc
localization (center and right columns) as described in Materials and
Methods. Bar, 10 �m. (B) Manders colocalization coefficients for each
data set.
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stack morphology. GCC185 is specifically localized to the
TGN (Derby et al., 2004). It is hard to imagine why its
depletion would lead to the generation of mini-stacks
(Reddy et al., 2006; Derby et al., 2007), unless GCC185 could
link ministacks together laterally, or contribute to stack sta-
bility, vertically. Simple de-polymerization of microtubules
is sufficient to generate Golgi mini-stacks, which suggests
that the steady state Golgi structure is normally subject to
dynamic, lateral fusion and fission, with the fusion process
requiring intact microtubules. Under normal conditions,
proteins such as GCC185 could reach across laterally, from
one mini-stack domain to another, to promote Golgi ribbon
stability. Indeed, GCC185’s connection to the microtubule
based cytoskeleton via CLASP proteins (Efimov et al., 2007)
may provide cytoskeletal coupling for such linking events.

Given GCC185’s role in tethering at the TGN, it is impor-
tant that the protein be specifically localized to that com-
partment. It is thus not surprising that the C terminus dic-
tated TGN localization (Luke et al., 2003; Burguete et al.,
2008) (Figure 5) and that distal Rab binding domains were
not sufficient to localize the �C110 protein elsewhere on the
Golgi stack. If GCC185 could bind tightly to Rabs located on
other Golgi compartments, those interactions might interfere
with its ability to mediate vesicle docking at the TGN. In-
stead, multiple, weak interactions let GCC185 interact re-
versibly with the Golgi surface, and stabilize this dynamic
compartment. Multiple weak interactions could also retain
transport vesicles destined for distinct Golgi compartments
within the vicinity of the Golgi stack.

A few Rab proteins that bound GCC185 by yeast two
hybrid are not Golgi residents. This includes Rab9A, which
is present on inbound transport vesicles (Barbero et al.,
2002), and Rab15 and Rab35 that also seem to be present on
perinuclear endosomal compartments (Strick and Elferink,
2005; Kouranti et al., 2006). It is possible that these Rabs
participate in a retrograde transport step that also uses
GCC185. Alternatively, Rab35 is most closely related to
Golgi-bound Rabs 1A and 1B; binding in the two-hybrid
system may reflect interaction with homologous portions of
the Rab protein. We are most confident of the interactions
that could be recapitulated with purified proteins and in-
clude Rabs 1A, 6A, 9A, and 9B, a collection that spans the
entire Golgi stack. GCC185 is not the first Golgin shown to
bind to multiple Rabs. For example, GM130 binds Rabs 1, 2
and 33B (Short et al., 2005). But, the ability of GCC185 to
potentially reach out to incoming transport vesicles and to
earlier Golgi compartments seems to be a novel feature of
this GRIP domain family member.

A Model for Vesicle Tethering at the TGN
In addition to contributing to Golgi structure, GCC185 is
also required for vesicle docking at the Golgi (Reddy et al.,
2006; Derby et al., 2007). Figure 7B presents our most current
working model for this process. GCC185 exists in the cytosol
and at the TGN (Luke et al., 2003). We propose that Rab9,
present on late endosome-derived transport vesicles, binds
cytosolic GCC185 via CC3 in the middle of GCC185 (and/or
C110). Transport vesicles carrying Rab9-GCC185 then move
along microtubules toward their targets (Itin et al., 1999;
Barbero et al., 2002). Once close to the TGN, GCC185’s C
terminus could bind TGN-localized Rab6, triggering con-
comitant Arl1 binding (Figure 7B, step 1). The transport
vesicle would then be brought into proximity to the TGN
membrane surface, either by dynamic mobility of a stably
anchored GCC185, a GCC185 conformational change, or
directed transport of the vesicle down the length of the

GCC185 molecule (Figure 7B, step 2). Fusion of the Rab9-
containing transport vesicle would then follow.

Validation of these steps in our model will require deter-
mining the length of TGN-associated GCC185 protein, and
characterizing in greater detail each of its Rab binding sites.
In the future, single vesicle analyses of vesicle tethering at
the TGN should enable us to elucidate the mechanisms by
which Rab9-vesicles find and engage their fusion targets.
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