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Binding of ARF and B-COP to Golgi Membranes:
Possible Regulation by a Trimeric G Protein

JuLie G. DONALDSON, RICHARD A. KAHN,
JENNIFER LIPPINCOTT-SCHWARTZ, RICHARD D. KLAUSNER

The binding of cytosolic coat proteins to organelles may regulate membrane structure
and traffic. Evidence is presented that a small guanosine triphosphate (GTP)-binding
protein, the adenosine diphosphate ribosylation factor (ARF), reversibly associates
with the Golgi apparatus in an energy, GTP, and fungal metabolite brefeldin A
(BFA)-sensitive manner similar to, but distinguishable from, the 110-kilodalton
cytosolic coat protein B-COP. Addition of By subunits of G proteins inhibited the
association of both ARF and B-COP with Golgi membranes that occurred upon
incubation with guanosine 5’'-O-(3-thiotriphosphate) (GTP-y-S). Thus, heterotri-
meric G proteins may function to regulate the assembly of coat proteins onto the Golgi

membrane.

YTOSOLIC PROTEINS THAT BIND RE-
versibly to membranes of the Golgi
complex have been identified (1, 2)
and shown to exist as a high molecular
weight complex in the cytosol referred to as
the coatomer (3). Cycling between the cyto-
sol and Golgi membrane of at least one of
these proteins, the 110-kD coat protein
B-COP (4), is affected by nonhydrolyzable
analogs of GTP such as GTP-y-S and by
BFA (5-7). BFA inhibits the association of
cytosolic B-COP with Golgi membranes.
Aluminum fluoride and GTP-y-S both pro-
mote association of B-COP with Golgi
membranes, suggesting that one or more
GTP-binding proteins participate in initiat-
ing the association of -COP with the mem-
brane (6-8).
Two general classes of regulatory GTP-
binding proteins have been defined: the
signal transducing trimeric G proteins, be-
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lieved to exert their effects at the plasma
membrane, and the family of small GTP-
binding proteins (the RAS superfamily).
Several of the small GTP-binding proteins
have been implicated in the control of
intracellular membrane traffic (9, 10). One
of these GTP-binding proteins, the adeno-
sine diphosphate ribosylation factor
(ARF), is associated with Golgi membrane
and is also present in the cytosol (9).

We used immunofluorescence microsco-
py to study the effects of various agents
that influence energy status, disrupt the
Golgi complex, or alter the activity of G
proteins or small GTP-binding proteins on
the cellular localization of ARF and B-COP
in normal rat kidney (NRK) cells. Immu-
nolabeling of ARF and B-COP in untreat-
ed cells revealed a predominant Golgi-like
staining pattern, which was juxtanuclear
and half-moon shaped (Fig. 1). A low
amount of ARF staining was also observed
throughout the cytosol. Double labeling
with antibodies to mannosidase II con-
firmed the Golgi distribution of both ARF
and B-COP (11). Treatment of cells with
50 mM 2-deoxyglucose and 0.05% Na
azide (DOGAz) for 10 min at 37°C to
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deplete cellular energy levels, resulted in
the reversible redistribution of both ARF
and B-COP to a scattered cytoplasmic pat-
tern (Fig. 1, C and D); Golgi membrane
markers were unaffected by this treatment
(5, 6). Addition of BFA, which causes
release of B-COP from Golgi membranes
(5) and redistribution of Golgi membranes
into the endoplasmic reticulum (ER) (12),

ARF B-COP

Fig. 1. Differential effects of AIF, on the associa-
tion of ARF and B-COP with the Golgi apparatus
in cells depleted of ATP or treated with BFA.
Distribution of ARF (A, C, E, G, and I) and
B-COP (B, D, F, H, and J) was assessed by
immunofluorescence in untreated NRK cells (A
and B) or cells treated with DOGAz for 10 min at
37°C (C and D), BFA (2 pg/ml, 7 uM) for 5 min
at 37°C (E and F), AIF,, for 10 min (50 pM AICl;
and 30 mM NaF) before addition of DOGAz for
10 min (G and H), or AIF, for 10 min before
addition of BFA for 10 min (I and J). NRK cells
were incubated in RPMI 1640 with fetal calf
serum (10%) with the indicated additions and
then fixed and labeled by indirect immunofluores-
cence with either R5, a rabbit polyclonal antibody
to ARF (9) or M3A5, a mouse monoclonal
antibody to the 110-kD protein (B-COP) as
described (4, 5). Bar, 10 pm.
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reduced the intensity of staining of B-COP
and ARF in the Golgi and increased stain-
ing of those proteins throughout the cyto-
plasm (Fig. 1, E and F). These effects
occurred within 5 min after BFA treat-
ment, were evident before the Golgi mem-
branes were redistributed into the ER, and
were not observed in cells treated with
inactive analogs of BFA. If BFA was re-
moved, ARF and B-COP reassociated with
Golgi membranes.

Guanine nucleotides and aluminum flu-
oride (AIF,) [50 pM AICl; and 30 mM
NaF; the active species is believed to have 3
to 5 F atoms (13)], both activators of
regulatory G proteins, have been shown to
promote the association of B-COP with the
Golgi apparatus and inhibit the redistribu-
tion of B-COP into the cytosol observed
with energy depletion or BFA (6, 7). We
tested whether the association of ARF with
Golgi membranes would be similarly af-
fected. Although treatment of cells with
AlF, for 10 min before the addition of
DOGAz (Fig. 1, G and H) or BFA (Fig. 1,
Iand J) prevented redistribution of B-COP
from Golgi membrane, redistribution of
AREF was not affected. Thus, although both
ARF and B-COP behave as Golgi-asso-
ciated proteins whose distribution can be
reversibly altered by either energy deple-
tion or treatment of cells with BFA, they
can be distinguished by their sensitivity to

AlF,. One possible explanation for this
distinction is that the association of B-COP
with Golgi membrane is regulated by a
trimeric G protein. Although trimeric G
proteins (including G, Gg, and G,) are
activated by AIF, (14), no small GTP-
binding protein, including ARF, Ras, Rab
1, Rab 3, and Rap, is known to be activat-
ed by fluoride (15).

To further characterize the interaction of
ARF and B-COP with Golgi membranes,
we measured binding of ARF and B-COP
to Golgi membranes in vitro. Isolated
Golgi membranes were incubated with cy-
tosol and an adenosine triphosphate (ATP)
regenerating system and centrifuged. The
sedimented membranes and associated pro-
teins were subjected to SDS—polyacrylam-
ide gel electrophoresis (PAGE) and immu-
noblotting with antibodies to B-COP or
AREF. In the absence of membranes, a small
amount of B-COP was detected in the
sedimented material (16). When cytosol
was incubated with Golgi membranes in
the presence of ATP for 10 min at 37°C, a
greater amount of B-COP was associated
with the membranes (Fig. 2A). If BFA was
present during the incubation, however,
B-COP did not associate with the mem-
branes (7). An inactive derivative of BFA,
B21 (17), had no effect on the association
of B-COP with membranes, and no bind-
ing of B-COP to membranes occurred in

Fig. 2. Effect of BFA, GTP-y-S, and AlF,, on binding of
B-COP and ARF to isolated Golgi membranes. Immu-
noblots were probed with antibodies to B-COP and
ARF. (A) Membranes and associated proteins were
collected by centrifugation after incubation for 10 min
at 37°C of cytosol alone (lane 1), membranes and
cytosol (lane 2), or membranes and cytosol in the
presence of 200 uM BFA (lane 3) or 200 pM B21 (lane
4). (B) Material sedimented after two sequential incu-
bations of 10 min at 37°C. Cytosol was incubated alone
and then in the presence of GTP-y-S (25 pM) (lane 1);
a mixture of membranes and cytosol was incubated
alone and then with GTP-y-S (lane 2); membranes and
cytosol were incubated with GTP-y-S and then BFA
(200 pM) was added (lane 3); membranes and cytosol
were incubated with BFA and then with GTP-y-S (lane
4); membranes and cytosol were incubated with B21
(200 pM) and then with GTP-y-S (lane 5). (C)
Immunoblots of material sedimented after sequential
treatments as described in (B) except that AlF, was
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added in place of GTP-y-S. Golgi membranes from Chinese hamster ovary cells (21) and bovine
brain cytosol (1) were incubated under conditions previously defined (8) in a final volume of 0.4 ml
containing 25 mM Hepes-KOH (pH 7.0), 125 mM KCl, 2.5 mM MgCl,, 1 mM dithiothreitol, 0.2
M sucrose, 1.0 mM ATP, 5 mM creatine phosphate, creatine kinase (10 units per milliliter), 20 to
24 pg of Golgi membrane protein, and a saturating concentration of cytosol protein (1.2 mg). For
incubations with AlF,, the concentration of KCl was reduced to 25 mM to reveal the optimal effect
of fluoride. The membranes were collected by centrifugation at 14,000¢ (Beckman TLA100.2) for
10 min at 4°C, and the sedimented materials resuspended in SDS sample buffer (22). Half of the
sample was run on SDS-PAGE (8% gel) (22), transferred to nitrocellulose, blotted with monoclonal
antibody to B-COP (M3AS5), and incubated with rabbit antibody to mouse immunoglobulin G
(IgG) and then !5I-labeled protein A. The other half of the sample was subjected to SDS-PAGE
(13% gel), transferred to nitrocellulose, and incubated sequentially with 1D9, a monoclonal
antibody to ARF (23), goat antibody to mouse IgG, rabbit antibody to goat IgG, and '**I-labeled
protein A. Immunoblots were exposed to Kodak XAR film for 6 to 24 hours at —80°C with an

intensifying screen.
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Fig. 3. Inhibition of GTP-y-S—enhanced binding
of B-COP and ARF to Golgi membranes by Gg,
subunits. Membranes and cytosol were incubated
at 37°C for 5 min with 0, 1.5, or 3.0 uM Gg,, or
with 200 pM BFA, and then for five more
minutes after addition of 25 uM GTP-y-S. The
amount of ARF (solid bars) and B-COP (hatched
bars) present on immunoblots of sedimented ma-
terial was quantitated. The mean and standard
error for three separate experiments are shown for
all conditions except for ARF bound in the pres-
ence of 3.0 pM Gg,,. Membranes and cytosol were
incubated as described in Fig. 2. G, was purified
from bovine brain as described (24), and added
from a stock of Gy, (13 mg/ml) containing
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cholate (1%). After the incubation, the membranes were centrifuged, subjected to SDS-PAGE, and
blotted as described in Fig. 2. The bands were cut out of the blots, radioactivity was counted, and the
amount of ARF and B-COP bound was expressed as a percentage of maximal amount bound in the
presence of GTP-y-S alone. The resulting amount of cholate had no effect on the amount of
GTP-y-S-enhanced binding of B-COP to membranes but reduced (by 20%) ARF binding to
membranes. The data shown for ARF were corrected for this effect of cholate.

the absence of added ATP or if hexokinase
and glucose were added to the incubation.
A small amount of ARF, relative to the
amount of B-COP, associated with mem-
branes after incubation of membranes and
cytosol.

Stable binding of both ARF and B-COP
to Golgi membranes was increased mark-
edly if GTP-y-S (25 wM) was included
during incubation (Fig. 2B). Four to five
times more B-COP was bound to mem-
branes in the presence of GTP-y-S than in
its absence. As observed previously for
B-COP (6, 7), GTP-y-S and BFA had
opposing effects on the binding of ARF to
membranes, and, when both agents were
added sequentially, the effect of the agent
added first was predominant. Treatment
with GTP-y-S for 10 min before the addi-
tion of BFA resulted in enhanced mem-
brane association of B-COP and ARF com-
parable to that observed with GTP-y-S
alone. If BFA was added 10 min before
addition of GTP-y-S, the amount of
B-COP and ARF bound was only 25 to
30% of that bound during incubation with
GTP-y-S alone. The inactive derivative of
BFA, B21, did not inhibit binding under
these conditions. Under maximal binding
conditions, with GTP-y-S alone, about
10% of the added ARF and B-COP were
bound.

Addition of AlF, to a mixture of cytosol
and Golgi membranes caused association of
B-COP but not ARF with membranes (Fig.
2C). The amount of B-COP bound to mem-
branes in the presence of AlF, was about
75% of that observed in the presence of
GTP-y-S. As observed with GTP-y-S, AlF,
enhanced B-COP’s membrane association
and protected it from the effects of BFA if
added first but could not reverse the effects if
added subsequent to BFA. The active spe-
cies is likely an aluminum fluoride complex
since the full effect of fluoride treatment was
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only observed when AICI; was added to the
incubation.

The fact that AlF, and GTP-vy-S induce
stable B-COP association suggests that a
trimeric G protein might regulate the asso-
ciation of B-COP with Golgi membranes.
A specific G protein (Gy,3) is associated
with the Golgi apparatus (18), although its
function there is unknown. Activation (by
AlF, or GTP-y-S) of the G, subunits of
trimeric G proteins can be specifically re-
versed by the addition of excess Gg,, het-
erodimers (19, 20). Addition of purified
Gg,, from bovine brain to membranes and
cytosol resulted in the inhibition of the
AlF,-induced association of B-COP with
the membranes. Furthermore, incubation
of membranes and cytosol with 3.0 pM
Gg, for 5 min before the addition of
GTP-y-S antagonized the ability of GTP-
¥-S to enhance the binding of both ARF
and B-COP to Golgi membranes (Fig. 3),
suggesting that a G protein acts upstream
to regulate the binding of both proteins to
Golgi membranes. The G, subunits were
nearly as effective as BFA in inhibiting the
GTP-y-S-induced binding of B-COP and
AREF to membranes (Fig. 3). Although the
concentration of exogenous Gg, subunits.
required to inhibit binding was high, it is
comparable to those used previously (19),
and the inhibition was abrogated by heat
denaturation of the Gg,, subunits.

These results suggest the involvement of
a trimeric G protein in regulating the bind-
ing of both B-COP and ARF to Golgi
membranes. Although activation of a puta-
tive trimeric G protein by GTP-y-S or AlF,
is sufficient to promote binding of B-COP
to membranes, stable binding of ARF may
require the activation of both the trimeric
G protein and ARF itself. Perhaps the
combination of both types of GTP-binding
proteins allows the cell to use the distinct
characteristics of each for the regulation of

membrane traffic. Identification of the tri-
meric G protein (or proteins) involved will
be necessary to determine whether their
function in membrane traffic is analogous
to the role of plasma membrane G proteins
in signal transduction.
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