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ABSTRACT Brefeldin A, a fungal metabolite that inhibits
membrane transport, induces the mono(ADP-ribosyl)ation of
two cytosolic proteins of 38 and 50 kDa as judged by SDS/
PAGE. The 38-kDa substrate has been previously identified as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). We re-
port that the 50-kDa BFA-induced ADP-ribosylated substrate
(BARS-50) has native forms of 170 and 130 kDa, as deter-
mined by gel filtration of rat brain cytosol, indicating that
BARS-50 might exist as a multimeric complex. BARS-50 can
bind GTP, as indicated by blot-overlay studies with
(a-32P]GTP and by photoaffinity labeling with guanosine
5f-[,y32p] [P,y-(4-azidoanilido)Jtriphosphate. Moreover,
ADP-ribosylation ofBARS-50 was completely inhibited by the
j3y subunit complex ofG proteins, while the ADP-ribosylation
ofGAPDH was unmodiried, indicating that this effect was due
to an interaction ofthe fry complex with BARS-50, rather than
with the ADP-ribosylating enzyme. Two-dimensional gel elec-
trophoresis and immunoblot analysis shows that BARS-50 is
a group of closely related proteins that appear to be different
from all the known GTP-binding proteins.

The fungal metabolite brefeldin A (BFA) inhibits protein
secretion and has dramatic effects on the organization of the
Golgi complex (for review, see ref. 1). An early event in the
action of BFA is the dissociation of a small GTP-binding
protein, known as ADP-ribosylation factor (ARF), and
coatomer from the Golgi membrane. This effect is at least in
part mediated by the BFA-dependent inhibition of an ARF-
specific, membrane-bound GTP/GDP exchange factor (2).
The effect of BFA on the dissociation of coatomer from the
Golgi membrane can be prevented by pretreatment with the
nonhydrolyzable GTP analogue guanosine 5'-[y-thio]triphos-
phate (GTP[-yS]) or AlF- (3, 4). This and other lines of
evidence (5-9) indicate that not only small GTP-binding
proteins, such as ARF, but also heterotrimeric GTP-binding
proteins (G proteins) are involved in coat dynamics and
vesicular transport (3-9).

Recently, we have shown (10, 11) that BFA is also able to
activate an endogenous mono(ADP-ribosyl)transferase that
specifically modifies the 38- and 50-kDa substrates on an
amino acid residue different from those (arginine, cysteine,
asparagine, and diphthamide) used by all the known ADP-
ribosyltransferases (12). BFA activates this enzyme by binding
to a site(s) with a ligand selectivity identical to that shown for
the BFA-dependent inhibition ofARF binding (10, 11). From
this and other lines of evidence (13) the ADP-ribosylation
reaction appears to play a role in the in vivo action ofBFA and
in membrane traffic.
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The 38-kDa substrate is glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (10, 11). Only 1-3% of GAPDH is mod-
ified by the BFA-dependent ADP-ribosyltransferase, suggesting
either that GAPDH enzyme is not a functionally relevant sub-
strate or that the ADP-ribosylated protein acquires new proper-
ties. Interestingly, in CHO cells a mutation in GAPDH causes a
decrease in endocytic recycling associated with unusual tubular
extensions emanating from late endocytic compartments (A. R.
Robbins, personal communication). The 50-kDa substrate,
BARS-50, instead is extensively ADP-ribosylated by the BFA-
dependent ADP-ribosyltransferase (see below).
Here we show that BARS-50 is a group of closely related

proteins that exist in mostly cytosolic complexes of 170 and 130
kDa, bind GTP, and interact with the G-protein fry subunit
complex (Gfry) but are different from all other known G-
protein a subunits. It is suggested that BARS-50 is one of the
GTP-binding proteins involved in membrane transport.

MATERIALS AND METHODS
BFA, phenylmethylsulfonyl fluoride, leupeptin, GTP, and
ATP were from Sigma. Tissue culture materials were from
GIBCO. [32P]NAD was from DuPont/NEN. Guanosine 5'-[y-
32P][3,y-(4-azidoanilido)]triphosphate ([32P]AAGTP) was
synthesized (14). BFA analogues B36 and B5, bovine brain
G1f3y, and pertussis toxin were kindly provided by J. Donaldson
(National Institutes of Health, Bethesda, MD), P. Gierschik
(University of Ulm, Germany), and R. Rappuoli (Istituto
Ricerche Immunobiologiche, Siena, Italy), respectively.

Postnuclear Supernatant (PNS) Preparation. Confluent
Fischer rat thyroid (FRTL5) cells (15) were detached in
Hanks' balanced salts solution (without Ca2+ and Mg2+) plus
5 mM EGTA, lysed (108 cells per ml) by sonication in 5 mM
Tris HCl, pH 8.0/5 mM MgCl2/1 mM EGTA/1 mM phenyl-
methylsulfonyl fluoride/0.5 mM o-phenanthroline/1 ,uM pep-
statin with leupeptin at 10 ,ug/ml, and centrifuged at 600 x g
for 15 min at 4°C. The PNS was rapidly frozen in aliquots.
Cytosol and membranes were separated from PNS at 100,000
X g for 90 min at 4°C (10, 11). Rat brain cytosol and
membranes were prepared as described (11). Protein concen-
tration was determined by a dye-based assay (Bio-Rad).

ADP-ribosylation Assay. This assay was performed as de-
scribed (10, 11). Samples of 50 ,ug of PNS or 50 jig of cytosolic
proteins and 10 ,ug of membrane proteins were analyzed by

Abbreviations: AAGTP, guanosine 5'-[13,y-(4-azidoanilido)]triphos-
phate; ARF, ADP-ribosylation factor; BFA, brefeldin A; GI3y, G-
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dehydrogenase; GDP[,8S], guanosine 5'-[,B-thio]diphosphate;
GTP[,yS], guanosine 5'-[-y-thio]triphosphate; IEF, isoelectric focusing;
PNS, postnuclear supernatant; 2D, two-dimensional.
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SDS/PAGE (8% acrylamide and 4 M urea, unless otherwise
specified) and autoradiography. Two-dimensional (2D) iso-
electric focusing (IEF)-SDS/PAGE followed Bravo's proce-
dure (16). Pertussis and cholera toxin-catalyzed ADP-
ribosylations were carried out as described (17). ADP-
ribosylation was quantified by Instantimager (Packard).
GTP Overlay. Modifications of a described procedure (18)

were a 2-hr incubation with [a-32P]GTP and up to six 10-min
washes of the nitrocellulose filters. This resulted in a pro-
nounced labeling of small GTP-binding proteins in all cases
and in a weak but detectable labeling of G proteins in 50% of
total experiments. The weakness and variability of this labeling
might be due to the inability of these proteins to partially refold
on nitrocellulose (18).
Other Methods. Snake venom phosphodiesterase digestion

(19), immunoblot analysis (17), and photoaffinity labeling (14)
were performed as reported.

RESULTS
BFA-Dependent Mono(ADP-ribosyl)ation of a 50-kDa pro-

tein(s) in FRTL5 Cell Extracts. BFA, in the presence of
[32P]NAD, stimulated a dose- and time-dependent ADP-
ribosylation of two cytosolic proteins of 38 kDa and 46-50 kDa
(Fig. 1; refs. 10 and 11). The apparent size of the latter
(BARS-50) in SDS/polyacrylamide gels was 46 or 50 kDa in
the absence or presence of urea in the gel, respectively. The
labeled protein (occasionally visible as a tight doublet after
SDS/PAGE in the presence of urea; Fig. 1A) became detect-
able by 15 min, with maximal labeling by 2 hr (Fig. 2). The
lowest effective concentration of BFA was 2 gg/ml and the
BFA EC50 was 15 ,gg/ml, as previously reported for GAPDH
(10, 11). In most experiments BFA stimulated the incorpora-
tion of radioactivity from [32P]NAD into two other proteins of
45 and 41 kDa (as evaluated in urea-containing gels, p45 and
p41; see Fig. 1B). The 45- and 41-kDa bands were more evident
when the cell extract was prepared in the absence of protease
inhibitors (Fig. 1B) or when the ADP-ribosylated proteins
underwent long purification procedures (or freezing and thaw-
ing; Fig. 1C). The appearance of p45 was concomitant with, and
roughly proportional to, a decrease in intensity of the labeled
BARS-50 band (Fig. 1C). These observations, together with the
fact (see below) that BARS-50 and p45 exhibited marked and
very similar migration shifts in SDS/PAGE (depending on the
presence of urea) and had identical pl values, suggest that p45 and
p41 are degradation products of BARS-50.
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FIG. 1. BFA-induced ADP-ribosylation of GAPDH and BARS-50
in FRTL5 cells. (A) PNS (lanes 1 and 2), membranes (lane 3), and
cytosol (lane 4) were ADP-ribosylated with [32P]NAD in the absence
(lane 1) or presence (lanes 2-4) of BFA. Membranes (lane 5) and
cytosol (lane 6) obtained by centrifugation of PNS after the ADP-
ribosylation reaction are also shown. (B) PNS prepared without
protease inhibitors were ADP-ribosylated in the absence (lane 1) or
presence (lane 2) of BFA. (C) Cytosol obtained by centrifugation of
ADP-ribosylated PNS was precipitated with ammonium sulfate at 40%
saturation. The pellet containing labeled BARS-50 was resuspended
in 25 mM Tris (pH 7.5) and analyzed by SDS/PAGE and autoradiog-
raphy, either immediately (lane 1) or after one cycle of freezing and
thawing (lane 2). Similar results were obtained in five (A and B) and three
(C) experiments performed in duplicate. The molecular masses (kDa)
obtained by comparison with standards (Pharmacia) are indicated at left.
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FIG. 2. Time course of BFA-induced ADP-ribosylation of
BARS-50 and p45. Membranes (10 jig per sample) and cytosol (50 jig)
were incubated with [32P]NAD in the presence of BFA (30 ,ug/ml) for
the indicated times at 37°C. Samples were analyzed by SDS/PAGE and
the bands corresponding to p45 and BARS-50 (p5O) proteins were
quantified by an InstantImager (Packard); autoradiograph (Inset) is
also shown. Similar results were obtained in five experiments.

Protein labeling in the presence of [32P]NAD may be due to
several reactions, including poly(ADP-ribosyl)ation and non-
enzymatic ADP-ribosylation (20). Like GAPDH (10),
BARS-50 appears to be mono(ADP-ribosyl)ated in the pres-
ence of BFA, since the 32P-labeled protein, when separated by
SDS/PAGE, transferred to nitrocellulose, and digested with
snake venom phosphodiesterase, produced [32p]5'-AMP
(identified by TLC and HPLC; data not shown), a result
considered diagnostic of mono(ADP-ribosyl)ation (19). Non-
enzymatic mono(ADP-ribosyl)ation by ADP-ribose (21, 22)
could be excluded because BARS-50 was not ADP-ribosylated
when the BFA-dependent reaction was carried out in the
presence of [32P]ADP-ribose instead of [32P]NAD (data not
shown; ref. 10).

Several lines of evidence indicate that the ADP-ribosylation
of BARS-50 is induced by the same ADP-ribosylating enzyme
that is active on GAPDH. Both proteins were ADP-ribosylated
in the presence of BFA with a similar time course and dose
response (Fig. 2; refs. 10 and 11). The linkage of the [32P]ADP-
ribose to BARS-50 was stable to NH2OH and HgCl2 treat-
ment, as already shown for GAPDH (10, 11). The inactive BFA
analogues B36, B5, B2, and B17 were unable to induce
ADP-ribosylation ofGAPDH and BARS-50, whereas B30 was
active on both proteins with the same low potency (data not
shown and ref. 11). Finally, the BFA-dependent ADP-
ribosyltransferase, solubilized and purified severalfold from
rat brain, induced the ADP-ribosylation of both GAPDH and
BARS-50 (unpublished observation).

Biochemical Characteristics of BARS-50. BARS-50 (or,
more precisely, the form of BARS-50 that can be ADP-
ribosylated) is largely cytosolic. A minor fraction of the protein
(<5%) is found in the membrane pellet washed with low-salt
(20 mM) buffers, indicating that BARS-50 may associate
reversibly with membranes. Since the BFA-dependent ADP-
ribosyltransferase is instead membrane-associated (10, 11), the
ADP-ribosylation of BARS-50 requires the presence of both
membrane and cytosol (Fig. 1A).
BARS-50 is not abundant. A 200-fold enrichment was

necessary to detect a well-resolved band on silver-stained gels,
identifiable as ADP-ribosylated BARS-50 (Fig. 3C). The same
sample was then analyzed on a 2D gel and the ADP-ribosylated
spots (visualized by autoradiography; see below) coincided
with well-resolved silver-stained spots (data not shown).
BARS-50 represents 0.005% of the cytosolic proteins as
evaluated by the incorporated [32P]ADP-ribose under saturat-
ing conditions (and assuming a 1:1 reaction). Roughly the same
concentration was obtained by evaluating the amount of
BARS-50 from the silver-stained proteins in one-dimensional
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SDS/polyacrylamide gels. This is an indication that a large
fraction of BARS-50 is ADP-ribosylated in the presence of
BFA. In addition, in 2D gels the ADP-ribosylated and silver-
stained spots precisely coincided, suggesting again extensive
ADP-ribosylation, since ADP-ribosylated proteins would have
noticeably different migration properties.
Upon gel filtration (Superose 12 HR 10/30 size-exclusion

column, Pharmacia) the cytosolic ADP-ribosylated BARS-50
protein was reproducibly eluted in two main peaks at - 170
kDa and '130 kDa, with a minor peak at -100 kDa (data not
shown), suggesting that native BARS-50 exists as a homooli-
gomer or as part of a heterocomplex. A remarkable charac-
teristic of BARS-50 is that its mobility during SDS/PAGE is
markedly affected by the presence of urea. The apparent size
of the protein was -46 kDa in 8% polyacrylamide without urea
and 50 kDa with 4 M urea (Fig. 3 A and B). The mobility of
other proteins (see G proteins and GAPDH as an example;
Fig. 3) is not, or very slightly, affected by urea. The degradation
product p45 showed a urea-dependent shift very similar to that
of BARS-50 (42 kDa in gels without urea; see Figs. 1 and 3).
To determine the pl of BARS-50, the ADP-ribosylated

protein was subjected to 2D IEF-SDS/PAGE. Autoradiogra-
phy revealed a complex pattern. The tight doublet at 50 kDa
was resolved into a cluster of at least 11 distinguishable spots
with pl values from 6.55 to 6.1 (identified by progressive
numbers, the most abundant being 3, 4, 8, 9, and 10; Fig. 4A).
p45 generated a similar cluster (13, 14, and 16 being the most
abundant spots) containing at least 7 spots with pI from 6.65
to 6.2 (Fig. 4A). p41 was resolved into 2 spots with pl values
of 6.5 and 6.35 (Fig. 4A). The spatial patterns of BARS-50 and
p45 clusters were very similar, further indicating that p45
derives from BARS-50 by loss of a peptide of -5 kDa.
BARS-50 Binds GTP and Is Modulated by G13Jy. The

apparent molecular mass of BARS-50 (similar to that of the a
subunits of G proteins), its ability to be ADP-ribosylated, and
the involvement of G proteins in BFA-sensitive steps of
vesicular traffic suggested that BARS-50 might possess char-
acteristics of a GTP-binding protein.
Both GTP[,yS] and guanosine 5 '-[,3-thio]diphosphate

(GDP,BS) at 0.1-2 mM were able to inhibit, although to
different extents (20% and 50% inhibition, respectively), the
BFA-induced ADP-ribosylation of BARS-50 (Fig. SA),
whereas ATP was ineffective (data not shown). These nucle-
otide effects were similar to those shown for cholera toxin-
induced ADP-ribosylation of Gs, which was also decreased to
a similar extent by GDP[13S] or GTP[,yS] at the above con-
centrations (data not shown and ref. 23). The effect of guanine
nucleotides on ADP-ribosylation appears to be specific for
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FIG. 3. (A and B) Urea-dependent shift of BARS-50 and p45.
ADP-ribosylation of membrane proteins from FRTL5 cells catalyzed
by cholera toxin (CT) (lane 1) and pertussis toxin (PT) (lane 2) and
of FRTL5 PNS in the absence (lane 5) or presence (lanes 3 and 4) of
BFA was analyzed by SDS/8% PAGE without (A) or with (B) 4 M
urea. Similar results were obtained in 20 experiments. (C) Identifica-
tion of silver-stained, partially purified BARS-50. ADP-ribosylated rat
brain cytosol proteins were precipitated with ammonium sulfate at
35% saturation, chromatographed sequentially on hydrophobic (phe-
nyl-Sepharose CL-4B; Pharmacia) and hydroxylapatite (Bio-Gel HT;
Bio-Rad) columns, and separated by SDS/PAGE. The ADP-
ribosylated BARS-50 detected by autoradiography (lane 2) corre-
sponds to the silver-stained band (lane 1) of the same sample. Similar
results were obtained in three experiments.
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FIG. 4. Analysis of ADP-ribosylated (A) and AAGTP-labeled (B)
BARS-50 by 2D IEF-SDS/PAGE. Membranes (10 ,ug) and cytosol
(50 ,g) from FRTL5 cells were incubated with [32P]NAD plus BFA
(A) or with [32P]AAGTP (B), or samples separately labeled as inA and
B were combined and analyzed (C). Proteins were analyzed by
IEF-SDS/PAGE and autoradiography. Panels on the right are sche-
matic representations of labeled spots, which were resolved by auto-
radiography at different exposure times to obtain the best resolution
of spots labeled with different efficiencies. Namely, spots with heavier
labeling were resolved after a short exposure time, and the autora-
diography was then repeated for a longer time to resolve weaker
labeling (e.g., spots 1 and 12). Each experiment was repeated four
times, with similar results.

BARS-50, since ADP-ribosylation of GAPDH was not af-
fected by guanine nucleotides under these conditions (Fig. 5A).
Two approaches were then taken to assess directly the

binding of guanine nucleotides to BARS-50. First, proteins
separated by SDS/PAGE and blotted onto nitrocellulose were
overlayed with [a-32P]GTP. A protein precisely comigrating
with ADP-ribosylated BARS-50, both in the presence and in
the absence of urea, was able to bind GTP (Fig. 5 B and C).
Second, to examine the ability of native BARS-50 to bind GTP,
experiments involving photoaffinity labeling with AAGTP
were carried out. By one-dimensional SDS/PAGE, an
AAGTP-photolabeled protein which comigrated with
BARS-50 was resolved (Fig. 5 D and E). The labeling of this
protein was inhibited by GTP[-yS] and guanosine 5'-[3,-y-
imido]triphosphate, but not by ATP (Fig. SE), suggesting a
specific interaction with guanine nucleotides. In 2D gels, the
major AAGTP-labeled spots had precisely the same pI and
apparent size as some of the major ADP-ribosylated proteins
at 50 and 45 kDa. AAGTP labeling (Fig. 4B, spots 3', 8', 9',
14', and 16') precisely corresponded to the ADP-ribosylated
spots (nos. 3, 8, 9, 14, and 16). To confirm the identity of the
ADP-ribosylated and AAGTP-labeled proteins, they were
analyzed on the same 2D gel (Fig. 4C); indeed, the above
proteins precisely overlapped. Thus, the AAGTP-labeled pro-
teins are very likely to correspond to some isoforms of
BARS-50, p45, and p41 (Fig. 4). The efficiency of AAGTP
binding appears to be higher for the degradation products p45
and p41 than for BARS-50; perhaps the proteolytic cut facil-
itates GTP binding. In some cases, the two 45-kDa AAGTP-
labeled proteins appeared to migrate slightly faster (in the
second dimension) than the BARS-50 proteolytic fragments.
However, the spatial disposition and relative intensity of the
GTP labeled spots strongly suggest that they are in fact the
BARS-50 degradation products. This discrepancy might be
explained by an effect of the presence ofboundAAGTP on the
process of proteolytic degradation of BARS-50, which would
sometimes result in slightly different migration rates of the
AAGTP-labeled and ADP-ribosylated fragments. Alterna-
tively, GTP-bound BARS-50 fragment might preserve a de-
gree of folding during the electrophoretic separation and thus

Cell Biology: Di Girolamo et aL



7068 Cell Biology: Di Girolamo et al.

B 1 2 3 C

50- **
* 46-

41 _.
40 r- 40* O 410
.RS . an0

1 2 3 4

._

Iolt e

Ih

D 1 2 3 - * ,*
50- *a E 1 1 2 3 4 5 6 7 8
45 46 N- -.

41- 38 -

38- AD

FIG. 5. Binding and effect of guanine nucleotides on BARS-50. (A)
Inhibitory effect of 500 ,uM GDP[,3S] (lanes S and 6) and of 100 ,uM
GTP[-yS] (lanes 3 and 4) on BFA-induced ADP-ribosylation of BARS-
50. The assay was carried out with FRTL5 PNS in the absence (lanes
1, 3, and 5) or presence (lanes 2, 4, and 6) of BFA. By densitometric
analysis (LKB Ultroscan-XL), the ADP-ribosylation of BARS-50 was
4.02 in control, 3.22 in GTP[,yS]-treated, and 2.12 in GDP[j4S]-treated
samples (arbitrary units). The experiment shown is representative of
four. (B and C) Binding of [a-32P]GTP to FRTL5 cytosolic proteins
separated by SDS/PAGE in the presence (B) or absence (C) of urea.

[a-32P]GTP-labeled proteins (B lane 3 and C lane 4), ADP-ribosylated
BARS-50 (B lane 2 and C lane 3), membrane proteins from FRTL5
cells ADP-ribosylated by pertussis toxin (lanes 1), and [a-32P]GTP-
labeled FRTL5 membrane proteins (C lane 2) were analyzed. The
experiment shown is representative of four. (D) Photoaffinity labeling
of FRTL5 cell cytosol (200 ,ug of protein per lane) with 100 nM
AAGTP (lane 3) and ADP-ribosylation of PNS from FRTL5 cells in
the absence (lane 1) or presence (lane 2) of BFA, analyzed in the same
gel containing urea. (E) Photoaffinity labeling of FRTL5 cytosol (200
,tg of protein per lane) with AAGTP at 10 nM (lane 2), 50 nM (lane
3), 100 nM (lanes 4 and 6-8), and 500 nM (lane 5). Samples also
included 100 ,uM GTP[,yS] (lane 6), 1 mM ATP (lane 7), and 100 ,uM
guanosine 5'-[P3,y-imido]triphosphate (lane 8). FRTL5 PNS, ADP-
ribosylated by BFA is in lanes 1 (same sample at two exposure times).
Proteins were then analyzed by SDS/PAGE (without urea) and
autoradiography. The experiment shown is representative of four.

migrate slightly differently. In summary, these results show
that some isoforms of the native BARS-S0 and of the degra-
dation products can bind GTP. This conclusion is further
supported by the observation that about 10% of native
BARS-S0 can be eluted from an agarose-GTP column (Sigma)
by 1 mM GTP, but not by 1 mM ATP (data not shown).
BARS-S0 did not comigrate with ADP-ribosylated as or a1,

and BARS-S0 was not a substrate of pertussis or cholera
toxin-induced ADP-ribosylation (Fig. 3 A and B). Specific a,

or ai antibodies were unable to recognize BARS-S0.
A well-known property of G protein a subunits is to bind

Gf3y. The BFA-induced ADP-ribosylation of BARS-50 was

completely inhibited by brain G3-y in a dose-dependent man-
ner (Fig. 6). To address the question of whether GI3y interacts
with BARS-50, we evaluated the degree of inhibition of the
ADP-ribosylation of BARS-50, by varying alternatively the
amount of membranes (enzyme) or cytosol (BARS-50) in the
assay (Table 1). Increasing the concentration of membranes in
the ADP-ribosylation mixture did not affect the extent of
inhibition, whereas concentrations of cytosol higher than 100
,ug caused a loss of the Ga-y-induced inhibition. This suggests
that Gf3y interacts with a cytosolic rather than a membrane
component and that >100 ,ug of cytosol is needed to abolish
the Gf3y-dependent inhibition. At lower cytosol concentra-
tions GO3-y may be in excess compared with the cytosolic
component inhibiting its effect. Moreover, Gfry had no effect
on the ADP-ribosylation of GAPDH (Fig. 6B), further indi-
cating that GfB3y does not interact with the enzyme but that it
binds (either directly or through some associated proteins) to
BARS-50.

We could also exclude the possibility that Gf3By could have
caused BARS-50 to translocate to the membrane, as reported
for the cytosolic kinases (,3-adrenergic receptor kinase; ref. 24)
since, when BFA-induced ADP-ribosylation was analyzed in
PNS in the presence of Gf3y, no major change was found in the
ratio between soluble and membrane-bound ADP-ribosylated
BARS-50 (Fig. 6B).

DISCUSSION
In this paper we describe some biochemical features of a
protein substrate of BFA-dependent ADP-ribosylation,
BARS-50 (10, 11), that might be crucial to the understanding
of the protein's cellular function(s).
BARS-50 represents 0.005% of the cytosolic proteins. The

numerous clustered ADP-ribosylated spots that appear in 2D
gels indicate that BARS-50 is a class of proteins comprising
many isoforms or one protein undergoing different and mul-
tiple posttranslational modifications.
Both direct and indirect data (binding of GTP and effect of

guanine nucleotides on ADP-ribosylation of BARS-50) indi-
cate that BARS-50 is a GTP-binding protein. GTP binding was
assessed by overlay with GTP and by photolabeling of the
native protein with AAGTP (Fig. 5). The overlay technique
has mainly been reported to detect small GTP-binding pro-
teins, including those of the Ras, Rab, and ARF families.
Presumably, the small GTP-binding proteins retain folding of
the GTP binding site after SDS/PAGE and blotting. Indeed,
the GTP labeling in the 20- to 25-kDa region (where small
GTP-binding proteins migrate) was the most pronounced in
the gel. However, the labeling of BARS-50, albeit lighter, was
also detectable, indicating that a fraction of this protein may
be able to refold after blotting. That the 50-kDa GTP-labeled
protein is in fact BARS-50 is indicated by its electrophoretic
properties. Not only did the GTP-labeled and ADP-ribosylated
bands precisely comigrate in one-dimensional SDS/PAGE (in
itself not a strong proof) but they also exhibited exactly the same
4-kDa shift in the presence of urea (Fig. 5 B and C). While a
urea-induced change of migration properties in SDS/PAGE is a
property of several proteins, a large (4-kDa) shift is so rare that
the precise coincidence of the two 50-kDa electrophoretic bands
strongly suggests that the bands represent the same protein.
The AAGTP photolabeling experiments support this con-

clusion and show that native BARS-50 can bind GTP, based on
the identity of the electrophoretic properties in 2D gels of
some GTP-labeled spots with those of some BARS-50 iso-
forms. A calculation of the number of AAGTP-labeled and
ADP-ribosylated protein molecules in the same spot shows
that ADP-ribosylation is at least 20-fold more efficient than
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FIG. 6. Inhibitory effect of Gp3y on BFA-induced ADP-
ribosylation of BARS-SO. (A) Dose dependence of the brain Gf3y-
induced inhibition of BFA-dependent ADP-ribosylation. (B) ADP-
ribosylated PNS (lanes 1 and 2) and membranes (lanes 3 and 4) and
cytosol (lanes 5 and 6) obtained by centrifugation of ADP-ribosylated
PNS. ADP-ribosylation was carried out in the absence (lanes 1, 3, and
5) or presence (lanes 2, 4, and 6) of bovine brain G1By (10 ,ug/ml).
Samples were analyzed by SDS/PAGE and autoradiography. Similar
results were obtained in four (A and B) separate experiments.
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Table 1. Effect of bovine brain G)3-y on BFA-induced
ADP-ribosylation of BARS-50

Membranes Clytosol

Protein, ,ug % inhibition Protein, ,ug % inhibition
5 40± 6 25 47± 15
8 52± 18 50 31 ±8

25 60±4 75 46± 18
50 45±5 100 31±11
100 48± 10 150 10± 10
200 52± 12 250 0

Samples prepared as described (Materials and Methods) in the
presence of brain G,3y (10 ,ug/ml) were analyzed by SDS/PAGE and
autoradiography. The ADP-ribosylated lanes corresponding to
BARS-S0 were quantified by densitometric analysis (LKB Ultroscan-
XL) and percent inhibition (mean ± SD) was calculated. Similar
results were obtained in four experiments.

photolabeling for BARS-50. This is expected, since the effi-
ciency of AAGTP photoincorporation is about 2.5% for
tubulin (25) or Ga (26), and might in part explain why only
some of the ADP-ribosylated spots appear to correspond to
AAGTP-labeled proteins. Guanine nucleotides not only bind
BARS-50 but also partially inhibit its BFA-dependent ADP-
ribosylation. It cannot be completely excluded that GTP might
act in part by inhibiting the ADP-ribosylating enzyme, but the
observation that the labeling of GAPDH is unmodified by
guanine nucleotides suggests that it is the binding of GTP to
BARS-50 that is responsible for inhibition of BARS-50 ADP-
ribosylation. This would be analogous to the well-described
effects of guanine nucleotides on the ADP-ribosylation of G
protein a subunits by toxins (27).

Gf,y also inhibits the BFA-dependent ADP-ribosylation of
BARS-50, but not that of GAPDH. This result again suggests
an effect on BARS-50 rather than on the ADP-ribosylating
enzyme. A number of proteins have been shown to interact
with Gf3y, including ,3-adrenergic receptor kinase, phospho-
lipase C,B, and adenylyl cyclase (28). Our observation is in line
with the possibility of a degree of structural similarity between
BARS-50 and classical a subunits, although BARS-50 was not
recognized by Ga-specific antibodies (see Results). It is also
possible that BARS-50 belongs to a class of proteins that
contain the pleckstrin homology domain, which is involved in
protein-protein interaction and is able, in particular, to inter-
act with Gf3y (29, 30).
Other proteins with size similar to that of BARS-50 can bind

GTP. Among these, elongation factor lca can be excluded
because it is markedly more basic than BARS-50 (31, 32).
Tubulin can be excluded because the BFA-dependent ADP-
ribosylation of BARS-50 was evident in cytosol deprived of a-
and 13-tubulin by pretreatment with paclitaxel (formerly taxol)
(33). Antibodies raised against y-tubulin, actin, and centractin
did not recognize ADP-ribosylated BARS-50.
We have described a family of proteins, BARS-50, that can

be efficiently ADP-ribosylated by an enzyme stimulated by
BFA, through a site(s) endowed with the same ligand selec-
tivity as that involved in the inhibition of membrane transport.
BARS-50 proteins can bind GTP and, most likely, GI3y; these
events result in inhibition of BARS-50 ADP-ribosylation. In
particular, the ability of BARS-50 to interact with Gf3y might
be of functional significance in the context of membrane
transport. G proteins have been implicated in the formation of
coated buds and vesicles (3-9). More specifically, G,-y can
interfere with the activation and binding of ARF to Golgi
membranes (4), an early event in vesicle formation. Moreover,
ARF can interact directly with G3y (34). It can thus be
imagined that BARS-SO, by interacting with G,f3y, plays a
regulatory role in ARF binding and that its state of ADP-

ribosylation, which can be controlled by BFA, may alter its
regulatory properties. Further, BARS-50 might be involved in
regulating the protein matrix that confers on the Golgi appa-
ratus its characteristic shape. The hypothesis ofa role ofBARS-50
in membrane transport is supported by the recent finding that
inhibitors of in vitro BARS-50 ADP-ribosylation potently inhibit
some of the cellular effects of BFA (13).
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