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ABSTRACT COPI-coated vesicles mediate protein trans-
port within the early secretory pathway. Their coat consists of
ADP ribosylation factor (ARF1, a small guanosine nucleotide
binding protein), and coatomer, a cytosolic complex composed
of seven subunits, a- to z-coat proteins (COPs). For coat
formation that initiates budding of a vesicle, ARF1 is recruited
to the Golgi membrane from the cytosol in its GTP-bound
form, and subsequently, coatomer can bind to the membrane.
To identify a minimal structure of coatomer capable to bind
to Golgi membranes in an ARF1-dependent manner, we have
established a procedure to dissociate coatomer under condi-
tions that allow reassociation of the subunits to a complete
and functional complex. After dissociation, subunits or sub-
complexes can be isolated and may be expected to be func-
tional. Herein we describe isolation of a subcomplex of
coatomer consisting of b- and d-COPs that is able to bind to
Golgi membranes in an ARF1- and GTP-dependent manner.

COPI vesicles mediate protein transport within the early
secretory pathway (1). In this study we focus on the structure
and function of mammalian coatomer (2), a cytosolic complex
of seven subunits [a- to z-coat proteins (COPs)] (3–13), that
with ADP ribosylation factor (ARF1) (14, 15) cover the
surface of COPI-coated vesicles (16).

The molecular mechanisms underlying the budding of a
COPI vesicle from the Golgi are known in part: ARF1 in its
GDP-bound state is a soluble cytosolic protein. After contact
with the Golgi membrane GDP is exchanged with GTP (14),
a reaction catalyzed by a Golgi-attached nucleotide exchange
protein (17–19). ARF1–GTP is tightly bound to the mem-
brane, and this binding is saturable (20). Coatomer can be
recruited from the cytosol to the Golgi membrane only after
binding ARF1–GTP. The role of ARF1 in this mechanism is
viewed controversially. In contrast to a direct interaction of
coatomer with ARF1–GTP on the Golgi membrane, an indi-
rect role of ARF1–GTP has been suggested. According to this
concept, ARF1–GTP activates a membrane-bound phospho-
lipase D (21, 22), resulting in increased amounts of phospha-
tidic acid (PA) in the Golgi membrane, and this rise in PA
would stimulate the formation of phosphatidylinositol 4,5-
bisphosphate (PIP2) (23). PIP2 and PA are thought to repre-
sent the binding site(s) for coatomer (24). However, ARF1 has
recently been shown to interact directly with coatomer, de-
pendent on the presence of GTP (25). This interaction seems
to persist during budding because it is found also in isolated
COPI vesicles.

To study the minimal requirements for the interaction of
Golgi membranes with coatomer subunits, we have established
a method that reversibly dissociates coatomer into subunits
and subcomplexes so that such subcomplexes can be isolated

in a native state that will allow functional studies of the isolated
proteins. Herein, we describe the dissociation of isolated
coatomer into substructures under conditions that allow their
reassociation to a structurally and functionally complete com-
plex. After dissociation of the complex, we have characterized
various subcomplexes and isolated a byd-COP dimer that binds
to Golgi membranes in an ARF1- and GTP-dependent man-
ner.

MATERIALS AND METHODS

Materials. Dimethyl maleic anhydride (DMMA) was pur-
chased from Sigma. ARF1 was prepared as described (20). The
isolation of rabbit liver Golgi membranes was performed as
described (26).

Antibodies. For Western blot analysis, the following anti-
bodies were used: anti-peptide antibodies to a-COP (antibody
883), b9-COP (C1PL), and d-COP (antibody 877) were pro-
duced and purified as described (3, 7, 10). A mouse mAb,
M3A5, to b-COP (27) was produced in hybridoma cells
donated by T. Kreis (University of Geneva, Switzerland). For
immunoprecipitation experiments the following antibodies
were used: a mouse mAb, CM1A10 (28), was produced in mice
from hybridoma cells donated by James E. Rothman (Memo-
rial Sloan Kettering Cancer Center, New York). Anti-peptide
antibodies that recognize the C termini of a-COP (antibody
1409) and b9-COP (antibody 891) were produced as described
(10, 29). A anti-peptide antibody to b-COP was raised in
rabbits against the internal peptide sequence EAGELKPEEE-
ITVGPVQK coupled to keyhole limpet hemocyanin as de-
scribed (30). Polyclonal anti-g-COP and anti-d-COP antibod-
ies were raised in rabbits against the recombinant His-tagged
proteins. Polyclonal anti-«-COP (12) and anti-z-COP antibod-
ies (13) were provided by James E. Rothman and used for both
Western blot analysis and immunoprecipitation.

Isolation of Coatomer. Coatomer was purified in its native
state from rabbit liver cytosol (starting with 15–20 g of
cytosolic protein) by using a modified version of the protocol
as described (2). Protein was precipitated with ammonium
sulfate at a final concentration of 35%. The precipitate was
resuspended in 200 mM KCly25 mM TriszHCl, pH 7.4y1 mM
DTTy1 mM phenylmethylsulfonyl f luoridey0.5 mM 1,10-
phenanthrolineypepstatin A (1 mgyml)yaprotinin (2 mgyml)y
leupeptin (0.5 mgyml). [Buffer abbreviations are as follows: x
mM K, x mM KCl; T, 25 mM TriszHCl; D, 1 mM DTT; G, 10%
(wtyvol) glycerol.] The suspension was dialyzed against 200
mM KTD (pH 7.4). Insoluble material was removed by cen-
trifugation for 1 h at 100,000 3 g. The supernatants were
filtrated through 0.45-mm (pore size) membrane filters and
loaded onto a 300-ml DEAE-Sepharose FF column (Pharma-
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cia) equilibrated with 200 mM KTDG (pH 7.4). Protein was
eluted with a linear 2-liter gradient from 200 mM to 1 M
KTDG (pH 7.4). Fractions containing b9-COP immunoreac-
tivity (elution at 0.28–0.4M KCl) were pooled, and the con-
ductivity was adjusted to the equivalent of 200 mM KTDG (pH
7.4). The pool was loaded onto a 6-ml ResourceQ column
(Pharmacia) equilibrated with the same buffer. Proteins were
eluted with a linear 200-ml gradient from 200 mM to 1 M
KTDG (pH 7.4). Fractions containing b9-COP immunoreac-
tivity (0.36–0.4 M KCl) were pooled, adjusted to a final
conductivity to the equivalent of 200 mM KTDG (pH 7.4), and
applied to a 1-ml ResourceQ column. Coatomer was eluted
with 0.5 M KTDG (pH 7.4). This protocol yields 50–70% pure
coatomer at a protein concentration of about 5 mgyml.

Reversible Modification of Coatomer with DMMA. Isolated
coatomer was dialyzed against 100 mM KCly50 mM
HepeszKOH, pH 8.5y1 mM DTT (100 mM KHD, pH 8.5;
where H is 50 mM HepeszKOH) and adjusted to a protein
concentration of 1 mgyml. DMMA treatment was performed
for 1 h at 4°C with final concentrations of 0.5 mM, 1.5 mM, or
3.5 mM DMMA (stock solution was 100 mgyml in dioxane,
stored in a dry atmosphere). To regenerate Lys «-amino-
groups of DMMA-treated protein, samples were dialyzed
against 100 mM KHD (pH 6.7) for 3 h at room temperature
or overnight in the cold room.

Sucrose Density Centrifugation. Samples of 700 ml were
applied onto a 11-ml sucrose step gradient (32.5–7.5% sucrose,
six 1.75-ml steps) with a 1-ml 42.5% sucrose cushion in 25 mM
HepeszKOH, pH 8.5y100 mM KCl. The gradients were cen-
trifuged for 24 h at 180,000 3 g in a SW 41 rotor (Beckman)
at 4°C and fractionated into 20 fractions.

Immunoprecipitation, SDSyPAGE, and Immunoblot Anal-
ysis. Antibodies against the various COPs were incubated with
protein A-Sepharose (CL-4B, Pharmacia) on a rotator in 25
mM TriszHCl, pH 7.4y100 mM NaCly1 mM EDTAy0.5%
Nonidet P-40 (IP buffer) for 2 h at room temperature. For
immunoprecipitation with CM1A10, the antibody was co-
valently coupled to protein G-agarose (28). After washing with
IP buffer, regenerated coatomer or putative subcomplexes
were added and incubation was continued for 2 h at room
temperature. Beads were collected by centrifugation and
washed five times with IP buffer and once with buffer without
detergent before dissociation in reducing or nonreducing
SDSyPAGE sample buffer at 95°C. SDSyPAGE was per-
formed with the following gel systems: 7.5% gels under
reducing conditions were used for the detection of b-, a-, b9-,
g-, and d-COPs; 15% gels under nonreducing conditions were
used for the detection of «- and z-COPs; and 7.5–16.5%
gradient gels under reducing conditions were used when all
COPs were to be separated on one gel. In separating gels, the
ratio of acrylamide to bisacrylamide was 100:1 (wtywt). For
immunoblot analysis, peroxidase-conjugated secondary anti-
bodies (goat anti-mouse for M3A5 antibody and goat anti-
rabbit for all other antibodies) and enhanced chemilumines-
cence (ECL, Amersham) were used as a detection system.

Isolation of a byd-COP Dimer. Isolated coatomer modified
with 1.5 mM DMMA in 100 mM KHD (pH 8.5) was loaded
onto a Mono Q PC 1.6y5 column (SMART-System, Pharma-
cia) equilibrated with the same buffer. Proteins were eluted
with a linear 4-ml gradient of 100 mM to 1 M KHD (pH 8.5).
Fractions were analyzed by SDSyPAGE and Western blotting
with antibodies against the various COPs.

Golgi Binding Assay. Golgi binding assays were carried out
as described (28) with 7 mg of rabbit liver Golgi membranes,
2.2 mg of myristylated ARF1, and 25 mM guanosine 59-[g-
thio]triphosphate (GTP[gS]) or guanosine 59-[b-thio]diphos-
phate (GDP[bS]) in a 50-ml reaction mixture.

RESULTS

Reversible Dissociation of Coatomer. A method for the
reversible chemical modification of Lys side chains was
adopted to dissociate coatomer. This method has originally
been used for the reversible dissociation of another quarter-
nary structure, the multienzyme complex of yeast fatty acid
synthase (31), and subsequently for a variety of other protein
aggregates (32). Easily accessible «-amino groups of Lys
residues are acylated by DMMA, as depicted in Fig. 1. As a
result the net charge of every Lys residue modified is changed
by 2 charge units, because the positively charged amino group
is converted into an uncharged amido group and, in addition,
a free carboxylic function is introduced (Fig. 1). The number
of Lys residues modified can easily be controlled by varying the
concentrations of the reagent. In the resulting protein,
«-amides are highly sensitive to proton-assisted hydrolysis,
because the two methyl groups of the reagent favor a planar
intermediate state, resulting in intramolecular catalysis of the
hydrolysis step (33). Thus, the modification can be reversed
under extremely mild conditions: although it is quite stable at
pH .8.5, it is efficiently hydrolyzed at pH ,7, conditions that
favor protein secondary and tertiary structures to be main-
tained. Disruption of the quarternary structure is believed to
be because of charge repulsions caused by changing the net
charge state of the derivatized proteins.

For dissociation, coatomer isolated from rabbit liver cytosol
was incubated with various concentrations of DMMA, and
dissociation of the complex was analyzed by sucrose density
gradient centrifugation as depicted in Fig. 2. After fraction-
ation of the gradients, the individual fractions were analyzed
by Western blotting with antibodies against all seven COPs,
a–z. Under the conditions used, underivatized coatomer is
found in fractions 6–8 (with small amounts of z-COP ‘‘bleed-
ing’’ into fractions with lower sucrose density; Fig. 2 A). This
pattern is strikingly changed by the addition of DMMA:
increasing the amounts of reagent leads to a shift of the COPs
to fractions of lower sucrose density, correlating to smaller
sedimentation constants and thus to smaller molecular masses
(Fig. 2 A–C). An aliquot of the sample modified with 1.5 mM
DMMA was dialyzed against buffer at pH 6.7 and then
reanalyzed on a sucrose density gradient. As shown in Fig. 2E,
appreciable amounts of COPs ('40%) are found in fractions
of high sucrose concentration (fraction 6–8), indicative for the
molecular mass of the native complex. The relative intensities
of the individual COP immuno signals resemble those of the
native complex, suggesting reassociation of the subunits in a
stoichiometric manner. To analyze the structural integrity of
the reassociated protein complex, we made use of mAb
CM1A10 (28), known to exclusively precipitate intact
coatomer. Immunoprecipitation with CM1A10 was performed

FIG. 1. Reaction mechanism of DMMA. Reaction of DMMA with
«-amino groups of Lys residues that are exposed on the surface of an
oligomeric protein complex leads to dissociation of the complex.
Reassociation may occur by removing the modification at slightly
acidic pH (below 7).
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with native coatomer and with the reassociated fractions. As
shown in Fig. 3A, the antibody is able to precipitate the
reassociated material, and the immunoreactivities of the indi-
vidual COPs are very similar to those of the native complex.
Thus, most of the reassociated material of fractions 6–8 in Fig.
2E resembles structurally intact coatomer. For a functional
analysis of the reassociated complex, its capability to bind to
isolated Golgi membranes in an ARF1- and GTP[gS]-
dependent manner was probed. The result is depicted in Fig.
3B: a significant increase is observed in binding of the reas-
sociated material, dependent on the presence of ARF1 and
GTP[gS], similar to the binding of native coatomer as a
control. The presence of coatomer in these binding studies was
detected by b9-COP immunoreactivity.

Thus, after dissociation with DMMA, significant amounts of
COPs are able to reassociate to yield a structurally and
functionally intact coatomer complex.

Characterization of Subcomplexes. The relative sedimenta-
tion of the various COPs, depending on the concentration of
DMMA used (Fig. 2 B–D), suggested that the individual
fractions may contain coatomer subcomplexes in addition to
individual COPs. Such specific interactions of COPs within
subcomplexes may reveal additional information about the
architecture of the complete complex. Therefore, we have
analyzed such interactions by using coimmunoprecipitation
experiments. Freshly dissociated coatomer was subjected to
immunoprecipitation with various antibodies against the indi-
vidual COPs, and the precipitates were examined by Western
blotting for the presence of additional COPs, as shown in Fig.
4. From these experiments, we deduce that the following
subcomplexes are present in the dissociate: ayb9y«-COPs (Fig.
4A), ay«-COPs (Fig. 4B), and byd-COPs and gyz-COPs (Fig.
4C).

Isolation of a byd-COP Dimer. Sucrose density gradient
fractionation was used to analyze the state of dissociation of
coatomer after DMMA treatment (Fig. 2). However, this
method did not lead to a separation that would allow purifi-
cation of individual subcomplexes. Therefore, freshly dissoci-
ated coatomer was subjected to ion-exchange chromatography,
and the fractions obtained were analyzed by SDSyPAGE and
Western blotting. The result of such an experiment is shown in
Fig. 5. Clearly, part of z-COP is present in its monomeric state
and can be obtained in a pure form. In addition, b- and d-COPs
were eluted together (fractions 13–15) and separated from
additional COPs. In later fractions, a variety of COPs were
eluted with only partial separation. Stoichiometric interaction
of b- and d-COPs in fractions 13–15 was reconfirmed by
coimmunoprecipitation as depicted in Fig. 4D. Thus, after
DMMA treatment, a dimer of b- and d-COPs can be isolated
in amounts sufficient for functional studies.

ARF1- and GTP[gS]-Dependent Binding to Golgi Mem-
branes of a byd-COP Dimer. The material containing byd-
COP dimer (fraction 14 in Fig. 5) was dialyzed against slightly
acidic buffer to remove the dimethyl maleic acid residues, and
then the sample was analyzed to determine its ability to bind
to Golgi membranes. In these experiments, Golgi membranes
were pretreated with a high salt buffer to remove residual
amounts of ARF1 and coatomer attached to the membranes
(28). As shown in Fig. 6, neither with native coatomer nor with
byd-COPs alone is a significant binding observed to Golgi
membranes in the presence of ARF1 and GDP[bS]. However,
after addition of ARF1 and GTP[gS], both b- and d-COPs are
recovered with the membranes, as is the complete set of COPs
when native coatomer (visualized by the presence of b-, a-, b9-,

treated with the indicated concentrations of DMMA. (E) Sedimen-
tation of DMMA-treated coatomer (1.5 mM) after dialysis against
reassociation buffer. Lanes: 1–20, fractions from sucrose gradients
collected from bottom to top; C, isolated coatomer as a standard.

FIG. 2. Sucrose gradient centrifugation of native, dissociated, and
reassociated coatomer. Native coatomer was treated with the concen-
trations of DMMA indicated. To reassociate dissociated coatomer, the
modified Lys «-amino groups were regenerated by dialysis against 100
mM KCly50 mM HepeszKOH, pH 6.7y1 mM DTT (reassociation
buffer). Samples of native, dissociated, and reassociated coatomer
were separated on sucrose gradients and analyzed by SDSyPAGE on
7.5–16.5% gels, Western blotting with antibodies against all COPs. (A)
Sedimentation of native coatomer. (B–D) Sedimentation of coatomer
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g-, and d-COPs) is used as a control. Thus the function for the
observed GTP[gS]- and ARF1-dependent binding of
coatomer to Golgi membranes can be attributed to a minimal
subcomplex, a dimer of b- and d-COPs.

DISCUSSION

In this study we used chemical modification of coatomer to
dissociate the complex. The degree of dissociation can be
controlled by the concentration of reagent used, allowing us to
produce subcomplexes of various compositions and mono-
meric COPs. Moreover, modification is mild enough and
reversible to allow reassembly of the subcomplexes and sub-
units into a structurally and functionally intact complex.

By using coimmunoprecipitation, a variety of subcomplexes
of coatomer were characterized, a trimer of ayb9y«-COPs, and
dimers of ay«-COPs, gyz-COPs, and byd-COPs. These find-
ings confirm COP–COP interactions that have been identified
with several different methods (10, 34, 35).

Isolation of purified subcomplexes has allowed us to identify
the minimal set of COPs required for ARF1-dependent inter-
action with the Golgi membrane during recruitment of cyto-

solic coatomer in the process of COPI vesicle budding. We find
that an isolated byd-COP dimer binds to Golgi membranes in
an ARF1- and GTP[gS]-dependent manner. This is in accor-
dance with a direct interaction of ARF1 with b-COP in intact
coatomer (25) and shows that this key function of coatomer is
preserved within a minimal subcomplex. It remains to be
established whether the d-COP subunit that seems tightly
associated with b-COP is needed to confer functionality to the
b subunit. Partially purified subcomplexes of ayb9y«-COPs
and gyz-COPs (fractions 16 and 19 in Fig. 5, respectively) were

FIG. 3. Structural and functional characterization of reassociated
coatomer. Coatomer, native or reassociated, was separated by sucrose
density centrifugation (see Fig. 2 A, fraction 7, for native and Fig. 2E,
fraction 7, for reassociated coatomer) and subjected to immunopre-
cipitation with an antibody directed against the native structure of the
complex or to a Golgi binding assay. (A) Native and reassociated
coatomer was immunoprecipitated with CM1A10 mouse mAb. The
precipitates were analyzed by SDSyPAGE on 7.5–16.5% gels and
Western blotting with antibodies against a-, b9-, g-, d-, «-, and z-COPs.
Lanes: i, 20% of the input; IP, immunoprecipitate. (B) Native or
reassociated coatomer was incubated with ARF1 without membranes
in the presence of GTP[gS] or with ARF1 and Golgi membranes in the
presence of GDP[bS] or GTP[gS]. After incubation the samples were
layered on a 15% sucrose cushion and centrifuged for 30 min at
15,000 3 g. The supernatant was removed and the pellet was analyzed
by SDSyPAGE and Western blotting. Immunostaining against b9-COP
was used for the detection of coatomer.

FIG. 5. Isolation of a byd-COP dimer. Isolated coatomer was
modified with 1.5 mM DMMA and chromatographed on a Mono Q
anion-exchange column. Proteins were eluted with a salt gradient. The
resulting fractions were analyzed for COPs by SDSyPAGE on 7.5–
16.5% gradient gels and Western blotting with antibodies for all COPs.
Fractions 13–15 containing byd-COP dimer were used for Golgi
binding assay. p, Cross-reactivity with anti-«-COP serum.

FIG. 4. Characterization of coatomer subcomplexes. (A–C)
Coatomer was modified with 1.5 mM or 3.5 mM DMMA, separated
by sucrose density centrifugation, and fractionated as shown in Fig. 2.
Fractions were dialyzed against 100 mM KTD (pH 6.7) and subjected
to immunoprecipitation. (A) Fraction 11 (Fig. 2C) was immunopre-
cipitated with antibodies against a-COP or b9-COP or with preim-
mune serum. (B) Fractions 12 and 13 (Fig. 2D) were immunoprecipi-
tated with antibodies against a-COP or «-COP or with preimmune
serum. (C) Fractions 13 and 14 (Fig. 2C) were immunoprecipitated
with antibodies against d-COP or z-COP or with preimmune serum.
The immunoprecipitates of A–C were separated on 7.5% gels under
reducing conditions for the detection of b-, a-, b9-, g-, and d-COPs and
on 15% gels under nonreducing conditions for the detection of «- and
z-COPs. (D) Coatomer was modified with 1.5 mM DMMA and
subjected to Mono Q anion-exchange chromatography as shown in Fig.
5. Fraction 14 was used for immunoprecipitation with anti-b-COP
serum or preimmune serum. Immunoprecipitation of the COPs was
analyzed by SDSyPAGE on 7.5% gels under reducing conditions
Western blotting with antibodies against b-COP and d-COP.
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also probed for their binding to Golgi membranes (data not
shown). These proteins bind to Golgi membranes even in the
absence of ARF1 or GTP[gS]. However, control experiments
revealed that this binding is likely to be unspecific, because
binding of similar efficiency was observed also with highly
purified mitochondrial membranes that do not bind intact
coatomer. Therefore the ARF1- and GTP-dependent binding
of coatomer to Golgi membranes seems to be conserved
exclusively in the byd-COP subcomplex.

In addition to an interaction with membrane-bound ARF1,
coatomer has been shown to bind to cytoplasmic tails of type
I membrane proteins of the p24 family, present in Golgi
membranes and COPI-coated vesicles (36, 37). This interac-
tion involves coatomer subunits distinct from byd-COPs (ref.
38 and C. H., unpublished observation). Thus, recruitment of
cytosolic coat proteins for the budding of a COPI vesicle
involves a bimodal interaction of coatomer with the Golgi
membrane: (i) ARF1- and GTP-dependent binding via b-COP
and (ii) binding to a member of the p24 family via coatomer
subunits distinct from b-COP. No significant binding of
coatomer to Golgi membranes is observed in the absence of
ARF1–GTP, although p23yp24 are present in the membranes.
This implies that either the cytoplasmic tail of p23yp24 or the
corresponding binding site within coatomer is not available.
According to this model, binding of coatomer to Golgi mem-
branes is initiated by the b-COP–ARF1–GTP interaction. This
might induce the second binding site within the complex for
the interaction with cytoplasmic domains of p23yp24. Alter-
natively, initiation of coat recruitment by ARF1–GTP might
make available for coatomer the otherwise masked cytoplas-
mic tails of p23yp24. This would also explain why no specific
binding with the other subunits and subcomplexes lacking
b-COP was detected. For a complete understanding of COPI
vesicle budding, it will be crucial to reveal how the additional
second binding site for coatomer is generated, either within the
complex or at the Golgi membrane.

ARF1- and GTP-dependent binding of a byd-COP sub-
complex is also of note in light of an ongoing discussion
about to the role of phospholipase D in coatomer recruit-

ment. An interaction of coatomer with ARF1–GTP (25) and
our finding that even an isolated byd-COP dimer binds to
Golgi membranes in an ARF- and GTP-dependent manner
supports a direct role of ARF in recruitment of coatomer to
membranes. It does not exclude, however, an additional role
via phospholipase D activation of ARF1 in COPI vesicle
formation.
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