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Endogenous mono-ADP-ribosylation of the free Gfy prevents stimulation
of phosphoinositide 3-kinase-y and phospholipase C-f2 and is activated by

G-protein-coupled receptors
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We have recently demonstrated that the f subunit of the
heterotrimeric G-proteins is endogenously mono-ADP-ribo-
sylated in intact cells. The modified fy heterodimer loses its
ability to inhibit calmodulin-stimulated type 1 adenylate cyclase
and, remarkably, is de-ADP-ribosylated by a cytosolic hydrolase
that completes an ADP-/de-ADP-ribosylation cycle of potential
physiological relevance. In the present study, we show that this
ADP-ribosylation might indeed be a general mechanism for
termination of py signalling, since the ADP-ribosylated py
subunit is also unable to activate both phosphoinositide
3-kinase-y and phospholipase C-52. Moreover, we show that
f subunit ADP-ribosylation is induced by G-protein-coupled

receptor activation, since hormone stimulation of Chinese-
hamster ovary plasma membranes leads to increases in / subunit
labelling. This occurs when fvy is in its active heterodimeric
conformation, since full inhibition of this modification can be
achieved by binding of GDP-ai3 to the py heterodimer.
Taken together, these findings delineate a pathway that arises
from the activation of a G-protein-coupled receptor and leads
to the inhibition of py activity through its reversible mono-
ADP-ribosylation.
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INTRODUCTION

G-protein-coupled receptors translate a variety of external physi-
cal and chemical stimuli that provoke cellular responses, thereby
regulating numerous cellular functions, including apoptosis,
chemotaxis, secretion, cell proliferation and differentiation [1-4].
When activated by extracellular signals, G-protein-coupled
receptors act as nucleotide-exchange factors for heterotrimeric
G-proteins, leading to the exchange of GDP for GTP on
the G-protein « subunit, which then dissociates from both the
receptor and the py heterodimer [5]. Both GTP-bound Ga« and
Gy modulate an ever-increasing number of downstream effect-
ors, such as enzymes, transporters and ion channels (reviewed in
[6]). Hence, the guanine nucleotide-sensitive signal transduction
machinery represents a highly complex network that also cross-
talks with other systems, such as growth factor-linked signalling
systems [7-10]. At the G-protein level, signalling is controlled in
part by the GTPase activity of Ga, which is stimulated by
G-protein-coupled receptors. This is not, however, the only pro-
cess controlling the « and py states of activation. For instance,
the RGS proteins (regulators of G-protein signalling) increase the
GTPase activity of the Ga subunit, resulting in the accumulation
of GDP-Gu and its re-association with the free fy subunit [11].
Moreover, signalling via Sy is also attenuated by calmodulin and
phosducin, which bind to the £y subunit directly and translocate
it to the cytosol, thus preventing its association with Go or its
effectors [12,13].

We have recently proposed that the fy heterodimer can be
directly regulated through an ADP-/de-ADP-ribosylation cycle
[14]. Mono-ADP-ribosylation is a regulatory post-translational
modification in which the ADP-ribose moiety of NAD" is
enzymically transferred to various proteins [15,16]. The identifi-
cation and cloning of mono-ADP-ribosyltransferases and ADP-
ribosylarginine hydrolase from eukaryotic cells [15,17] support
the existence of a regulatory ADP-ribosylation cycle resem-
bling the one that controls nitrogen fixation in the photosynthetic
bacterium Rhodospirillum rubrum, where the dinitrogenase re-
ductase activity is controlled by the reversible ADP-ribosylation
of the nitrogenase enzyme complex [18].

We have previously demonstrated that the G-protein / subunit
is a substrate for endogenous mono-ADP-ribosylation in vivo
and suggested that this modification might modulate fy activity
[14]. In the present study, to address this possibility, we examine
the effect of ADP-ribosylation on fy-subunit-mediated activation
of key effectors. The free fy heterodimer can directly activate
several effectors, including adenylate cyclase, phosphoinositide
3-kinase (PI 3-kinase), phospholipase C-5 (PLC-£) and voltage-
gated Ca** and K* channels [6,19,20]. By the regulation of
effectors such as PI 3-kinase-y and PLC-42, the gy heterodimer
participates in the control of many cellular functions.

The class I PI 3-kinases, which can phosphorylate phosphati-
dylinositol 4,5-bisphosphate to phosphatidylinositol 3,4,5-tris-
phosphate, are the best characterized PI 3-kinases: they are key
signalling enzymes, with crucial roles in many biological func-
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tions, including proliferation, differentiation, cytoskeletal organi-
zation, membrane trafficking and apoptosis [21,22]. Direct ac-
tivation of the class IB PI 3-kinase p110y catalytic subunit by the
fv heterodimer has been demonstrated [19]. PLC enzymes
hydrolyse the membrane lipid phosphatidylinositol 4,5-bisphos-
phate, simultaneously producing two second messengers, inositol
1,4,5-trisphosphate and diacylglycerol, which mediate intracellu-
lar calcium release and protein kinase C activation respectively.
To date, four subfamilies of PLC are known, including four
PLC-$ isoenzymes activated by both the «,,, and fy subunits,
two PLC-y isoenzymes, four PLC-§ isoforms (reviewed in [23])
and the very recently identified PLC-¢ [24,25]. Direct activation
of PLC-f isoenzymes by the fy heterodimer has been demon-
strated [20].

We have examined the role that endogenous ADP-ribosylation
plays in the Sy-subunit-mediated activation of these enzymes.
This modification completely blocks the activation of both,
indicating that ADP-ribosylation of the £ subunit might be a
general modulatory mechanism for these signalling proteins. We
have also examined the mechanism by which the fy mono-ADP-
ribosylation is activated and have shown that it can be controlled
by G-protein-coupled receptors.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium was purchased from Euro-
bioLabtek, Hanks balanced salt solution from Gibco, TNM-FH
insect medium from Sigma, foetal bovine serum from Seromed—
Biochrom and [**P]NAD from Amersham. All other reagents
were obtained from Sigma Chemicals at the highest purities
available. GDP-«i3 was a gift from Dr V. Malhotra (University
of California, CA, U.S.A.). Some of the purified bovine brain gy
and the polyclonal antibody SW28 were generously supplied by
Dr W. F. Simonds (National Institutes of Health, Bethesda,
MD, U.S.A.)). A polyclonal antibody raised against the
C-terminus of the # subunit was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, U.S.A.). Recombinant baculo-
viruses encoding GST-pl01 and pll0y were a gift from
R. Wetzker (Friedrich-Schiller-University, Germany).

Cell culture, plasma membrane and cytosol preparation

Chinese-hamster ovary (CHO) cells were grown in monolayers at
37°C in 959 air/59%, CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10 %, foetal bovine serum, 34 xg/ml
proline, 100 units/ml penicillin and 100 mg/ml streptomycin.
CHO plasma membranes were prepared as described by Gettys
et al. [26], with the modifications described previously [14]. Sf9
cells were grown in monolayers at 27 °C in TNM-FH insect
medium supplemented with 109, foetal bovine serum, 19
glutamine, 100 units/ml penicillin, 100 mg/ml streptomycin and
10 mg/ml gentamicin.

Purified protein preparations

Recombinant GDP-«i3 was purified to homogeneity from Sf9
cells as described previously [27] and was concentrated to
3 mg/mlin 20 mM Hepes (pH 8.0), 100 mM NaCl, 3 mM MgCl,
and 1 mM EDTA. Bovine brain fy was purified as described
previously [28,29] and concentrated to 2 mg/ml in 50 mM Tris/
HCI (pH 8.0), 100 mM NaCl, 1 mM dithiothreitol and 0.7 %,
CHAPS. The recombinant arginine-specific ADP-ribosyltrans-
ferase (ART1)-GST fusion protein was purified as described
previously [30] and resuspended in PBS. Recombinant PI
3-kinase-y was purified to apparent homogeneity from Sf9 cells
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co-infected with baculoviruses encoding GST-p101 and p110y,
as described previously [31]. Purity of all the protein samples
(> 909, pure) was verified by SDS/PAGE followed by silver
staining of 200 ng of each protein. Controls for each of the
individual assays (see below) were handled under the same sample
incubation conditions (time of incubation, temperature, buffers
and detergent).

ADP-ribosylation assay and immunoblot analysis

Samples (4 1g of CHO plasma membrane protein) were incubated
at 37°C for 60 min in 50 ul of 50 mM potassium phosphate
buffer (pH 7.4) with 30 uM p-NAD and 1-2 4Ci [**P][NAD
(specific radioactivity, 1000 Ci/mmol) as described previously
[14]. In the experiments where 200 ng of purified bovine brain Sy
subunit was added to the sample, the association of the exogenous
[y subunit with plasma membranes was evaluated by immuno-
blot analysis of the plasma membrane pellet and supernatant
(separated by centrifugation; 15 min, 12000 g), with at least
959, of the fy subunit recovered with the membrane fraction.
For extensive endogenous ADP-ribosylation of the £ subunit, the
incubation was performed with 1 mM p-NAD and 4.5 xCi
[>*PINAD for 6 h at 37 °C in the same buffer. When experiments
were performed in the presence of recombinant ART1, 500 ng of
[ subunit and actin were used to obtain better signal detection
of both proteins. Moreover, for pertussis toxin-catalysed ADP-
ribosylation of the G,/G, o subunits, CHO cells were incubated
for 15 h with pertussis toxin (5 nM) or, as a control, with the
inactive protomer B of pertussis toxin. The samples were analysed
by SDS/PAGE (109, gel), and proteins were electroblotted (4 h
at 500 mA) on to nitrocellulose membranes. The filters were
either exposed for approx. 12 h to Kodak X-Omat film using an
intensifying screen and quantified with an Instantimager (Pac-
kard), or probed with specific primary and peroxidase-conjugated
secondary antibodies using chemiluminescence (ECL®; Amer-
sham).

Pl 3-kinase-y purification and assay

The lipid kinase activity of GST-PI 3-kinase-y was determined as
described previously [31]. The effect of the ADP-ribosylated gy
subunit was evaluated as follows: 4 ug of plasma membrane
protein from CHO cells that had been incubated for 6 h at 37 °C
with 200 ng purified bovine brain £y subunit, without (‘unmodi-
fied’) or with (‘modified’) 1 mM p-NAD*. In the presence of
p-NAD*, approx. 809, of the added fy subunit was ADP-
ribosylated [14]. After the incubation, CHO membranes con-
taining either unmodified or modified Sy subunit were collected
by centrifugation (15 min, 12000 g), suspended with 30 ul of
lipid vesicles and incubated for 10 min on ice before assaying
their effect on PI 3-kinase-y activity. Assay products on dried
TLC plates were quantified with an Instantimager. The stimu-
lation of PI 3-kinase-y obtained under our experimental condi-
tions (i.e. incubation at 37 °C for 6 h of the membrane-associated
fv; see Figure 1A) was approx. 5-fold lower than that obtained
using fresh Sy (results not shown). The decreased activity of Sy
might be due to the prolonged incubation of £y or the presence
of plasma membranes in the assay, or both; however, we have
not investigated this aspect further. Since this level of stimulation
was consistent in all our studies, we have referred to this as the
appropriate control.

PLC-f2 assay

PLC-/32 activity was evaluated as described previously [32], with
the exception that a crude soluble extract from baculovirus-
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Figure 1  fy-subunit-induced activation of Pl 3-kinase-y and PLC-f2 is
blocked by ADP-ribosylation

Pl 3-kinase-y (A) and PLC-52 (B) activities were evaluated as described in the Materials
and methods section without or with (as indicated) 200 ng of purified bovine brain Sy subunit,
after incubation with either CHO plasma membranes alone (open bar), CHO plasma membranes
and S-NAD (ruled bar), or CHO plasma membranes and o-NAD (dotted bar). Data are
means £ S.D. for three experiments performed in duplicate (7 = 6; A) and in triplicate (n =
9; B). *P < 0.01, significantly different from the samples incubated with membranes and 7y
(open bar) or with membranes, £y and a-NAD (dotted bar). The inset shows an immunoblot
of CHO plasma-membrane-associated purified bovine brain Ay (200 ng): unmodified (lane 1),
incubated with membranes and 4-NAD (lane 2), or incubated with membranes and a.-NAD
(lane 3).

infected Sf9 cells was employed as a source of PLC-42 [33,34].
For infection, a PLC-/2 deletion mutant lacking the C-terminal
region that is required for Gaq subunit stimulation (F819-
E1166) and carrying an alanine-for-serine replacement at position
2 was used. The effect of the ADP-ribosylated £y subunit was
evaluated as described above for the PI 3-kinase-y assay; after
the incubation, CHO membranes containing either unmodified
or modified fy subunit were collected by centrifugation (15 min,
12000 g) and dispersed in the PLC assay mixture. PLC-42
activity, as previously demonstrated for CaM-stimulated AC1
[14], was not affected by CHO membranes alone (the source of
ADP-ribosyltransferase in our assays) and was only slightly
reduced after prolonged incubation of py at 37 °C, when
compared with fresh fy-dependent stimulation. The stimulation
obtained is in the same range as that of previously reported
experiments employing the same construct [33,34].

Statistical analysis

Data are expressed as means + S.E. or as means + S.D. Statistical
analysis was performed using the Student’s 7 test (P < 0.05 was
considered significant).

RESULTS

Mono-ADP-ribosylation abolishes Sy-dependent stimulation of Pl
3-kinase-y and PLC-f2

We have demonstrated previously that the G-protein / subunit
is a substrate for endogenous mono-ADP-ribosylation in vivo
and have suggested that this modification might modulate gy
activity [14]. As py is also known to regulate several of its target
molecules by direct interactions with a common effector-binding
site that includes Arg-129, the target of this mono-ADP-ribosyla-
tion [14,35-38], we have now evaluated the effect of this
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Figure 2  fy-subunit-induced activation of Pl 3-kinase-y and PLC-$2 is
unaffected when the ADP-ribosylation of Sy is performed in the presence
of inhibitors of the arginine-specific mono-ADP-ribosyltransferases

(R) Inhibition of /' subunit ADP-ribosylation by increasing concentrations of the ART1 inhibitors
MIBG and agmatine. The levels of ADP-ribosylated 4 subunit were measured using an
Instantimager. The data represent means + S.E. for four experiments performed in duplicate
(n=8). PI 3-kinase-y (B) and PLC-52 (C) activities were evaluated as described in the
Materials and methods section: in the presence of 200 ng of either unmodified (open bars) or
ADP-ribosylated with 45-NAD (ruled bars) purified bovine brain Sy subunits associated with
CHO plasma membranes, and in the absence or presence (as indicated) of 300 M MIBG or
300 zM agmatine. MIBG and agmatine cannot affect the PI 3-kinase-y and PLC-/52 activities
either in the absence (results not shown) or presence of the £ heterodimer (B, C; compare
the open bars). The values are means =+ S.E. for three experiments performed in duplicate
(n=6). “P < 0.01, significantly different from the samples incubated with membranes and

[y (open bar).
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Figure 3 Inverse correlation between fy-subunit-induced activation of PLC-£2 and its ADP-ribosylation

(R) PLC-p2 activity evaluated in the absence or presence (as indicated) of 200 ng of either unmodified (open bar) or ADP-ribosylated with /-NAD (ruled bar) purified bovine brain £y subunits
associated with CHO plasma membranes (PM), which had been pretreated for 1 h at 60 °C or for 7 min at 90 °C. The loss of activity of the ADP-ribosylated /'y subunit on PLC-42 was not due to
a change in association of #7 with membranes, since equivalent amounts of membrane-bound £ subunit were found under all the experimental conditions employed (results not shown). The
data represent means + S.E. for three experiments performed in triplicate (7 = 9). *P < 0.01 and **P < 0.05, significantly different from the samples incubated with membranes and £y (open
bar). The inset shows the levels of 4 subunit ADP-ribosylation when CHO plasma membranes, after pretreatment for 1 h at 60 °C or for 7 min at 90 °C, were ADP-ribosylated for 6 h at 37 °C
in the presence of 200 ng of purified bovine brain Ay subunits, as evaluated using an Instantimager. The data represent means + S.E. for three experiments performed in duplicate (7 = 6).
(B) PLC-/2 activity evaluated in the presence or absence (as indicated) of 200 ng of either unmodified (open bar) or ADP-ribosylated for the indicated times with 5-NAD (ruled bar) purified boving
brain Sy subunits associated with CHO plasma membranes. The data represent means + S.E. for three experiments performed in triplicate (7 = 9). *P < 0.01, significantly different from the
samples incubated with membranes and Sy (open bar). The inset shows the time dependence of 4 subunit ADP-ribosylation when CHO plasma membranes, containing 200 ng of purified bovine
brain By subunits, were incubated with 4-NAD, as evaluated using an Instantimager. The data shown are from five experiments performed in duplicate (7 = 10).

modification on the py-induced activation of purified PI
3-kinase-y and PLC-p2.

PI 3-kinase-y activity was quantified by measuring [*H]phos-
phatidylinositol 3,4,5-trisphosphate formation catalysed by an
affinity-purified PI 3-kinase-y enzyme [31]. In agreement with
previously reported results [21,22], the purified bovine brain gy
subunit can activate PI 3-kinase-y (Figure 1A, open bar), whereas
the fy heterodimer previously ADP-ribosylated in the presence
of f-NAD* and CHO cell membranes (inset of Figure 1, lane 2)
was unable to activate PI 3-kinase-y (Figure 1A, hatched bar).
Similarly, when PLC-42 activity was quantified by the standard
method of accumulation of [*H]inositol phosphates produced by
an enriched preparation of soluble PLC-42 [32-34], the stimu-
lation seen with the purified bovine brain gy subunit (Figure
1B, open bar) was lost after prior ADP-ribosylation (Figure 1B,
hatched bar). When the ADP-ribosylation assays were performed
in the presence of x-NAD™ (instead of f-NAD"), which does not
serve as a substrate for mono-ADP-ribosyltransferases (thus
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under conditions where ADP-ribosylation of the fy subunit does
not occur; inset of Figure 1, lane 3), the fy-dependent activation
of both PI 3-kinase-y and PLC- /2 was unaffected (dotted bars in
Figures 1A and 1B respectively). The inset of Figure 1 shows that
the loss of activity of the ADP-ribosylated £y subunit was not
due to a change in association of gy with membranes, since
equivalent amounts of membrane-bound / subunit were found
under all the experimental conditions employed (lane 1, unmodi-
fied 4; lane 2, ADP-ribosylated £; and lane 3, «-NAD"*-treated
[ see the Materials and methods section).

In addition, when ADP-ribosylation of fy was performed
in the presence of alternative, competing substrates of ART1
[300 uM meta-iodobenzylguanidine (MIBG) or 300 uM ag-
matine; Figure 2A], under conditions where ADP-ribosylation
of the £ subunit was inhibited, the fy-dependent activation
of PI 3-kinase-y and PLC-f2 was unaffected (hatched bars in
Figures 2B and 2C respectively). MIBG and agmatine were
shown not to affect the PI 3-kinase-y and PLC-42 activities either
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Figure 4 G-protein S subunit ADP ribosylation induced by receptor
activation and mastoparan

[32P])-ADP-ribosylated
(% of control)

Level of ADP-ribosylated £ subunit induced by the indicated agonists and by mastoparan
incubated at 37 °C for 60 min with CHO plasma membranes and [*?P]NAD, as measured using
an Instantimager. The data represent means + S.D. for five independent experiments performed
in duplicate (n = 10). *P < 0.01, significantly different from the control.

in the absence or presence of the Sy heterodimer (Figures 2B
and 2C, compare the open bars). When CHO plasma membranes
treated either for 1 h at 60 °C or for 7 min at 90 °C to in-
activate the ADP-ribosyltransferase activity (by 60 and 90 9%,
respectively; Figure 3A, inset) were used to ADP-ribosylate
the fy subunit, the py-dependent activation of PLC-p52 was
reduced accordingly (Figure 3A, compare hatched bars with
open bars). Finally, when the ADP-ribosylation of the fy hetero-
dimer was performed for short time periods (i.e. 10 min each),
which are insufficient to induce the modification of the £ subunit
(Figure 3B, inset), the fy-dependent activation of PLC-42 was
not significantly affected (Figure 3B, compare hatched bars with
open bars). Altogether, these results are consistent with a loss of
the ability of gy to activate PI 3-kinase-y and PLC-42 that is
selectively due to ADP-ribosylation of fy by the membrane-
associated ADP-ribosyltransferase.

Agonists modulate mono-ADP-ribosylation of the Sy subunit in
plasma membranes

Our results demonstrate that mono-ADP-ribosylation of the £
subunit abolishes the ability of the fy heterodimer to modulate
downstream effectors, such as type 1 adenylate cyclase [14], PI 3-
kinase-y and PLC-42. It is well known that the active free fy
heterodimer, which directly modulates effector proteins, is
generated when an activated receptor causes GDP-GTP ex-
change on the G-protein « subunit [5]. To evaluate whether the
free fy heterodimer released upon agonist stimulation of G-
protein-coupled receptors could be endogenously mono-ADP-
ribosylated, we examined the level of [**P]JADP-ribosylated /3
subunit after stimulation of CHO plasma membranes with
agonists, which have specific surface receptors on these cells.
CHO plasma membranes stimulated with CCKS8 (cholecysto-
kinin), UTP and 5-HT (all at 1 xuM) showed a 509, average
increase in S subunit [*?PJADP-ribosylation. An 809, increase

was observed after thrombin (10 units/ml) stimulation (Figure 4).
In contrast, treatment with epidermal growth factor (1 ug/ml)
and angiotensin II (1 xM), whose receptors are not expressed in
CHO cells, did not affect £ subunit [**P]JADP-ribosylation. Under
the same experimental conditions, a greater stimulation (ranging
from 2- to 3-fold, depending on different plasma membrane
preparations) of / subunit mono-ADP-ribosylation, was induced
by 25 uM mastoparan (Figure 4), a tetradecapeptide known to
activate heterotrimeric G-proteins by mimicking the action of
activated receptors [39]. To exclude non-specific effects of masto-
paran due to its amphiphilic properties, different mastoparan
derivatives were used as positive and negative controls. Masto-
paran 17, an inactive mastoparan analogue, did not induce f
subunit mono-ADP-ribosylation, whereas mastoparan 7, the
most active mastoparan derivative, caused a more pronounced
subunit mono-ADP-ribosylation (1904309, increase, as com-
pared with mastoparan) (results not shown). Moreover, when
plasma membranes obtained from CHO cells that had been
incubated for 15h with pertussis toxin to inactivate G,/G,
proteins were analysed in an ADP-ribosylation assay, the stimu-
lation of the $ subunit mono-ADP-ribosylation by mastoparan 7
was partially blocked (35459, decrease, as compared with the
control), indicating that part of the effect of mastoparan 7
was due to the activation of pertussis toxin-sensitive hetero-
trimeric G-proteins (results not shown). These results indicate
that the release of free fy heterodimer due to activation of
G-protein-coupled receptors or mastoparan addition leads to
mono-ADP-ribosylation of the £ subunit, which may result in a
modulation of its function. At present, the mechanisms involved
in this hormone modulation are being investigated.

Mono-ADP-ribosylation of the £ subunit occurs when it is in the
heterodimeric conformation

Receptor activation and mastoparan addition both result in
release of the active £y subunit, which appears to be the preferred
substrate for modification by the endogenous ADP-ribosyl-
transferase. To investigate this further, we determined whether
the £ subunit is mono-ADP-ribosylated only as a heterodimer or
also as an afy heterotrimer using either CHO plasma membranes
or purified ART1 (reviewed in [15]) as a source of mono-ADP-
ribosyltransferase activity. ARTI1 modifies the f subunit less
efficiently than the endogenous membrane-associated enzymes
(approx. 10-fold less; Figure 5A), but it allows a three-component
reconstituted reaction (enzyme/G-protein/NAD®), which can
help in the understanding of the mechanism of the interaction
between the o and modified Sy subunits, with no interference
from other membrane components. Figure 5(A) shows that the
addition of GDP-ai3 (1 ug) to the assay mixture resulted in a
decrease in the ADP-ribosylation level of purified bovine brain
pv (0.5 ug): an average 309, decrease was observed when the
reaction was catalysed by the plasma-membrane-associated
enzyme and 709, when the reaction was catalysed by ARTI.
This difference may be due to other factors present in the
membrane preparation that can bind GDP-«i3. We thus further
analysed this phenomenon employing the purified enzyme prep-
aration only. Figure 5(B) shows the mono-ADP-ribosylation of
0.5 pg of purified bovine brain fy by ARTI (lane 1) in the
presence of increasing amounts of purified GDP-«i3 (lanes 2-4);
when the same amount (0.5 ug) of o and fy subunits was present
in the assay (hence, at roughly equimolar levels), a 75 9, inhibition
of the £ subunit mono-ADP-ribosylation occurred. Moreover,
2 ug of GDP-ai3 completely abolished the py subunit mono-
ADP-ribosylation (lane 4). This GDP-ai3-dependent inhibition
could be due to the titration of the free fy heterodimer or the
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Figure 5 G-protein £ subunit ADP-ribosylation is inhibited by GDP-
bound «i3

(R) Level of ADP-ribosylated purified bovine brain Sy (0.5 xg) induced by purified ART1
(3 xg) or by CHO plasma membranes (PM, 4 xqg) in the absence or presence of 1 g of GDP-
bound «:i3. The ADP-ribosylation assay was performed for 60 min as described above. The values
are means + S.E. for three combined experiments, each performed in duplicate (7 = 6).
(B) Autoradiography of 4 subunit (0.5 zg/sample) ADP-ribosylated for 60 min by ART1
(3 pg/sample) in the absence or presence of the indicated amounts of GDP-bound i3. The
data shown are from at least three independent experiments. A part of these data are included
in (A). (C) Autoradiography of actin (0.5 «g/sample) ADP-ribosylated for 60 min by ART1
(3 ug/sample) in the absence or presence of 1 zg of GDP-bound «i3. The data shown are from
at least three independent experiments.

inhibition of the mono-ADP-ribosyltransferase activity. In con-
trol experiments, GDP-«i3 had no effect on the ART1-catalysed
ADP-ribosylation of actin, a well-characterized substrate of
arginine-specific mono-ADP-ribosyltransferases [40] (Figure 5C).
Since the addition of GDP-«i3 inhibits the mono-ADP-ribosyla-
tion of the £ subunit but does not inhibit the mono-ADP-
ribosylation of actin (both modified by ART1), we can conclude
that this inhibition occurred by interaction with free fy hetero-
dimer and formation of the trimeric complex.

These results thus demonstrate that the fy subunit is mono-
ADP-ribosylated in its dissociated form, and they are in agree-
ment with the demonstration that mono-ADP-ribosylation of
the p subunit is enhanced both by mastoparan and activated
receptors.

DISCUSSION

We recently reported the first demonstration that the G-protein
£ subunit is endogenously mono-ADP-ribosylated in intact cells
by an arginine-specific, plasma-membrane-associated enzyme
[14,16]. Moreover, we showed that the modified f subunit is
de-ADP-ribosylated by a cytosolic enzyme, hence completing
an ADP-/de-ADP-ribosylation cycle that may have physiological
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relevance [14,16]. The results presented here substantiate our
proposal that this ADP-/de-ADP-ribosylation cycle is a novel
cellular mechanism that can regulate the G-protein-mediated
signal transduction machinery through the direct regulation of
the activity of the #y subunit, which is modified when dissociated
from the o subunit.

Other proteins, such as desmin, members of the integrin
family, and the regulatory y subunit of cGMP phosphodiesterase,
undergo reversible mono-ADP-ribosylation [41-43]. However,
most of these studies were performed in vitro, except in two cases
where it was conclusively demonstrated that cellular proteins are
indeed modified in living cells [14,44]. This is the case with
GRP78/BiP, a chaperone resident in the endoplasmic reticulum,
which is endogenously ADP-ribosylated in intact cells [44,45].
This modification involves oligomerization of the protein to an
inactive form and is promoted by conditions depleting the
endoplasmic reticulum of processable proteins [46]. More re-
cently, mitochondrial glutamate dehydrogenase has been shown
to be inactivated by cysteine mono-ADP-ribosylation in living
cells [47]; however, the nature of the enzyme involved in this
modification has not been clarified. Thus evidence is emerging
that reversible mono-ADP-ribosylation controls the activity of
signalling molecules in a way that might be analogous to the
better understood system of reversible protein phosphorylation.

It is well known that the physiological processes regulated by
the G-protein Sy dimer are mediated by interactions between
pv and several target molecules, including adenylate cyclases,
PI 3-kinase, PLC-# and ion channels [5,6]. Mono-ADP-ribosyl-
ation of the / subunit occurs on Arg-129 [14], a residue located in
the region of the f subunit that has been characterized as the
common effector-binding surface [35-38]; thus this modification
might be crucial in blocking £y activity in general. In the present
study, we demonstrate that endogenous mono-ADP-ribosylation
of the G-protein f subunit abolishes its ability to activate
purified PI 3-kinase-y and an enriched preparation of PLC-42.
These two effector enzymes were selected because of their well-
known direct interactions with the Sy subunit that take place
during their G-protein-dependent modulation [19,20]. Thus, in
line with this concept, the most linear interpretation of our
results is that the ADP-ribose on the modified fy subunit
prevents the interaction with these effectors. One cannot exclude
the possibility that an indirect modulation of PI 3-kinase-y and
PLC-42 by fy may also take place. However, this indirect
mechanism would not change the original hypothesis and con-
clusion of these experiments, i.e. that once mono-ADP-ribosylat-
ed, the £y subunit is unable to modulate fy-dependent enzymes,
such as PI 3-kinase-y and PLC-42. Thus these results greatly
strengthen the proposal that mono-ADP-ribosylation can be a
general signal-termination mechanism for Sy activity. It is
noteworthy that, like the # subunit of trimeric G-proteins, other
cellular proteins involved in signalling and cell organization,
such as GRP78/BIP, integrin o7, desmin and CtBP/BARS, are
substrates of mono-ADP-ribosylating enzymes [41,42,46,48-50].
In all these cases, it has been demonstrated that ADP-ribosylation
leads to protein inactivation.

The fy-mediated regulation of effectors requires agonist stimu-
lation of G-protein-coupled receptors [6]. To evaluate whether
the active fy heterodimer released upon agonist stimulation of
G-protein-coupled receptors could be endogenously mono-ADP-
ribosylated, we examined the level of the [**PJADP-ribosylated
subunit formed on acute stimulation of CHO plasma membranes
with different agonists through their specific receptors. Thus we
employed agonists of the G-protein-coupled P2Y2 purinergic
receptor [51], the thrombin receptor [52] and the CCKA chole-
cystokinin receptor [53], all coupled with PLC via Gq; and of the
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serotonin (5-HT 1B-like) receptor, which is coupled via a pertussis
toxin-sensitive G-protein to mitogen-activated protein kinase
activation [54]. All these agonists (UTP, thrombin, CCKS8 and
5-HT) induce an increase in f subunit [**PJADP-ribosylation,
indicating that the active fy heterodimer released from different
classes of G-proteins, such as Gq and G,, can be a substrate for
the endogenous mono-ADP-ribosyltransferase. This receptor-
induced increase in £ subunit [**PJADP-ribosylation might appear
low (ranging from 50 to 809,); however, this is not surprising
since only a subset of G-proteins specifically coupled with the
activated receptor is involved in the reaction. Indeed, non-
specific activation of G-proteins by mastoparan resulted in a
remarkable stimulation of the # subunit mono-ADP-ribosylation
(up to 6-fold in the presence of mastoparan 7; results not
shown). Mastoparan is a well-known receptor mimic: it activates
trimeric G-proteins by interacting with the C-terminal domain of
the o subunit [39,55], thus inducing the release of active fy
heterodimer. Pretreatment of CHO cells with pertussis toxin
partially decreased the effect of mastoparan 7, with approx. 60 9,
of the mastoparan 7-induced stimulation of £ subunit mono-
ADP-ribosylation being pertussis toxin-insensitive. Our results
thus indicate that mastoparan 7 may activate § subunit mono-
ADP-ribosylation in CHO membranes by both activating hetero-
trimeric G-proteins and indirectly through an interaction with
the ADP-ribosyltransferase or with other plasma membrane,
pertussis toxin-insensitive factors affecting the ADP-ribosyltrans-
ferase activity; this is thus similar to that demonstrated for the
nucleoside diphosphate kinase [56].

Altogether, these results demonstrate that the receptor-released
[ heterodimer is modified and support the hypothesis that cell
activation due to stimulation of G-protein-coupled receptors
could lead to the inhibition of fy activity through its mono-ADP-
ribosylation. In agreement with this, when the gy heterodimer
was inhibited by incorporation into an inactive trimeric complex
by preincubation with equimolar amounts of purified GDP-«i3,
its mono-ADP-ribosylation was markedly reduced (Figure 5),
further indicating that the # subunit can be modified only when
it is in its free, heterodimeric, active conformation.

It should also be considered that aside from the release of
the Sy heterodimer, the mechanism of receptor-induced ADP-
ribosylation could involve a direct activation of the cellular
transferase. Recent reports have in fact indicated that G-protein-
coupled receptors interact with a variety of cellular molecules
in addition to heterotrimeric G-proteins, including the adaptor
molecule arrestin, primarily involved in targeting these receptors
for endocytosis, and the small G-proteins Rho and Arf[57]. Thus
the transferase could also be among the direct interactors of
these receptors, although no data are available at present to
substantiate this hypothesis. The mechanisms involved in this
hormone modulation are presently being investigated.

Another possibility is that mono-ADP-ribosylation represents
a regulatory mechanism that can block the fy complex when
its activity is not required, for instance when heterotrimeric
G-proteins are activated (by hormonal stimulation), but only the
o subunit activity is needed. In other words, receptor activation
would result in a short-lived increase in the free fy heterodimer,
which can be subject to subsequent inactivation by ADP-ribo-
sylation.

Thus consideration of any of the mechanisms proposed above
leads to the conclusion that the £ subunit mono-ADP-ribosyla-
tion cycle can have a regulatory role in modulation of G-protein-
mediated signalling. Full elucidation of the physiological control
of the fy ADP-ribosylation will be possible only after the
molecular characterization of the specific enzyme(s) involved in
this reaction.
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