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Small GTPases and coiled-coil proteins of the golgin
family help to tether COPI vesicles to Golgi membranes.
At the cis-side of the Golgi, the Rab1 GTPase binds di-
rectly to each of three coiled-coil proteins: p115, GM130,
and as now shown, Giantin. Rab1 binds to a coiled-coil
region within the tail domain of p115 and this binding is
inhibited by the C-terminal, acidic domain of p115. Fur-
thermore, GM130 and Giantin bind to the acidic domain
of p115 and stimulate p115 binding to Rab1, suggesting
that p115 binding to Rab1 is regulated. Regulation of
this interaction by proteins such as GM130 and Giantin
may control the membrane recruitment of p115 by Rab1.

Targeting of transport vesicles to the correct membrane com-
partment is a multilayered process consisting of tethering,
docking, and fusion. SNARE1 proteins are the best character-
ized components of the docking and fusion machinery. Cognate
SNARE pairs are thought to provide the core specificity for
membrane fusion (1–3). Tethering components act before
SNAREs and are thought to provide an initial interaction be-
tween a vesicle and target membrane (4–6).

Tethering is essential for transport and is mediated by a
diverse array of proteins including: GTPases of the Ypt/Rab
and Arl families, coiled-coil proteins that can link membranes
together, and large multiprotein assemblies recently termed
quatrefoil tethering complexes (7–10). At the entry face of the
Golgi apparatus, multiprotein complexes include TRAPP and
COG (11, 12), the Rab family GTPases are Rabs 1 and 2 (13),
and the coiled-coil proteins are p115, Giantin, and GM130. The
latter are members of the golgin protein family, initially iden-
tified as antigens in certain autoimmune diseases (14). The
precise roles of tethering proteins, their mechanisms of action,
and how they interact, however, remain unclear.

The best characterized Golgi tethering proteins are mamma-
lian p115 and its yeast homologue Uso1p. These proteins are
myosin-shaped, homodimeric molecules, each polypeptide of

which comprises an N-terminal globular head, a coiled-coil tail,
and a short C-terminal acidic domain (15–18). Uso1p is essen-
tial for exocytic transport (19) and tethers COPII vesicles to
Golgi membranes in yeast (20–22). p115 is essential for both
exocytic transport and maintenance of the stacked structure of
mammalian Golgi membranes (23). It acts during ER to Golgi
and intra-Golgi transport, as well as post-mitotic Golgi reas-
sembly (15, 24). p115 tethers COPI vesicles to Golgi mem-
branes (25). These data suggest that p115/Uso1p functions to
tether vesicles, although the molecular mechanism is still
unclear.

Our working model for the mechanism by which p115 tethers
COPI vesicles to Golgi membranes has been that it forms a
“bridge,” simultaneously binding and linking Giantin in COPI
vesicle membranes to GM130 on the Golgi (25). This model for
a cis-golgin tethering complex arose from two important ideas:
1) GM130 acts as the Golgi membrane anchor for p115; 2) p115
(anchored by GM130) tethers by simultaneously binding to
Giantin in vesicle membranes.

The first idea originated from studies into the mitotic disas-
sembly of mammalian Golgi stacks. GM130 is a mitotically
regulated, p115-binding protein present in highly purified
Golgi membranes (26–29). The N-terminal domain of GM130
binds to the acidic C-terminal domain of p115 (27, 30–32).
GM130 is regulated by the mitotic kinase, CDK1/cyclin B (28).
CDK1/cyclin B-mediated phosphorylation of GM130 inhibits
GM130 binding to p115 (27), and this correlates with the inhi-
bition of p115 binding to Golgi membranes in vivo (33) and in
vitro (34). Furthermore, p115 localization to the Golgi region of
cells is disrupted either by microinjection of a GM130 N-termi-
nal peptide (N73), which inhibits p115 binding to GM130, or by
overexpression of a truncated GM130 that lacks the p115-
binding domain (35).

The second idea, that p115 links GM130 to Giantin, arose
from the observation that GM130 and Giantin are asymmetri-
cally distributed between Golgi membranes and vesicles. Gian-
tin (but not GM130) is incorporated into COPI vesicles, during
in vitro budding reactions. p115 stimulates binding of these
vesicles to Golgi membranes (25). Giantin, like GM130, is a
major p115-binding protein in Golgi extracts (25). However,
whereas anti-GM130 antibodies (or the peptide N73) prevent
p115 binding to Golgi membranes, antibodies against Giantin
do not (25). In contrast, anti-Giantin antibodies do prevent
p115 binding to COPI vesicles, but anti-GM130 antibodies do
not. Inhibition of p115 binding to either GM130 on Golgi mem-
branes or Giantin in vesicles is sufficient to abolish the p115
effect on tethering (25, 36). p115 is also necessary to link
Giantin and GM130 during co-immunoprecipitation experi-
ments from Golgi extracts (32). The functional importance of
these interactions is apparent because agents that inhibit p115
binding to Giantin or to GM130 block tethering and fusion
during an in vitro assay for Golgi reassembly after mitosis (36).
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Furthermore, GM130 and Giantin function in vivo, because
microinjected antibodies against these proteins inhibit exocytic
transport (24). The most parsimonious explanation for these
results is that p115 tethers by linking GM130 on one mem-
brane to Giantin in the other.

However, several lines of evidence are inconsistent with
these interpretations. First, antibodies against p115, GM130,
and Giantin cause different phenotypes when microinjected.
Although antibodies to GM130 or Giantin inhibit transport,
they do so at a later stage than antibodies against p115 (24). In
other experiments, microinjection of anti-Giantin antibodies
led to degradation, but this did not inhibit progression through
mitosis or Golgi reassembly in the daughter cells, at least as
assessed by immunofluorescence microscopy. Both of these pro-
cesses are believed to depend on tethering and fusion. Simi-
larly, microinjected anti-GM130 antibodies did not affect mito-
sis or Golgi reassembly. In contrast, microinjected anti-p115
antibodies led to p115 degradation and collapse of the Golgi
structure (37). These results suggest a function for p115 that is
independent of its interactions with GM130 and Giantin and
were presented as arguing against the working model for teth-
ering by p115.

Second, a prediction of the tethering model is that p115
constructs without the GM130 and Giantin-binding sites
should neither localize to the Golgi apparatus nor function to
tether membranes. Indeed, inhibition of GM130 binding to
p115 (by microinjection of the N73 peptide or by truncation of
GM130) does block p115 localization to the Golgi apparatus
(35). Confusingly, however, an initial study showed that p115
truncations lacking the GM130 and Giantin-binding domain do
localize to the Golgi region of transfected cells (38). This finding
has recently been confirmed and extended by a gene replace-
ment approach showing that truncated p115, without the bind-
ing domain for GM130 or Giantin, is sufficient to rescue Golgi
morphology and transport in cells where endogenous p115 has
been knocked down by RNA interference (23). It seems, there-
fore, that experiments in which p115 can no longer bind to
GM130 (and Giantin) contradict those in which GM130 can no
longer bind to p115. Furthermore, the acidic C-terminal do-
main of p115 is absent in Drosophila p115 and is much shorter
in C. elegans (39). Furthermore, a conditional lethal CHO cell
line that contains no detectable GM130 immunoreactivity has
been described that has no apparent defect in Golgi structure
or transport when grown at the permissive temperature (40).
Together these data are difficult to reconcile with the model
that p115 tethers by directly linking GM130 to Giantin.

A resolution for these discrepancies might be related to the
function of Rab1, which also acts during ER to Golgi and
intra-Golgi transport and binds directly to p115 and golgin
tethering proteins (41–43). Rab family GTPases function
throughout the exocytic pathway and several family members
are implicated in tethering (4, 6, 7, 44). Rab proteins undergo a
cycle of GTP binding and hydrolysis that switches between
their active and inactive states, respectively. In the active state
they bind effectors that are either membrane proteins (43, 45,
46) or that become recruited to membranes by the Rab itself
(41, 47). After GTP hydrolysis, Rab proteins are removed from
the membrane by Rab-GDP dissociation inhibitor. This allows
recycling of GDP bound Rab for further rounds of transport
(48).

Rab1 recruits p115 to COPII vesicles during in vitro assays
for ER to Golgi transport (41). It also binds GM130 and acts on
the Golgi membrane (42). The yeast homologue, Ypt1p, recruits
Uso1p (p115) to membranes and acts in tethering during ER to
Golgi and intra-Golgi transport (21, 22, 49, 50).

While mapping the Rab1-binding site on p115 we noticed a

dramatic enhancement in the apparent affinity of interaction
when the p115 C-terminal domain was removed. Further ex-
periments showed that the p115 C-terminal domain bound to
and competed for the Rab1-binding site on p115. The inhibition
of Rab1 binding was relieved by either GM130 or Giantin, both
of which bind directly to p115 and to Rab1. This raises the
possibility that binding of these golgins serves a regulatory role
instead of, or in addition to, a structural role in tethering.

EXPERIMENTAL PROCEDURES

Antibodies—For anti-Giantin, antibodies (against 1–448 and 1125–
1695) were raised in rabbits, against hexahistidine His6-tagged immu-
nogens. Sera were concentrated (40% ammonium sulfate precipitation)
and dialyzed against 25 mM Tris (pH 8.0), 150 mM KCl. Anti 1125–1695
was affinity-purified against immunogen covalently linked to cyanogen
bromide-activated Sepharose (GE Healthcare). Other antibodies were
as follows: GM130, monoclonal (Transduction Laboratories); p115,
monoclonal (15); GRASP65 (7E10), monoclonal (Francis Barr, Max
Planck Institute of Biochemistry, Martinsried, Germany); GRASP65,
polyclonal (51).

Plasmids—Rab1a/pGEX4T3, Rab2/pGEX, Rab6/pGEX, and Rab11/
pGEX were gifts from Tommy Nilsson (Göteborg University, Göteborg,
Sweden), Francis Barr (Max Planck Institute of Biochemistry), and
David Sheff (University of Iowa), respectively.

Rab1a(S25N), Rab1a(Q70L), Giantin 1–500/pET23a, Giantin 121–
500-maltose-binding protein (MBP)/pET23a, his-CC1,2,3 (p115 652–
812)/pQE9, his-CC1,2 (p115 652–776)/pQE9, his-CC1 (p115 652–701)/
pQE9, and his-CC2,3,4 (p115 704–933)/pQE9 were made by
QuikChange® mutagenesis (Stratagene). Giantin 1–1197/pET23a, Gi-
antin 1–500-MBP/pET23a, GM130/pET23a, p115/pGEX6P1, and p115-
A/pGEX6P1 were made by PCR and subcloning (see supplemental
Table S1 for primer sequences). Constructs were verified by sequencing.

Other plasmids used in this study were as follows: pGCP364/pSG5,
pGL88, pGL108, pGL141, pGL147, pGL101 (30), pBSGM130 (26),
GRASP65-his/pET30a (51), his-H (p115 1–650)/pQE9, his-TA (p115
651–961)/pQE9, and his-T (p115 651–933)/pQE9 (36).

Recombinant Proteins—Recombinant proteins were purified on glu-
tathione-Sepharose 4B (Amersham Biosciences) or nickel-nitrilotriace-
tic acid-agarose (Qiagen). GM130-his was further purified by ion-ex-
change chromatography (Hi-Trap SP column (pH 7.4)) (Amersham
Biosciences) and gel filtration (Hi-Prep 16/60 Sephacryl S-300 column)
(Amersham Biosciences). The GST moiety was removed from GST-p115
using PreScission protease (Amersham Biosciences).

Rabs were loaded as described previously (52). Briefly, Rab was
washed with exchange buffer (20 mM HEPES (pH 7.4), 100 mM NaCl, 10
mM EDTA, 5 mM MgCl2, 1 "M DTT, 1 "M guanosine nucleotide) and
then incubated (three times, 30 min, room temperature) in exchange
incubation buffer (20 mM HEPES (pH 7.4), 100 mM NaCl, 10 mM EDTA,
5 mM MgCl2, 1 "M DTT, 1 mM guanosine nucleotide). After washing in
stabilization buffer (20 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM MgCl2,
1 "M DTT, 1 "M guanosine nucleotide) the Rab was then incubated (30
min, room temperature) in stabilization incubation buffer (20 mM

HEPES (pH 7.4), 100 mM NaCl, 5 mM MgCl2, 1 "M DTT, 1 mM

guanosine nucleotide).
Superose 6 Chromatography—Recombinant p115, his-TA, or his-T

were filtered (0.45 "m) to remove any particulate matter and then
gel-filtrated on a Superose 6 HR 10/30 column (Amersham Biosciences),
equilibrated in column buffer (25 mM HEPES (pH 7.4), 200 mM KCl, 1
mM DTT, 10% glycerol), at 0.2 ml/min. Half-ml fractions were collected,
and aliquots were analyzed by SDS-PAGE with Coomassie staining.
Thyroglobulin (669 kDa, Stokes radius 85.0 Å), ferritin (440 kDa,
Stokes radius 61.0 Å), catalase (232 kDa, Stokes radius 52.2 Å), and
aldolase (158 kDa, Stokes radius 48.1 Å) were run as standards.

Velocity Sedementation—Recombinant p115, his-TA, or his-T were
layered onto a linear glycerol gradient (10–30% (w/v)) in gradient buffer
(25 mM HEPES (pH 7.4), 200 mM KCl, 1 mM DTT). Thyroglobulin (20.0
S), catalase (11.4 S), and bovine serum albumin (4.6 S) were run as
standards. The gradients were centrifuged for 5 h in an SW55 rotor
(Beckman Coulter), at 4 °C and then fractionated from the top into
"0.4-ml fractions. Aliquots were analyzed by SDS-PAGE with Coomas-
sie staining.

Golgi Membrane Extracts—Rat liver Golgi was purified from rat liver
as described (53) and then extracted at 0.5 mg/ml with extraction buffer
(20 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl2, 1% Triton X-100, 1
mg/ml soybean trypsin inhibitor, 1 "M DTT, EDTA free protease inhib-
itor (PI) mixture (Roche Applied Science)) for 30 min on ice and clarified
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by centrifugation (20 min, 16,000 # g, 4 °C). For carbonate stripping,
rat liver Golgi (0.2 mg/ml) was incubated in carbonate buffer (0.2 M

sodium carbonate (pH 11) and PI) for 1 h on ice. Stripped rat liver Golgi
was concentrated (30 min, 11,700 # g, 4 °C, on a swing out microcen-
trifuge) onto a 2 "l sucrose cushion (2 M), resuspended (0.2 mg/ml) in
sucrose buffer (20 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl2, 200
mM sucrose, 1 "M DTT, PI), reconcentrated, and then extracted as
above.

In Vitro Transcription/Translation—Twenty-five "l reactions were
performed using the TNT T7 coupled reticulocyte lysate system (Pro-
mega) using 0.5 "g of plasmid DNA and 2 "l of [35S]methionine (10
mCi/ml) per reaction. Two "l of each reaction was analyzed by SDS-
PAGE. The remainder was frozen in liquid nitrogen and stored at
$80 °C until use.

Binding Assays—Glutathione S-transferase (GST)-Rab1, immobi-
lized on glutathione-Sepharose 4B, was incubated with putative bind-
ing proteins in binding buffer (20 mM HEPES (pH 7.4), 100 mM KCl, 5
mM MgCl2, 1 mg/ml soybean trypsin inhibitor, 1% Triton X-100, 1 "M

DTT, PI supplemented with guanosine nucleotide (1 mM)) for 1 h,
rotating at 4 °C. Beads were washed twice in the same buffer and then
once in nucleotide-free binding buffer. Proteins were eluted (three in-
cubations, 10 min, rotating, room temperature) in elution buffer (20 mM

HEPES (pH 7.4), 100 mM KCl, 20 mM EDTA, 1% Triton X-100, 1 mM

DTT, 5 mM GDP), pooled, concentrated by trichloroacetic acid precipi-
tation, and then analyzed by SDS-PAGE.

GST-p115CT binding assays were performed as for Rab1 except: 10
"g of GST-p115CT (p115 886–961) was used. Beads were washed three
times in the same buffer then resuspended in 2# sample buffer (100 mM

Tris (pH 6.8), 3% SDS, 15% glycerol, 5% DTT, 0.01% bromphenol blue)
Quantification—Blots were quantified by scanning (Epson Expres-

sion 1680 scanner) or by directly measuring the ECL signal (Kodak
Image Station 440CF). Signal intensity was compared with at least
three standard samples of the same protein, loaded as a series of 2-fold
dilutions, and detected on the same immunoblot. Signals were only
quantified if their measured intensity lay within a range encompassed
by the standards and over which there was a linear relationship be-
tween the amount of material loaded and signal intensity.

RESULTS

Rab1 Binds to the Coiled-coil Tail Region of p115—The
Rab1-binding site on p115 had not previously been mapped. A
set of truncations corresponding to structural and functional
domains in p115 was therefore constructed and tested for bind-
ing to GST-Rab1 (Fig. 1A). p115 is thought to be a parallel
homodimer of two polypeptide chains. Each is composed of an
N-terminal globular head (H); a rod-like tail (T) containing four
regions of predicted coiled-coil structure (CC1, CC2, CC3, CC4),
and a short (28 amino acid), C-terminal acidic domain (A) (Fig.
1A) (17, 18).

Full-length p115 or truncations corresponding to the head
(his-H), tail (his-T), or tail plus acidic (his-TA) domains (50 nM

each) were incubated with immobilized GST or GST-Rab1 fu-
sion proteins (1 nmol/200 "l reaction volume). Fusion proteins
of either wild type Rab1a (preloaded with an appropriate
guanosine nucleotide) or point mutations stabilized in the GTP
bound (GST-Rab1(QL)) or the GDP bound (GST-Rab1(GDP))
conformations were tested. Specifically bound proteins were
eluted by incubation with GDP/EDTA buffer. This technique
has been used previously to measure effector binding to Rab1
(41–43, 45, 46) and other Rab family members (54–58).

In these assays, "5% of the full-length p115 bound GST-
Rab1(QL), whereas #0.5% bound to the inactive conformation
GST-Rab1(SN) or to the GST controls (Fig. 1A). Similar results
were obtained with wild type GST-Rab1 loaded with either
GTP!S or GDP (data not shown). There was no detectable
binding of his-H to GST-Rab1. In contrast, his-T bound
strongly to GST-Rab1(QL), over 20% of the input bound (Fig.
1A). This shows that the T region in p115 contains a Rab1-
binding site. The localization was confirmed by competition
experiments to measure binding, between full-length p115 and
GST-Rab1, in the presence of increasing concentrations of his-T

FIG. 1. Mapping the Rab1-binding site on p115. A, full-length p115 and a set of truncations were incubated with GST-Rab1(QL) (a
GTP-locked, active mutant) and with GST-Rab1(SN) (a GDP-locked, inactive mutant). B, full-length p115 was incubated with GST-Rab1 in the
presence of increasing concentrations of his-T. C, truncations corresponding to one or more coiled-coil regions within the p115 tail were incubated
with GST-Rab1. In all cases bound proteins were analyzed by immunoblotting after SDS-PAGE. The schematics to the left of A and C are included
to show the domain structure of p115 (A, top) and to indicate the regions covered by each truncation.
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(Fig. 1B). his-T competed efficiently with full-length p115 for
binding to GST-Rab1(QL), supporting the localization of a
Rab1-binding site in the T domain.

Further truncations and deletions within the T domain of
p115 were then prepared, corresponding to one or more of the
coiled-coil regions: his-CC1,2,3, his-CC1,2, his-CC2,3,4, his-
CC1_3,4, and his-CC1 (Fig. 1C). Binding assays between GST-
Rab1 and each of these proteins revealed robust binding of
his-CC1,2,3, his-CC1,2, and his-CC1_3,4 to GST-Rab1(QL)
(%20% input bound) (Fig. 1C). In contrast his-CC2,3,4 did not
bind (Fig. 1C), suggesting that CC1 is the only region within
the p115 tail that is necessary for binding. However, the trun-
cation his-CC1 did not bind to GST-Rab1(QL). Together these
results suggest that the CC1 domain is necessary but not
sufficient for Rab1 binding (Fig. 1C); the Rab1-binding site on
p115 includes CC1 of the p115 tail, but other structural fea-
tures are also necessary for Rab1 binding.

The p115 C-terminal Domain Affects Rab1 Binding—While
performing these mapping experiments we noticed that his-T,
his-CC1,2,3, his-CC1,2, and his-CC1_3,4 all bound to GST-
Rab1(QL) with a much higher apparent affinity than did full-
length p115. Less than 5% of input p115 bound to GST-
Rab1(QL) compared with over 20% of the truncations under the
same conditions (Fig. 1, A and C). The high affinity binding
truncations all lacked the C-terminal region of p115. In con-
trast to this, his-TA, that includes the C-terminal domain,
bound GST-Rab1 so poorly that we were unable to detect a
signal above background under any conditions that we tested
(Fig. 1A). This led us to speculate that the C-terminal region of
p115 might inhibit Rab1 binding and perhaps serves a regula-
tory function.

A trivial explanation for the observed differences in Rab1
binding between full-length p115 and the truncations might be
that our preparations of recombinant full-length p115 and
his-TA are predominantly misfolded but that our his-T prepa-
rations are not. To address this possibility we characterized our
preparations of these three proteins by gel filtration and veloc-
ity sedimentation to compare our data with a previous charac-
terization of purified p115 (15). Recombinant full-length p115

gel-filtered (Superose 6) with an apparent Stokes radius of 108
Å and sedimented with a coefficient of 8 S (10–30% glycerol
gradients) (see supplemental Fig. S1A). These data and the
calculated values for the coefficients correspond well with those
previously reported for purified bovine p115 (83 Å Stokes ra-
dius, 6.8 S sedimentation coefficient) (15). The preparations of
his-TA and his-T behaved almost indistinguishably from each
other on gel filtration and velocity sedimentation (see supple-
mental Fig. S1, B and C). Stokes radius values of 60 and 59 Å
and sedimentation coefficients of 5 and 4 S were calculated for
his-TA and his-T, respectively. Furthermore, both p115 (data
not shown) and his-TA are active in a functional assay that
measures p115-dependent reassembly of stacked Golgi mem-
branes from mitotic Golgi fragments (32).

The p115 C-terminal Domain Binds the p115 Tail—To test
directly whether the p115 C-terminal domain could inhibit
Rab1 binding we performed competition experiments. GST-
Rab1 binding assays were performed at a fixed concentration of
his-T (50 nM), in the presence of increasing concentrations of a
peptide corresponding to the C-terminal 76 amino acids of p115
(p115CT). This peptide caused dose-dependent inhibition of
binding between his-T and GST-Rab1(QL) (Fig. 2A, top panel).
In similar experiments, p115CT did not inhibit GM130-his (50
nM) binding to GST-Rab1(QL) (Fig. 2A, bottom panel). Together
these results suggest that the p115 C-terminal domain com-
petes with Rab1 for binding to the p115 tail.

Binding assays were then performed between immobilized
GST-p115CT and various other truncations in p115 (Fig. 2B).
GM130-his and Gtn1–500-his were also tested as positive ex-
periments, since these proteins are known to bind the p115
C-terminal domain (27). This set of experiments revealed that
truncations in p115 that lacked the acidic domain, but that
included the CC1 region, bound efficiently to GST-p115CT (Fig.
2B, his-T, his-CC1,2,3, his-CC1,2). In contrast, the truncation
his-CC2,3,4 did not bind (Fig. 2B). This is the same pattern of
binding as to GST-Rab1(QL) (Fig. 1C). Neither full-length p115
nor his-TA bound to GST-p115CT in these assays. Each of
these molecules includes both the CC1 region but also the
C-terminal domain. This may indicate an intramolecular inter-

FIG. 2. The C-terminal acidic region of p115 binds to the tail domain and inhibits Rab1 binding. A, either his-T (top) or GM130-his
(bottom) were incubated with GST-Rab1(QL) or GST-Rab1(SN) in the presence of increasing concentrations of a peptide corresponding to the
extreme C-terminal region (residues 886–961) of p115 (p115CT). B, full-length p115 and a set of truncations were incubated with GST-p115CT or
GST. Bound proteins were analyzed by immunoblotting.
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action between the p115 C-terminal domain and CC1 region.
Such an intramolecular interaction would be expected to effi-
ciently compete with exogenous GST-p115CT, due to the very
high local concentration of the binding partner.

GM130 Stimulates p115 Binding to Rab1—During prelimi-
nary experiments we had noted that GM130 (which binds to
both Rab1 and p115) did not compete efficiently with p115 for
binding to Rab1, at least not in the relative concentrations that
we were able to test (data not shown). Rather, there seemed to
be a stimulatory effect. In binding experiments between immo-
bilized GST-Rab1 and a fixed concentration of p115 (50 nM),
increasing concentrations of GM130-his caused a dose-depend-
ent stimulation in p115 binding, up to a greater than 4-fold
stimulation. Over 20% p115 binding was observed in the pres-
ence of 200 nM GM130-his, compared with 1–5% in its absence
(Fig. 3A, lanes 2–5). GM130 also stimulated his-TA binding to
GST-Rab1(QL), from undetectable levels in the absence to
more than 10% binding in the presence of 400 nM GM130-his,
whereas it had a much smaller effect on his-T (Fig. 3B). This
stimulatory effect was related to the N-terminal (p115 binding)
domain of GM130 because a truncation (GM130&N73-his) that
lacked the N-terminal region did not stimulate the binding of
p115 to Rab1 (Fig. 3C). This suggests that binding to the p115
C-terminal domain is necessary for stimulation.

Giantin Is a Rab1-binding Protein—Next we decided to ex-
amine the effects of Giantin on p115 and Rab1, because, like
GM130, Giantin is a Golgi-localized p115-binding protein (30).
Active conformation, immobilized GST-Rab1 specifically re-
tains Giantin as well as p115, GM130, and GRASP65 from
detergent extracts of rat liver Golgi membranes (see supple-
mental Fig. S2). Purified, recombinant GRASP65 did not bind
to GST-Rab1 in either nucleotide bound conformation under
any conditions that we tested (data not shown), suggesting that
endogenous GRASP65 may bind GST-Rab1 indirectly, via its
well characterized interaction with GM130 (59).

An interaction between Giantin and Rab1 had not been re-
ported previously. To rapidly narrow down the region within
Giantin that is necessary for Rab1 interaction, in vitro coupled

transcription-translation was used to prepare full-length Giantin
and a set of truncations, as 35S-labeled proteins. Binding assays
between the in vitro transcribed-translated proteins and immo-
bilized GST-Rab1 showed that the N-terminal region (1–301) of
Giantin is necessary and sufficient for efficient binding to the
active conformation of GST-Rab1 in this system (Fig. 4A). Full-
length Giantin, and the truncations 1–448, 1–500-his, and
1–301, all bound to GST-Rab1(QL) (%10% input bound), whereas
those lacking the N-terminal region, 450–3187, myc-448–3163,
myc-1967–2541, did not. No binding was detected in control
assays with GST-Rab1(SN) or GST (Fig. 4A).

Next, to test for direct binding between Giantin and Rab1,
we used a bacterial system to express and purify affinity-
tagged proteins, corresponding to fragments of Giantin. We
also used this system to further map the Rab1-binding region of
Giantin in relation to the p115-binding site, which also lies
within the N-terminal region (30). The Giantin N-terminal
fragments, 1–500 and 121–500, both showed robust binding
(%10% input bound) to GST-Rab1(QL) but not to GST-
Rab1(SN). Similar results were obtained with wild type GST-
Rab1 (data not shown). In contrast to this, neither the frag-
ments 1–181 or 1125–1695 nor the internal deletion
1–500&181–301 showed detectable binding to GST-Rab1(QL)
(Fig. 4B). Binding was not affected by the affinity tag because
MBP- and His-tagged fragments showed similar levels of bind-
ing, whereas MBP alone did not bind (Fig. 4B). Together these
results show that Giantin is a direct binding partner of acti-
vated Rab1 and map the binding site to the region 181–301
(Fig. 4, A and B).

The Rab1 and p115-binding Sites Map to Distinct Regions of
Giantin—The p115-binding site on Giantin also lies within the
N-terminal 500 amino acids of the protein. However, there is
an apparent discrepancy in the literature about the precise
identity of the site. One report showed that the N-terminal
region, Giantin 47–117, was sufficient for p115 binding (31).
However, another study found that the truncation Giantin
1–186 did not bind to p115, whereas a longer truncation Gian-
tin 1–448 did bind under the same conditions (30). Therefore

FIG. 3. GM130 stimulates Rab1 binding to p115. Full-length p115, his-TA, or his-T was incubated with active or inactive GST-Rab1 in the
presence of various concentrations of GM130-his (A and B) or GM130&N73-his (C). Bound proteins were analyzed by immunoblotting. The asterisk
in C indicates a minor, immunoreactive species, present in our recombinant p115 preparations. It likely arises from nonspecific cleavage by
PreScission protease within the GST moiety of GST-p115 during purification.
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we decided to test whether the p115-binding region of Giantin
could be localized to a different fragment from the Rab1-bind-
ing region. To address this question, we tested each of our
Giantin fragments for binding to GST-p115CT. This region of
p115 includes the Giantin-binding, acidic C-terminal domain
(32). In these binding experiments Giantin fragments 1–500,
1–181, and 1–500&181–301 all bound to GST-p115CT, whereas
the fragment 121–500 did not (Fig. 4C). These results support
the localization of the p115-binding site as closer to the N
terminus of Giantin. Together these results map the p115-
binding site on Giantin to a different region of the Giantin
N-terminal region (residues 1–181) from the Rab1-binding site
(residues 181–301).

Giantin Shows Selectivity for Rab1—To test whether Giantin
shows selectivity for Rab1, compared with other Rab proteins,
we tested Gtn1–500-his for binding to a panel of other Golgi
and endosomal Rab proteins. This showed that interaction
between Rab1 and Giantin is specific, since GST-Rab2, -6, and
-11 fusion proteins all bound poorly to Gtn1–500-his (similar or
lower binding than GST-Rab1(GDP)), irrespective of their nu-
cleotide state (Fig. 4D).

Giantin Also Stimulates p115 Binding to Rab1—As with
GM130, Giantin also causes a dose-dependent stimulation of

p115 binding to GST-Rab1. Gtn1–500-his stimulated p115
binding to GST-Rab1(QL) "5-fold, from 2–5% to over 20%, in
the presence of 50 nM Gtn1–500-his (Fig. 5A, lanes 2–4). Sim-
ilar results were also obtained using solubilized, carbonate-
stripped, rat liver Golgi membranes as a source of enriched
full-length Giantin (data not shown).

The stimulatory effects of GM130 and Giantin could also be
mimicked by an anti-p115 monoclonal antibody ($p115Ab) (Fig.
5B) that binds within the CC4 region of p115 (812–886), assessed
by immunoblotting (data not shown). More than a 4-fold stimu-
lation was achieved, from '5% binding in the absence, up to
"20% in the presence, of 0.5 "g $p115 antibody. Similar results
were also obtained in assays between his-TA and GST-Rab1.
Binding was increased from undetectable levels in the absence of
antibody to over 10% input bound in the presence of 0.5 "g of
$p115 antibody (Fig. 5C, top panel). One might argue that the
antibody could cross-link p115 or TA thereby stimulating binding
to Rab1. However, the binding of T to Rab1 was not stimulated
even though it too has the antibody binding and so should also be
susceptible to cross-linking (Fig. 5C, bottom panel).

We also tested truncations in Giantin and GM130 that
lacked Rab1-binding sites (Fig. 5, D and E). These also failed to
stimulate p115- or his-TA-binding Rab1. Together these results

FIG. 4. Giantin binds directly to active Rab1. A, full-length Giantin and a set of truncations were prepared as 35S-labeled proteins by in vitro
transcription-translation, then incubated with GST-Rab1(QL), GST-Rab1(SN), or GST. The schematics to the right of A are included to show the
position of each truncation within the primary structure of full-length Giantin. B, purified, tagged Giantin fragments were incubated with
GST-Rab1(QL) or GST-Rab1(SN). The asterisk indicates a truncated, immunoreactive species present in preparations of Gtn121–500-MBP. C,
truncated Giantin fragments, tagged with MBP, were incubated with immobilized GST or GST fused to the extreme C-terminal 76 residues of p115
(GST-p115CT). The asterisk indicates a truncated, immunoreactive species present in preparations of Gtn121–500. D, a recombinant Giantin
fragment (Gtn1–500-MBP), containing the Rab1-binding site, was incubated with a range of immobilized GST-Rab fusion proteins, preloaded with
either GTP!S or GDP. Bound material was analyzed by autoradiography (A) or immunoblotting (B–D).
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suggest that Giantin and GM130 must bind to both p115 and
Rab1 to stimulate the interaction.

DISCUSSION

We have mapped the binding site for Rab1 on p115 and also
shown that Rab1 interacts directly with Giantin. This means
that all of the golgin components of the cis-golgin tether interact
with each other and with Rab1. Importantly, the golgin interac-
tion sites are, in each case, distinct from the Rab1-binding sites.
A schematic of these interactions is illustrated in Fig. 6A, sum-
marizing work by us and others (27, 30–32, 42, 43, 59).

The Rab1-binding site on p115 maps to the region CC1 in the
p115 tail. Although CC1 in isolation (his-CC1 residues 652–
701) is not sufficient for Rab1 binding, it is the only region that
we found to be necessary. The shortest tested fragment with
which we detected Rab1 binding included both CC1 and CC2
domains (residues 652–776). However, CC2 was not necessary
to confer Rab1 binding activity (to CC1 containing truncations
in p115), since an internal deletion of the p115 tail that in-
cluded the CC1, CC3 and CC4 regions, but with CC2 deleted
(652–933&701–776), also bound to Rab1. Nor was CC2 suffi-
cient for Rab1 binding, since a truncation containing CC2, CC3,
and CC4 regions only (704–993) did not bind. One possibility is
that the homodimeric structure of p115 may be important for

Rab1 binding. Since the CC1 peptide is predominantly mono-
meric in solution (36), this might explain why it did not bind to
Rab1 in our assays. p115, GM130, and Giantin are all predicted
to be homodimeric molecules. Alternatively some other struc-
tural feature of the p115 molecule that is not encoded within
CC1 might be necessary for Rab1 binding.

While investigating the protein-protein interaction between
Rab1 and p115, the most striking observation was that trunca-
tions in p115 that lack the C-terminal region bound Rab1 with a
much higher apparent affinity than did full-length p115. Rab1
bound tightly to the tail domain (his-T, 651–933) but not at all to
the tail plus acidic domain (his-TA, 651–961). It did bind weakly
to full-length p115, suggesting the head domain plays a role in
this interaction. However, we have not yet managed to assess
this role since we have been unable purify a truncation contain-
ing only the head and tail. It is possible that the p115 head
domain might interact with the C-terminal domain and partially
relieve its inhibition of Rab1 binding. Another explanation could
be that a second Rab1-binding site exists in the p115 head do-
main but was not detected in our binding assays.

The C-terminal region of p115 competes with Rab1 for bind-
ing to the p115 tail. This raises the possibility that the p115
C-terminal domain may serve a regulatory function by affect-

FIG. 5. Giantin and anti-p115 anti-
bodies stimulate Rab1 binding to
p115. Full-length p115, his-TA, or his-T
was incubated with GST-Rab1(QL) or
GST-Rab1(SN) in the presence of various
concentrations of Gtn-1–500-his (A),
$p115Ab (B and C), Giantin truncations
or deletions lacking the Rab1-binding site
(D), and a GM130 deletion lacking the
Rab1-binding site (E). Bound proteins
were analyzed by immunoblotting.
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ing Rab1 binding. Binding of either GM130 or Giantin to the
C-terminal domain of p115 stimulates p115 binding to Rab1.
Together, these findings lead us to formulate a model in which
p115 undergoes a conformational change from a “closed” to an
“open” state. We hypothesize that Rab1 binding to the closed
state p115 is inhibited by an intramolecular interaction be-
tween the p115 C-terminal domain and the Rab1-binding site.
In the open state, however, the p115 C-terminal domain is
displaced from the Rab1-binding site, leading to increased af-
finity for Rab1 (Fig. 6B).

The stimulatory effects of GM130 and Giantin on p115 bind-
ing to Rab1 are mimicked by an anti-p115 monoclonal antibody
that binds near to the C-terminal domain (812–886). Since this
antibody binding might be expected to disrupt the hypothesized
intramolecular interaction, these data are consistent with the
hypothesis that GM130, Giantin, and the anti-p115 antibody
all stimulate p115 binding to Rab1, at least in part, by binding
at or near to the p115 C terminus and causing a switch between
the closed and open conformation.

This stimulation by GM130 and Giantin not only requires
their p115-binding domains but also their Rab1-binding do-
mains. Truncations in GM130 or Giantin that lack either the
p115 or the Rab1-binding domains do not stimulate p115 bind-
ing to Rab1. This suggests that GM130 and Giantin must bind
to both p115 and Rab1 to stimulate. What remains unclear is
the number of Rab1 molecules that would be needed to form a
productive complex. The binding sites of Giantin, p115, and
GM130 on the Rab1 molecule have not yet been determined,
other than to show that both the N- and C-terminal hypervari-
able regions are necessary for Rab1 binding to GM130 in yeast
two-hybrid experiments (43). It is not, therefore, known
whether more than one golgin molecule can simultaneously
bind a single Rab1 molecule.

Although our proposed model for a regulated interaction
between p115 and Rab1 is speculative, an attractive feature is
that it does present a possible resolution for a major discrep-
ancy in the literature. Currently it is perplexing that agents
which act on GM130 or Giantin to disrupt their binding to p115
have much more severe effects on p115-mediated membrane
tethering and fusion than do agents that act on p115 to disrupt
its binding to GM130 and Giantin.

Rab1 recruits p115 to membranes, and this recruitment is
essential for p115 function (22, 41, 42). The new model suggests
that GM130 and Giantin regulate p115 recruitment (to Golgi
and COPI vesicle membranes, respectively) rather than acting
simply as membrane anchors (as suggested previously). At the
Golgi membrane, for instance, GM130 bound to Rab1 (42)
would be available to bind the C-terminal domain of p115 and
trigger a switch from the closed to the open conformation. This
would allow p115 recruitment by either the same or an adja-
cent Rab1. A similar recruitment to COPI vesicles might be
triggered by the Rab1-Giantin complex.

This hypothesis fits well with the published data. It can
account for the observation that full-length p115 does not lo-
calize to Golgi membranes when binding to GM130 is inhibited.
Such conditions would prevent p115 switching from the closed
to the open conformation at the Golgi. Microinjection of the
GM130 N73 peptide, for instance, is sufficient to disrupt p115
localization and function at the Golgi (35). This peptide inhibits
p115 binding to GM130 (27) but does not stimulate p115 bind-
ing to Rab1 (data not shown). In other words, this peptide can
bind to the C-terminal domain of p115 (and so prevent binding
to GM130) but is not sufficient to switch p115 into the open,
high affinity binding conformation, hence, recruitment by Rab1
cannot occur.

Similarly, the model can explain why p115 truncations that

FIG. 6. A schematic map of the in-
teracting sites in the cis-golgin teth-
ering complex. A, mapped sites of inter-
action between golgins, GRASP65, and
Rab1 constructed from data in this paper
and published work (27, 30–32, 42, 43,
59). The binding site for the anti-p115
antibody (Ab) is also shown. B, schematic
of a speculative model in which a closed
conformation of p115 is converted to an
open conformation, triggered by the bind-
ing of either GM130 and/or Giantin. The
open conformation reveals a Rab1-bind-
ing site. p115 is depicted as a parallel
homodimer with each chain composed of a
head domain (large circle), a tail domain
containing predicted coil-coil, and a C-ter-
minal acidic domain (open box).
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lack the acidic domain nevertheless rescue p115 function (23),
despite being unable to bind GM130. In these truncations inhi-
bition of Rab1 binding by the acidic domain has been removed.
This should result in a constitutive open conformation. Rab1
would be expected to recruit such truncations even in the absence
of their binding to GM130, bypassing this regulatory step.

What then is the role of this regulation? One possibility is
that it increases the fidelity of vesicle targeting. There is an
emerging model that suggests several independently targeted
proteins must interact to mark sites for specific fusion (60).
p115 lacking the acidic domain might be recruited to any Rab1
positive membrane even where no additional regulator, such as
GM130 or Giantin, is present. Rab1 has a much wider distri-
bution within the early exocytic pathway than GM130 or Gi-
antin (24) so mistargeting of p115 might give rise to inappro-
priate fusion events. It is also noteworthy that Rab1 only binds
to p115, GM130, and Giantin in its activated (GTP-bound)
conformation. This implies that GTP hydrolysis by Rab1 may
disrupt these interactions. Thus, Rab1 GTPase activity places
an inherent time limit on these interactions and in so doing
may increase the fidelity of COP I vesicle transfer.

The possibility of inappropriate fusion events derives from
the known role of p115 in SNARE assembly. In addition to its
role in binding Rab1, the CC1 region of p115 can also bind to
certain SNARE proteins and promotes the formation of Syn-
taxin-5 containing SNARE-bundles (36). GM130 and Giantin
would ensure that p115 is recruited to the Rab1 located at the
cis-Golgi so that downstream fusion events would occur at the
correct time and place. The binding of Rab1 to CC1 of p115
might regulate its action on SNARE bundling, perhaps by
blocking the interaction with SNAREs until after the vesicle
has docked with the membrane. Alternatively, or in addition,
Rab1 may assist p115 in SNARE bundling.

The findings that p115, GM130, Giantin, and Rab1 all inter-
act directly strengthens the hypothesis that they function to-
gether. Characterization of these interactions has given rise to
model that provides a possible resolution for an apparent con-
tradiction in the literature. Although the precise molecular
mechanisms by which these proteins act to tether membranes
remains unclear the findings presented in this paper should
provide clues that may be important in elucidating their pre-
cise role.
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