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Membrane traffic in eukaryotic cells is mediated by
OP (coat protein)-coated vesicles. Their existence in
lant cells has not yet been unequivocally demon-
trated, although coated vesicles (probably with a
OP coat) can be seen by electron microscopy. At the
ene level, plant cells seem to contain all the compo-
ents necessary to form COP-coated vesicles. In this
aper, we have used antibodies raised against mam-
alian COPI coat proteins to detect putative homo-

ogues in rice (Oryza sativa) cells. Using these antibod-
es, we have found that rice cells contain a-, b-, b*-, and
-COP, as well as ADP-ribosylation factor (ARF) 1 pro-
ein. In addition, we show that antibodies against
ammalian b*-COP can immunoprecipitate not only

*-COP but also a-, b-, and g-COP, suggesting that
OPI components in rice cells exist as a complex (or
oatomer) in the cytosol, as in mammalian cells. Fi-
ally, we show that COP binding to membranes is
TP-dependent, and that ARF1 also binds to mem-
ranes in a GTP-dependent manner. © 2000 Academic Press

Cytosolic coat proteins regulate membrane traffic in
ukaryotic cells. Three classes of coat protein com-
lexes have so far been identified: clathrin and its
daptor proteins (APs), coatomer (COP I, coat protein
), and COP II. Two different clathrin coats containing
ither AP-2 or AP-1 adaptors mediate, respectively,
ndocytosis from the plasma membrane and transport
rom the TGN to endosomes and lysosomes (1). A third
daptor complex, AP-3, has a similar four subunit com-
osition as AP-1 and AP-2, and is presumably involved
n transport between Golgi/TGN and endosomes/
ysosomes. Whether this complex also associates with
lathrin remains controversial (2, 3). Transport be-

Abbreviations used: COP, coat protein; ARF, ADP-ribosylation
actor; PMSF, phenylmethylsulfonyl fluoride; PNS, post-nuclear su-
ernatant; SDS–PAGE, sodium dodecyl sulfate-polyacrylamide gel
lectrophoresis.
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oat protein (COP I- and COP II-) coated vesicles.
hile it is largely accepted that COP II-coated vesicles

re involved in the export from the ER, the role of COP
vesicles, however, is less clear. It is hotly debated
hether COP I vesicles are involved in transport from

he ER to the Golgi intermediate compartment and the
olgi (4, 5) and/or within the Golgi complex (antero-
rade transport) (6, 7) and/or from the Golgi back to the
R (retrograde transport) (8, 9). COP I proteins are
lso involved in transport along the endocytic pathway
10–12). The coat of COP I vesicles consists of eight
roteins: seven COPs (13) and ADP-ribosylation factor
ARF) (14). The COPs are assembled in a heptameric
rotein complex, termed coatomer, that in addition to
ts membrane associated form it is also present as a
oluble form in the cytoplasm (13). All coatomer sub-
nits have been characterized at the molecular level
nd in mammalian cells are designated a- (135 kD), b-
107 kD), b9- (102 kD), g- (97 kD), d- (57 kD), e- (36 kD),
nd z- (21 kD) COP (see (15) for a review).
In plant cells, coats are clearly visible at the electron
icroscope level, including typical clathrin coated buds

nd vesicles at the plasma membrane and trans-Golgi
egion and others as yet unidentified coats (16–18).
he partially coated reticulum is the paradigm of
oated regions (17, 19–21), which are probably in-
olved in sorting events along the biosynthetic and/or
he endocytic pathway (see (22) for a review). Coated
egions can also be observed in multivesicular bodies,
hich are endosomal in nature (18, 23, 24). However,

he nature of these coated regions remains to be estab-
ished. Clathrin and adaptins have been identified in
lants (18, 25–29). The same is true for proteins of the
RF family (30, 31). In this paper, we have used sev-
ral antibodies raised against mammalian COP I pro-
eins to identify putative coat proteins in rice (Oryza
ativa) cells. We have found that these cells contain a-,
-, b9-, and g-COP, and that these proteins may form a
ytosolic complex, as in animal cells. In addition, our
ata suggest that COP-binding to membranes is GTP-
ependent and probably involves ARF1 protein.



MATERIALS AND METHODS
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Antibodies. The M3A5 and maD anti-b-COP antibodies were
indly provided by the laboratory of Dr. Thomas Kreis (University of
eneva, Geneva, Switzerland). The CM1A10 anti b9-COP antibody
as a gift of Dr. J. Rothman (Sloan-Kettering Institute, New York).
he C1PL anti b9-COP antibody and the antibody against a/g-COP
ere kindly provided by Dr. C. Harter (Biochemie-Zentrum Heidel-
erg, Ruprecht-Karls-Universität, Heidelberg, Germany). The mono-
lonal anti ARF1 antibody was from Affinity Bioreagents (ABR,
olden, USA).

Isolation of protoplasts. Protoplasts were obtained from rice
Oryza sativa) cells in culture, as previously described (32). Briefly,
mall pieces of rice calli were incubated at room temperature with
ow shaking in the following digestion mixture: 5 mM MES, 5 mM
aCl2, 1 mM 2-mercaptoethanol, 0.5 M mannitol, 0.5% (w/v) BSA,
% (w/v) cellulase Onozuka R-10, 1% (w/v) pectinase Macerozyme
-10 and 0.1% pectolyase Y-23, pH 5.7. After 1–2 h of incubation,
rotoplasts were sequentially filtered through nylon screens of 200,
0, and 30 mm mesh size and washed twice with 5 mM MES, 5 mM
aCl2 and 0.5 M mannitol. Protoplast viability was determined by

he methylene blue exclusion test.

Subcellular fractionation. Protoplasts were homogenized by os-
otic lysis. Briefly, protoplasts were collected by centrifugation,

iluted in a medium containing 25 mM Tris–HCl, pH 7.4, 1 mM DTT,
mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 20

M leupeptin, without sucrose, and homogenized by passage
hrough a 22-G needle attached to a 1-ml syringe (six to ten times).
fter homogenization, sucrose concentration was brought to 0.3 M,

o limit damage that may be caused to intracellular organelles, in
articular to vacuoles. The resulting homogenate was then centri-
uged and the postnuclear supernatant (PNS) was further centri-
uged at 100,000g, to separate the microsomal membranes from the
ytosol. PNS, membranes and cytosol were analyzed by SDS–PAGE
ollowed by Western blot analysis with different antibodies against
OP I coat proteins, and alkaline phosphatase-conjugated secondary
ntibodies.

Precipitation of COPI proteins by neomycin. A cytosolic fraction
btained as described above was diluted in a medium containing 25
M Tris–HCl, pH 7.4, 1 mM DTT, 3 mM EDTA, 1 mM PMSF and 20
M leupeptin, to give a final protein concentration of 1.5 mg/ml. To
his, neomycin was added to a final concentration of 1 mM, incubated
or 2 h at 4°C and then centrifuged at 16,000g for 30 min in an
ppendorf centrifuge. Pellets were dissolved in Laemmli sample
uffer and subjected to SDS–PAGE followed by Western blot analy-
is with antibodies against a- and g-COP or b9-COP.

Immunoprecipitation. Membrane and cytosolic fractions were di-
uted in immunoprecipitation buffer (IP: 25 mM Tris–HCl, pH 7.5,
50 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM PMSF, 20 mM
eupeptin), incubated for 1 h on ice and then centrifuged at 13,000
pm in a microcentrifuge (Heraeus Biofuge 13) for 10 min at 4°C to
emove aggregates. 40 ml of protein A-Sepharose (Amersham Phar-
acia Biotech; 50% slurry in IP) was added, and the mixture was

ncubated for 1 h at 4°C on a rotating wheel. The beads were removed
y centrifugation and control or specific antibodies were added to the
upernatant. After incubation for 2 h at 4°C on a rotating wheel, 40
l of protein A-Sepharose was added and incubated for further 1 h at
°C. When using a monoclonal antibody for the immunoprecipita-
ion, a rabbit IgG against mouse IgG was previously bound to the
rotein A-Sepharose. The beads were collected by centrifugation, and
ashed 5 3 with 1 ml of IP and then 1 3 with 1 ml of phosphate-
uffered saline. Proteins were eluted from the beads by boiling in
aemmli sample buffer and subjected to SDS–PAGE followed by
ilver staining or Western blot analysis.
177
ESULTS

ice Cells Contain COP I Coat Proteins

We have used several antibodies raised against
ammalian COPI coat proteins in order to look for

utative homologues in rice (Oryza sativa) cells. Figure
A shows a Western blot analysis of a post-nuclear
upernatant (PNS), membrane (M), and cytosolic (C)
ractions from these cells with a polyclonal antibody
aised against mammalian a and g-COP. For compar-
son, and as a reliable source of both proteins, we used
at liver cytosol (RLC). This antibody recognizes two
ands in rice cytosol which have a slightly lower mo-
ecular weight ('144 and 95 kD) than the correspond-
ng bands in rat liver cytosol ('150 and 100 kD). In the

embrane fraction, one or two additional bands may
lso appear below the one of 95 kD, with an abundance
hich vary among different preparations. a-COP

eems to cross-react better than g-COP in the rice
ractions. Nevertheless, it has to be considered that the
atter appears to be also more sensitive to proteolysis,
nd its abundance also vary among different prepara-
ions (data not shown). Both antigens seem to be
qually distributed between membranes and cytosol on
relative-protein basis. Figure 1B shows a Western

lot analysis of the same fractions with the C1PL anti
9-COP antibody. This antibody recognizes in the cyto-
olic fraction a band of slightly lower molecular weight

FIG. 1. COPI coat proteins in rice cells. (A) Western blot analysis
f a postnuclear supernatant (PNS), membrane (M), and cytosolic (C)
ractions from rice (Oryza sativa) cells with an antibody raised
gainst a and g-COP (52). Rat liver cytosol (RLC) is shown as a
ontrol. 30 mg protein was loaded in each lane. (B) Western blot
nalysis of the same fractions with the C1PL anti b9-COP antibody
35). (C) Western blot analysis of the same fractions with an anti
RF1 antibody. 3 mg wt ARF1 were loaded in the last lane.
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'95 kD) than the one in rat liver cytosol ('100 kD),
hile in the membrane fraction, the antibody gives a
ery diffuse signal. In addition, we have tested two
onoclonal antibodies against mammalian b-COP

M3A5 and maD) which did not cross-react with a
utative b-COP protein in rice fractions unless COPI
roteins were enriched upon immunoprecipitation
ith anti b9-COP antibodies (see below, Figs. 3D–3E).
igure 1C shows that a protein with an apparent mo-

ecular mass of 21 kD crossreacts with a monoclonal
RF class I antibody prepared against mammalian
RF1. Therefore, rice cells contain also ARF1 protein,
hich in animal cells mediates the binding of coatomer

o membranes (33).

OPI Proteins in Rice Cells May Exist as a Coatomer
Complex in the Cytosol

In mammalian cells, COPI proteins are assembled in
heptameric protein complex, the coatomer. There-

ore, we decided to investigate whether COPI proteins
n rice cells may also exist as a similar protein complex
n the cytosol. To this end, we first used the antibiotic
eomycin, which has been shown to interact with di-

ysine binding sites on coatomer, cross-linking it into
igh molecular weight aggregates (34). Upon treat-
ent of rice cytosol with 1 mM neomycin, several COPI

ubunits, including a, b9-, and g-COP, could be pelleted
t 16,000g for 30 min, conditions that do not sediment
oluble coatomer in the absence of neomycin (Fig. 2).
If COPI proteins in rice cells are part of a cytosolic

omplex, it should then be possible to co-
mmunoprecipitate all the subunits under native con-
itions. Several antibodies against COPI subunits
ave shown their usefulness to immunoprecipitate the
hole coatomer complex in mammalian cells. We have
sed two of those antibodies, the polyclonal C1PL (35)
nd the monoclonal CM1A10 (36), raised both against

FIG. 2. Precipitation of COPI proteins with neomycin. A cytoso-
ic fraction from rice cells was adjusted to a protein concentration of
. 5 mg/ml and incubated in the absence (control) or in the presence
f 1 mM neomycin for 2 h at 4°C. The mixture was then centrifuged
t 16,000g for 30 min and the pellets were analyzed by SDS–PAGE
7% acrylamide) and Western blot analysis with an antibody against
- and g-COP (52) or the C1PL anti b9-COP antibody (35).
178
oatomer complex from rice cells. Figure 3A shows a
ilver stain of the immunoprecipitate of a cytosolic
raction from rice cells with the CM1A10 monoclonal
ntibody. The specific immunoprecipitate shows bands
t around 140 kD (probably a-COP), a band around 95
D (probably including b-, b9-, and g-COP), a band
round 60 kD (expected molecular weight for d-COP), a
and around 34 kD (expected molecular weight for
-COP) and another band around 21 kD (expected mo-
ecular weight for z-COP). A very similar pattern was
bserved when we immunoprecipitated equivalent
mounts of a membrane fraction or when the immuno-
recipitation was carried out with the C1PL polyclonal
ntibody (data not shown). We have also analyzed the
mmunoprecipitates by Western blot analysis with the
ame antibodies described in Fig. 1. We could see that
he immunoprecipitates contain a- and g-COP, both in
embranes and in cytosol (Fig. 3B), b9-COP (Fig. 3C),

nd b-COP (Figs. 3D–3E). Although we observed a
light heterogeneity in their mobility on SDS gels, the
stimated molecular weight for the rice homologues of
-, b9-, and g-COP, deduced from their mobility in
estern blots as the ones shown in Figs. 3B–3E, was

round 95 kD for the three proteins. This could explain
hat only a single band was observed in the silver stain
f the immunoprecipitate of rice cytosol at around 95
D, as compared with the triplet observed in rat liver
ytosol for b-, b9-, and g-COP (Fig. 3A). Therefore, all
OPI subunits seem to co-immunoprecipitate with an-

ibodies against b9-COP, of which four (a, b, b9, and
-COP) have been identified by Western blot analysis.

OP and ARF Recruitment onto the Membranes Is
GTP-Dependent

We next explored whether the recruitment of COPs
nto the membranes fulfilled the same characteristics
f COP binding in animal cells. In particular, we as-
ayed the effect of GTPgS, which in animal cells pre-
ents the uncoating of COPI-coated vesicles and there-
ore enhances the binding of coatomer to membranes
37). We prepared a postnuclear supernatant (PNS)
rom protoplasts of rice cells, and incubated it in the
resence of salts, an ATP regenerating system, and in
he absence or the presence of 100 mM GTPgS, for 15
in at 37°C. Membranes and cytosol were then sepa-

ated by centrifugation and analyzed by SDS–PAGE
nd Western blot analysis with the anti a/g-COP anti-
ody, to quantify the relative amounts of COPs in
embranes and cytosol. As shown in Fig. 4, the

mount of a-COP (Fig. 4A) and g-COP (Fig. 4B) in-
reased in the membrane fraction by around twofold
pon GTPgS treatment (Fig. 4D), while decreasing in
he cytosol fraction (data not shown). We then analyzed
hether ARF1, which is present on these cells (Fig.
C), and that in mammalian cells is required for COP
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179
inding, was itself recruited onto the membranes dur-
ng the assay. As shown in Fig. 4C, ARF1 was also
ecruited, and recruitment was also GTP-dependent,
ncreasing by about twofold in the presence of GTPgS
Fig. 4D), as it is the case with a- or g-COP.

ISCUSSION

In mammalian cells, COPI has been proposed to be
nvolved in several steps of membrane traffic, includ-
ng ER to Golgi anterograde transport, intra-Golgi
ransport, Golgi to ER retrograde transport and trans-
ort along the endocytic pathway (4–12). Although
rofiles of budding COP-like vesicles (60–90 nm diam-
ter, sometimes with a visible nap-type coat) on the
isternae of plant Golgi stacks have been described and

ith the CM1A10 anti b9-COP antibody, followed by Western-
lotting with the M3A5 (D) or the maD (E) anti b-COP antibodies. As
control, we immunoprecipitated an equivalent amount of rat liver

ytosol (RLC). 10 mg RLC were loaded in the last lane.

FIG. 4. COP and ARF1 recruitment onto the membranes is GTP-
ependent. A postnuclear supernatant (PNS) from protoplasts of rice
ells was incubated in the presence of 12. 5 mM Hepes, pH 7. 0, 1 mM
TT, 1 mM MgOAc, 60 mM KCl, an ATP regenerating system (11),
nd in the absence or the presence of GTPgS (100 mM), for 15 min at
7°C. Membranes and cytosol were then separated by centrifugation
100,000g, 30 min) and analyzed by SDS–PAGE and Western blot-
ing with the anti a/g-COP antibody (A, B), or with the anti ARF 1
ntibody (C). Western blots exposed in the linear range of detection
ere quantitated using the Scion Image program, to measure the
mounts of a- and g-COP and ARF1 bound to membranes (D). To
acilitate the comparison, the amount of each of the three proteins in
he controls was normalized to 100.
FIG. 3. Immunoprecipitation of a putative coatomer complex
rom rice cells. We have used two antibodies against b9-COP, the

onoclonal CM1A10 (Figs. 2A, 2D, 2E) or the polyclonal C1PL (Figs.
B–2C) coupled to protein A-sepharose to immunoprecipitate a pu-
ative coatomer complex from rice (Oryza sativa) cells, as described
nder Materials and Methods. (A) Immunoprecipitation of a cytoso-

ic fraction from rice cells with the CM1A10 anti b9-COP antibody
specific, sp., lane 3) or with a control IgG (ctrl., lane 2), followed by
DS–PAGE (4–16% acrylamide) and silver staining of the immuno-
recipitate. As a control, we immunoprecipitated equivalent
mounts of rat liver cytosol (RLC, lane 1). Arrows in the right hand
ide point to bands in the specific immunoprecipitate which are not
resent in the control. Molecular weight markers are indicated by
ots on the right hand side (21. 5, 31, 45, 66, 97, 116, and 200 kD). (B)
mmunoprecipitation of membrane (IP-M) and cytosolic (IP-C) frac-
ions with the C1PL anti b9-COP antibody, followed by Western-
lotting with the anti a/g-COP antibody. As a control, equivalent
mounts of a membrane fraction were used for the immunoprecipi-
ation but in the absence of antibody (Ctrl). The same result was
btained when using a cytosolic fraction for the control immunopre-
ipitation (data not shown). 30 mg of post-nuclear supernatant (PNS)
nd 10 mg rat liver cytosol (RLC) are loaded in the last two lanes. (C)
mmunoprecipitation of a cytosolic fraction with the C1PL anti b9-
OP antibody, followed by Western-blotting with the C1PL anti
9-COP antibody. (D–E) Immunoprecipitation of a cytosolic fraction
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epresent COP-coated vesicles is not yet available. Re-
ently, the group of D. G. Robinson has shown the
resence in cauliflower (Brassica oleracea) inflores-
ence homogenates of homologues of Sec21p (g-COP, a
00 kD subunit of the coatomer), and Sec23p (an 85 kD
omponent of the COP II coat) (39). cDNAs correspond-
ng to other COP coat proteins have been also identi-
ed in a search of the expressed sequence tag database
40). Thus, at the gene level, plant cells seem to possess
oat proteins of the COP I and COP II families.

In this paper, we have used several antibodies raised
gainst mammalian COPI coat components and have
ound that several of them cross-react with putative
omologues in rice cells. Detection of the different
OPI coat proteins required an effective inhibition of
acuolar proteases, but gamma-COP was specially sus-
eptible to proteolysis, in particular in the membrane
raction. Indeed, lower molecular weight bands were
ften observed in this fraction in the g-COP region (see
ig. 1A). This is consistent with in vitro binding studies
ith coatomer and the cytoplasmic tail peptide of p23

a member of the p24 family of integral membrane
roteins which is highly enriched in COPI-coated ves-
cles) (41). These studies revealed that the p23 peptide
nduces specific polymerization of the coatomer com-
lex which is accompanied by a conformational change
f the complex. In aggregated, p23-bound coatomer, the
amma-subunit shows an increased susceptibility to
rotease treatment compared to soluble coatomer.
In support of the idea that all COPI components

xist as a complex in the cytosol (coatomer), we could
mmunoprecipitate them with the C1PL as well as with
he CM1A10 anti b9-COP antibodies. Both antibodies
ave shown their ability to immunoprecipitate the
hole coatomer complex in animal cells (35, 36). Silver

taining of the immunoprecipitate showed specific
ands at the expected molecular weights for the differ-
nt subunits (a-, b-, b9-, g-, d-, e-, and z-COP). Western
lot analysis confirmed that the immunoprecipitates
btained with anti b9-COP antibodies contain not only
9-COP but also a-, b-, and g-COP (Fig. 3). Therefore, it

s fairly possible that COPI proteins in rice cells also
xist as a coatomer complex in the cytosol. In mamma-
ian cells, this coatomer complex has to be recruited en
loc to membranes for vesicle formation to occur (42).
urther support to this idea comes from experiments
sing the antibiotic neomycin, which has a coatomer
inding site and can effectively cross-link coatomer
nto large, sedimentable aggregates (34). We could in-
eed observe that, in the presence of neomycin, a-, b9-,
nd g-COP from rice cytosol could be pelleted at very
ow centrifugal forces, which do not normally sediment
oluble coatomer (Fig. 2). In agreement with our obser-
ations, Movafeghi et al. (39) have shown that
tSec21p (a putative g-COP homologue in Arabidop-

is) elutes in a Sepharose column in a fraction with a
180
istent with the molecular mass of the coatomer in
ammalian cells. In addition, the same authors found

hat the AtSec21p antigen can also be precipitated in
he presence of neomycin.

Once established that rice cells contain several com-
onents of the COPI coat, we next investigated the
echanism of coat recruitment onto the membranes.

n mammalian cells, binding of the COPI coatomer to
embranes requires the small GTP binding protein
RF1, and the binding appears to occur sequentially,
ith ARF1 followed by the coatomer (33). ARF (ADP-

ibosylation factor) belongs to the family of the small
TP binding proteins (20 kD) and was originally iden-

ified as a cofactor for cholera toxin-catalyzed ADP-
ibosylation of the Gs subunit of the trimeric G protein
43). To date, five distinct human ARF proteins have
een identified: ARF 1, 3, 4, 5, 6 (44, 45). They are
ighly homologous (more than 60% identity) and con-
erved throughout evolution. As for the Ras-related
mall GTP-binding proteins, ARF has also consensus
equences for GTP binding and hydrolysis (even
hough its intrinsic GTP hydrolysis activity is very
ow). All ARFs contain the N-terminal myristoylation
onsensus sequence MGXXXS/AT, and are myristoy-
ated on the glycine residue (36). The myristoylation is
learly required for efficient GTP-dependent binding of
RF to membrane (33, 46). Not only binding of ARF to
embranes is GTP-dependent, but also binding of ARF

o the coatomer (47). ARF is activated by a brefeldin A
ensitive guanine nucleotide exchange factor (GEF) on
he Golgi membrane that catalyzes the exchange of
DP for GTP (48–50). Genes homologous to ARF and
ar 1 (a component of the COPII coat) have been iden-
ified from a number of higher plants (31, 51). A cDNA
lone encoding an ARF protein has been isolated from
rabidopsis (31). Here, we have observed that a puta-

ive ARF1 homologue is present in rice cells (Fig. 1C).
ince the binding onto the membranes of both a- and
-COP is stimulated by GTPgS and ARF1 is itself
ecruited onto the membrane in a GTPgS-stimulated
anner (Fig. 4), it is tempting to postulate that ARF1
ay mediate COP binding to membranes, as in animal

ells. Future studies should concentrate on investigat-
ng the precise localization of the COPI coat, as well as
ther coats, and on their functional characterization.
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. G. (2000) In situ localization and in vitro induction of plant
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