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The simultaneous activation of many distinct G protein-
coupled receptors (GPCRs) and heterotrimeric G proteins
play a major role in various pathological conditions. Pan-in-
hibition of GPCR signaling by small molecules thus repre-
sents a novel strategy to treat various diseases. To better
understand such therapeutic approach, we have character-
ized the biomolecular target of BIM-46187, a small molecule
pan-inhibitor of GPCR signaling. Combining biolumines-
cence and fluorescence resonance energy transfer techniques
in living cells as well as in reconstituted receptor-G protein
complexes, we observed that, by direct binding to the Ga
subunit, BIM-46187 prevents the conformational changes of
the receptor-G protein complex associated with GPCR acti-
vation. Such a binding prevents the proper interaction of
receptors with the G protein heterotrimer and inhibits the
agonist-promoted GDP/GTP exchange. These observations
bring further evidence that inhibiting G protein activation
through direct binding to the Ga subunit is feasible and
should constitute a new strategy for therapeutic intervention.

G protein-coupled receptors (GPCRs)? represent the largest
superfamily of signaling proteins with a very high impact on
drug discovery (1). Approximately 30% of the current drug tar-
gets are indeed GPCRs and these latter are involved in all major
disease areas (2). The classical drug discovery process selects
and optimizes compounds that interact selectively with a spe-
cific receptor (1), but recent reports show that certain critical
conditions such as cancer (3) or pain (4) are driven by the con-
comitant activation of many different GPCRs (5). Novel thera-
peutic strategies could therefore emerge from the simultaneous
blockade of the various GPCRs involved in such pathologies.
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The GPCR signaling downstream cascade triggers several pro-
tein/protein interactions that may be blocked or modulated by
small molecules (6). Such protein/protein interactions involve
the GPCR transmembrane domain and the heterotrimeric G
protein complex, composed of an « subunit (Ge) and a By
dimer (GBvy), which interact sequentially with several partners
(e.g. guanine nucleotides, effectors, and regulatory proteins) (7).
This offers multiple possibilities to develop small molecules
controlling heterotrimeric G protein signaling (6, 8, 9). For
example, Higashijima et al. (10, 11) showed that Mastoparan, a
peptide toxin from wasp venom, directly acts on G proteins to
mimic the role played by the activated receptors. The anti-hel-
minthic drug Suramin and some analogs represent a second
class of compounds that directly interact with G proteins and
interfere with nucleotide exchange (12—-14). Small molecules
modulating regulator of G protein signaling proteins have also
been proposed for drug development (15). More recently,
Bonacci et al. (16) have described fluorescein analogs that dis-
play central pain relief activity via binding to the GB7y subunits.
From our own group, we have reported iz vivo inhibition of the
GPCR signaling pathway by two closely related imidazopirazine
containing small molecules, displaying potent antiproliferative
activity (BIM-46174) (17) and potent pain relief activity (BIM-
46187) (18).

Here, we examined the molecular mechanisms underlying
the biological activity of BIM-46187 with the various constitu-
ents of the GPCR signaling pathways. We report that this small
molecule prevents GPCR-G protein signaling through a selec-
tive binding to the Ga protein subunit. Our results support the
concept of targeting and inhibiting the heterotrimeric G pro-
tein complex as an approach to treat certain pathologies involv-
ing simultaneous activation of several GPCRs and/or heterotri-
meric G proteins.

EXPERIMENTAL PROCEDURES

Chemicals, Reagents, and Plasmids—The cDNA of PARI,
PAR2, LPAR], and B2-adrenergic receptors in pcDNA3.1 were
purchased from cDNA Resources Center (Rolla, MO). Plasmids
encoding for 5-HT4a, 5-HT2c, and V2 receptors were gener-
ously provided by Dr. S. Claeysen, Dr. P. Marin, and Dr. T.
Durroux, respectively (Institut de Génomique Fonctionnelle,
Montpellier, France). Serotonin, GABA, LPA, and forskolin
were purchased from Sigma. Isoproterenol is from Tocris
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Cookson Inc. (Ellisville, MO). AVP is from Bachem (Bubendorf,
Switzerland). Thrombin was from Calbiochem Merck. FUB132
was prepared as described by Breitweg-Lehmann et al. (19).

Plasmid Construction—For the BRET assay between recep-
tors and G proteins, we used protease-activated receptors
(PAR1 and PAR2) and V2 vasopressin receptors fused to YFP at
their C terminus. These constructs were previously reported
and shown to have similar pharmacological and functional
properties as the wild-type receptors (20) (21). For the Ga-Rluc
fusion proteins, the Renilla reniformis luciferase (Rluc) was
fused to the G protein « subunits Gy, Ger,, Ga;,, and Gog in
the loop between helices @A and B in the h-a domain, after
residues Ile®?, Val®?, Tle''”, and Ala'®®, respectively, as previ-
ously described for Ga;; (20). Such tag insertion at that position
in Gy, (22), Ga, (23), and G, (22) was previously shown not to
affect their activation by GPCRs nor their action on effectors.
The same was also observed with Ga,,.* For BRET between G
protein subunits, we used the Venus-tagged G, subunit gen-
erously provided by Dr. C. Galés (INSERM U858, Toulouse,
France) (24) and YFP-tagged Gf3, generated by creating the
EcoRI restriction site 5" of the pcDNA.1-GB; plasmid (form
c¢DNA Resources Center), and then the PCR product of YFP
c¢DNA bearing EcoRI siteson 5" and 3’ was inserted at the EcoRI
site. Changes in intrinsic tryptophan fluorescence of Ge; upon
the addition of AIF were carried out as described by Medkova
et al. (25).

BRET Measurements—CQOS-7 cells were transiently trans-
fected by electroporation with the indicated constructs, and
24 h after transfection they were washed with PBS and prein-
cubated or not 2 h at 37 °C with BIM-46187 at the indicated
concentrations in serum-free DMEM. The cells were then
washed and resuspended in PBS, and BRET measurements
were performed after the addition of drugs at the indicated
concentrations and the luciferase substrate, Coelenterazine h
(5 mm), as previously reported (20). BRET signals were
expressed in milliBRET units of BRET ratio as previously
described (26). The data represent the BRET ratio for each con-
centration of BIM-46187 under basal and agonist-stimulated
conditions. The curves were fitted with a nonlinear regression
and sigmoid dose-response equation using Prism GraphPad
software (San Diego, CA).

In Vitro Assays Using Purified G Protein/Receptor—The
BLT1 receptor was produced and reconstituted in asolectin
vesicles as recently described (27). The Gey, and By proteins
were also purified as previously described (28). The nucleotide
exchange assay was carried out as described by Oldham et al.
(29). The basal rate of GTPvS binding was determined by mon-
itoring the relative increase in the intrinsic fluorescence (A, =
300 nm, A,,,, = 345 nm) of Ge; in the presence of BLT1 and By
in buffer containing 10 mm MOPS (pH 7.2), 130 mm NaCl, and
2 mMm MgCl, for 40 min at 15 °C after the addition of 10 mm
GTP~S. Similarly, the receptor-catalyzed rate was measured
under the same conditions in the presence of 50 um LTB4. The
data were normalized to the fluorescence maximum (100%).
For the FRET experiments, BLT1 was labeled with Alexa-488 at
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a unique reactive cysteine located at position 51 in the first
intracellular loop, whereas the Ga;, protein used with a unique
reactive cysteine at position 3 and recombinant B-arrestin-1
with a single reactive cysteine at position 172 (30) were labeled
with Alexa-568 (the production and characterization of these
mutants will be described elsewhere).” We used the procedure
described by Hickerson and Cunningham (31) for derivatiza-
tion of these cysteine residues. Fluorescence spectra were
recorded at 25 °C between 500 and 750 nm on a Cary Eclipse
spectrofluorimeter with an excitation at 480 or 570 nm. Buffer
contributions were systematically subtracted. All of the exper-
iments were carried out in the presence of saturating concen-
trations in LTB4 (1 uMm). Nonspecific FRET was taken into
account by subtracting from the observed signal that measured
under the same conditions when using Gay labeled at its N
terminus with Alexa-568 instead of Goy,.

cAMP Production Measurement—The determination of the
cAMP accumulation in COS-7 cells was performed in black
96-well microplates using the cAMP Dynamic kit according to
the manufacturer’s instructions (CisBio International, Bagnols
sur Ceze, France). Briefly, the cells were pretreated with the
indicated concentrations of BIM-46187 for 2 h at 37 °C and
stimulated 30 min at 37 °C with the indicated agonists in diluent
buffer (50 mm phosphate buffer, pH 7.0, 0.2% bovine serum
albumin, 0.02% NaNj,, and preservatives). The reaction was
stopped by 0.5% Triton X-100 containing HTRF® assay
reagents: the Europium Cryptate-labeled anti-cAMP anti-
body and the d2-labeled cAMP. The assay was incubated for
1hat4 °C, and Europium Cryptate fluorescence and the time
resolved FRET signal at 620 and 665 nm were measured 50
ws after excitation at 337 nm using a RubyStar instrument
(BMG Labtechnologies, Champigny-sur-Marne, France).
The data represent cAMP levels in pmol/well calculated
from the calibration curve generated with the increasing
concentrations of cAMP added in the assay according to the
manufacturer’s instructions. Dose-response curves were fit-
ted using Prism GraphPad software.

IP1 Production Measurement—The determination of the IP1
accumulation in COS-7 cells was performed in black 96-well
microplates. The cells were incubated 1 h at 37 °C in the stim-
ulation buffer (10 mm Hepes, pH 7.4, 1 mm CaCl,, 0.5 mm
MgCl,, 4 mm KCl, 146 mm NaCl, 5.5 mm glucose, and 50 mm
LiCl) containing the indicated agonists. The cells were then
lysed by adding the HTRF® assay reagents, the Europium Cryp-
tate-labeled anti-IP1 antibody, and the d2-labeled IP1 analog,
previously diluted in a the lysis buffer containing 1% Triton
X-100. The assay was incubated for 1 h at room temperature,
and Europium Cryptate fluorescence and the time resolved
FRET signal were measured 50 us after excitation at 337, 620,
and 665 nm, respectively, using a RubyStar instrument (BMG
Labtechnologies, Champigny, France). The data represent IP1
levels in pmol/well calculated from the calibration curve gen-
erated with the increasing concentrations of IP1 added in the
assay according to the manufacturer’s instructions. Dose-re-
sponse curves were fitted using Prism GraphPad software.
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FIGURE 1. BIM-46187 inhibits several GPCR downstream signaling pathways. A, chemical structure of BIM-46187. B and C, BIM-46187 inhibits cCAMP
accumulation (B) or IP1 (C) induced by activation of the indicated GPCR transiently expressed in COS-7 cells. Agonist concentrations used were: AVP (1 um for
V2 vasopressin), isoproterenol (10 um for B2-adrenergic), serotonin (10 um for 5HT4a), forskolin (10 um on mock cells), thrombin (5 units/ml for PAR1), LPA (10
um for LPA1), and GABA (100 um for GABAb coexpressed with Gay,io). The data are the means = S.E. from triplicate determinations from a representative
experiment of three independent experiments. D, SRE-Luc gene reporter assay on cells transiently expressing PAR1 and stimulated by thrombin (5 units/ml) for
6 h after pretreatment overnight with Pertussis toxin (200 ng/ml) or 2 h with U73122 (10 um), Y27632 (10 um), or BIM-46187 (10 uMm). E, SRE-Luc gene reporter
assay on cells co-expressing SRE-Luc gene reporter without or with PAR1 and stimulated with thrombin (5 units/ml) or serum (10%) for 6 h after their
pretreatment for 2 h with BIM-46187 (10 um). The data are the means = S.E. from triplicate determinations from a representative experiment of three
independent experiments.

Intracellular Calcium Release Assay—The FLIPR calcium
assay kit (Molecular Devices), a fluorescent assay, has been o
. L . L. Effect of BIM-46187 on GPCR-G protein signaling
used for detecting changes in intracellular calcium in intact "y .
L. X IC,, values of BIM-46187 on GPCR agonist-induced cAMP or IP1 production
cells measured on FLIPR (fluorometric imaging plate reader)  determined from experiments shown in Fig. 1.

TABLE 1

according to the manufacturer’s instructions (Molecular BIM-46187-inhibited BIM-46187-inhibited
Devices). Briefly, human melanoma cancer cells A2058 were IP1 production cAMP production
plated in 96-well plates at a density of 300,000 cells/well in Receptors ICs (1 =3) Receptors IC50 (n = 3)
DMEM containing 10% fetal calf serum, 1% glutamine, and M M
antibiotics at 37 °C in 5% CO, humidified atmosphere. When Eg}&l i’:g i 8:; B2\f 12\R %:(7) i 8:;
reaching confluent monolayer, the cells were preincubated for 5-HT2c 2.0 %07 5-HT4a 1.0+0.2
30 min with BIM-46187 as previously described (17). GABAb 21+10

29138 JOURNAL OF BIOLOGICAL CHEMISTRY YASHEMBN  VOLUME 284-NUMBER 42+ OCTOBER 16, 2009



Small G Protein Activity and Tyrosine Phosphorylation of
Focal Adhesion Kinase (FAK)—The activation status of the
small G protein Racl was quantified by pull-down assays in
human colon cancer cells HCT8/S11 using PAK-1 immunopre-
cipitates as described (32, 33). GTP-bound and total levels of
Racl were then detected by immunoblotting using the corre-
sponding antibodies. The relative intensity of the autoradio-
graphic bands was determined with the National Institutes of
Health Image software system. Tyrosine phosphorylation of
FAK at Tyr”*® by the epidermal growth factor receptor signal-
ing pathways in HCT8/S11 cells treated with epidermal growth
factor was monitored by Western blots using the phospho-FAK
Tyr??® polyclonal antibody (Alsace Biovalley, Illkirch, France),
as described (33).

Assessment of Agonist-stimulated SRE-Luc Activity—24 h
post-transfection of the serum-responsive element-lucifer-
ase gene reporter (SRE-Luc) without or with PAR1, COS-7
cells were washed with PBS and switched to serum-free
DMEM overnight. The cells were then pretreated or not
with: pertussis toxin (200 ng/ml, overnight), U73122 (10 uMm
for 2 h), Y27632 (10 uM for 2 h), or BIM-46187 (100 um for
2 h), as indicated. For the last 6 h, the cells were stimulated
with Me,SO, thrombin, or serum (10%) in the serum-free
DMEM at 37 °C. The luciferase activity in cell extracts was
then measured using the luciferase assay system (Promega
Corp.) following the manufacturer’s protocol using the
Mithras LB 940 instrument.

Circular Dichroism Measurement—The CD spectra are the
averages of five scans using a bandwidth of 2 nm, a step width of
0.2 nm, and a 0.5-s averaging time/point. The cell path lengths
were 1.00 mm and 2.00 cm (far- and near-UV measurements,
respectively). [0] are mean residue (M, = 115) molar elliptici-
ties. Absorbance values in the 1 range were used to avoid any
saturation of the photomultiplicator.

RESULTS

BIM-46187 Inhibits Heterotrimeric G Protein Downstream
Signaling in Whole Cells—The effects of BIM-46187 (Fig. 1A)
on the downstream signaling of various GPCR-G protein com-
plexes were observed in whole cells, monitored by cyclic AMP
production and IP1 production. Preincubation of cells with
BIM-46187 dramatically inhibited both agonist-promoted
cAMP production (Fig. 1B) and IP1 (Fig. 1C) mediated by all
tested GPCR agonists. BIM-46187 activity was found to be
concentration-dependent (Table 1), irrespective of any specific
G protein-mediated events or any given activated GPCR. On
the other hand, BIM-46187 was ineffective on forskolin-in-
duced cAMP production (Fig. 1B). This diterpene is known to
act directly on the adenylyl cyclase, suggesting that BIM-46187
acts directly on the receptor-G protein complex rather than on
any downstream signaling proteins.

To further demonstrate the pan-inhibitory effect of BIM-
46187 on G protein-mediated signaling, we used the SRE-
Luc gene reporter assay combined to the PARI1, which is
known to activate many different G proteins including G,
Ga,, and Ga, ;3 (34, 35). By using selective inhibitors of G
proteins or their downstream effectors (pertussis toxin for

Gay,,, U73122 for Ga,/PLC, and Y27632 for Ga;,/ROK), we
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FIGURE 2. BIM-46187 specifically inhibits heterotrimeric G protein down-
stream pathways. A, BIM-46187 inhibits the cyclic AMP accumulation in the
MCEF-7 cells treated with increasing concentrations of the G protein « subunit
activator cholera toxin. B, BIM-46187 specifically inhibits the endothelin-in-
duced calcium release in the A2058 cells without effects on the ionophore
induced calcium release. C, BIM-46174 was ineffective to down-regulate the
activation status of Rac1-GTP in human colon cancer cells HCT8/S11 cultured
for 1 or 20 h in the presence of the G protein inhibitor. Similar data were
obtained with BIM-46187 (1 mm, 10 min of incubation) in HCT8/511 cells cul-
tured under standard conditions. The data are representative of three sepa-
rate experiments.

confirmed that PAR1 can activate the SRE-Luc reporter
through different G protein-mediated signaling pathways
because these selective inhibitors have only a partial effect
on thrombin-stimulated SRE-Luc activity (Fig. 1D). In con-
trast, BIM-46187 completely blocked the effect of thrombin,
indicating that BIM-46187 is able on its own to block simul-
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FIGURE 3. BIM-46187 inhibits agonists mediated effect on receptor-G protein complexes in living cells.
A, for BRET experiments, G proteins and receptors were fused to energy donor (Rluc) and energy acceptor (YFP),
respectively. B-F, BRET experiments were performed in COS-7 cells transiently co-expressing PART-YFP and
Gay;-Rluc (B), Gery-Rluc (€), Gaq ,-Rluc (D), and Rluc-B-arrestin 1 (F) or V2-YFP and Ga,-Rluc (E). The cells were first
pretreated with BIM-46187 and then stimulated with PBS ([), Thrombin 5 units/ml (A), or AVP 10 um (@). The
data are the means = S.E. from triplicate determinations from a representative experiment of at least three
independent experiments. DMSO, dimethyl sulfoxide.

To ensure the specificity of BIM-
46187 on the heterotrimeric G pro-
tein-mediated signaling pathway,
Fig. 2 shows that BIM-46187 fully
prevents the cAMP production
directly activated by the G protein
subunit « agonist cholera toxin in
the human tumoral cells MCE-7
(Fig. 2A4). In addition, BIM-46187
inhibited the endothelin-stimulated
calcium release in human mela-
noma cells, whereas no effect was
observed when the calcium release
was activated by a G protein-inde-
pendent stimulus, such as the iono-
phore A23187 (Fig. 2B). Third, we
investigated the possible interfer-
ence of the GPCR signaling inhibi-
tors on the activation status of the
Racl small G protein in HCT8/S11
cells. Specifically, BIM-46174 was
ineffective at reducing the activated
form of Racl-GTP in HCT8/S11
cells (Fig. 2C). In addition,
BIM-46187 showed no interference
on the epidermal growth factor
receptor-induced tyrosine phos-
phorylation of FAK at the Tyr®**
motif involved in cancer cell motil-
ity, invasion, and angiogenesis (sup-
plemental Fig. S1). Consistently,
BIM-46174 does not affect the for-
mation of capillary-like structures
by human umbilical vein endothe-
lial cells stimulated with the tyro-
sine kinase receptor ligands vascu-
lar endothelial growth factor and
fibroblast growth factor (data not
shown). Taken together, these
data indicate that BIM-46187 is a
specific pan-inhibitor of GPCR/
heterotrimeric G protein signaling
in living cells.

BIM-46187 Prevents GPCR-me-
diated G Protein Activation in
Living Cells as Monitored by BRET—
The pan-inhibitory nature of BIM-
46187 implies that this compound
would act directly on the G protein
heterotrimer. To confirm this mode
of action, we used a recently described
BRET approach to directly monitor
G protein activation in living cells
(20, 24). This assay is based on the

taneously all of these G protein pathways (Fig. 1D). Such an  conformational change of the receptor-G protein complex
effect of BIM-46187 was specific on PARI-mediated G pro- upon activation. We examined the effects of BIM-46187 on the
tein activation pathway because it has not been observed GPCR-mediated activation of four types of G proteins, tested in
when the SRE-Luc was induced by serum (Fig. 1E). two distinct models: 1) PAR1 and its coupling to Ge;; or Ga,,, or
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TABLE 2
Effects of BIM-46187 on BRET between PAR1 and Ga proteins

BIM-46187 Specifically Binds Ga Subunit

The table summarizes data represented in Fig. 3 including the effect of BIM-46187 (100 uMm) on the basal BRET and thrombin-promoted BRET increase between Ga -Rluc

and PAR1-YFP.

Basal BRET (z = 3)
BRET couple

Thrombin-induced BRET increase (n = 3)*

Control BIM-46187 (100 M) 1C;, Control BIM-46187 (100 M) IC;,

o ot
Ga;;-Rluc/PAR1-YFP 156 * 16 99 *+ 17 18 +7.3 51=*3 6=*3 7*24
Ga,-Rluc/PAR1-YFP 136 £ 18 79+ 16 14 =35 27 +15 6*1 5+03
Ga,,-Rluc/PARL-YFP 41 +£5 206 0.6 0.3 48 =11 10+1 2.4 * 0.8

“ Thrombin-induced BRET increase = BRET in the presence of thrombin — basal BRET.

Ga;, and 2) V2 vasopressin receptor coupled to Ga,. BRET
measurements were performed on cells co-expressing PAR1-
YFP or V2-YFP and Ga-Rluc fusion proteins, before and after
receptor activation with thrombin or AVP, respectively (Fig.
3A). In all cases (Fig. 3, B—E), pretreatment of the cells with
BIM-46187 totally inhibited the agonist-promoted BRET
changes in a concentration-dependent manner (Table 2). Inter-
estingly, even at high concentration, BIM-46187 only partially
inhibited the basal BRET signal measured between the receptor
and the Ga subunit. This indicates that BIM-46187 does not
prevent the receptor/G protein preassembly responsible for the
basal BRET signal (24). Such an effect of BIM-46187 seems
highly specific to the BRET signal measured between a receptor
and the G protein because no effect was observed on PAR1- or
PAR2-mediated B-arrestin 1 recruitment (30) (Fig. 3F). To
ensure that there is no interference between the BRET meth-
odology and BIM-46187, we have shown that BIM-46187 has
no impact on the BRET signal measured between the mem-
brane GABAb subunits, GB1 and GB2, obligated to form an
heterodimer (supplemental Fig. S2). These data are further
consistent with a direct effect of BIM-46187 on the receptor-G
protein complex in living cells to prevent G protein activation.

BIM-46187 Inhibits the Physical Interaction between a
Ligand-activated GPCR and the Heterotrimeric G Protein in
Vitro—We then used a reconstituted receptor-G protein com-
plex to directly monitor the action of BIM-46187 (28). These
experiments were carried out with a BLT1 receptor carrying a
fluorescence donor (Alexa-488) in its first intracellular loop and
a Goy,B; Y, complex where the a subunit was labeled with the
acceptor (Alexa-568) at the level of Cys® in the N-terminal
region (Fig. 44). Under these conditions, a significant FRET
signal was measured between the agonist-activated receptor
and the G protein trimer (Fig. 4B). BIM-46187 completely
inhibited this FRET signal (absence of the peak at 603 nm) (Fig.
4B) in a concentration-dependent manner (IC;, = 3.9 X 1077
M) (Fig. 4C), suggesting that BIM-46187 directly affects the
topology of the complex between the G protein and the agonist-
activated BLT1 receptor. Again, the specificity of such an effect
on receptor-G protein interaction was nicely illustrated by the
complete absence of BIM-46187 effect on the direct interaction
between the purified BLT1 receptor and B-arrestin using a sim-
ilar FRET-based assay (Fig. 4C). Similar data were obtained
using a light scattering-based assay (data not shown). These
results are concordant with the BRET data obtained in living
cells and confirm that BIM-46187 selectively prevents proper
assembly of the activated receptor with its associated G protein
and blocks of the signal transduction.
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BIM-46187 Inhibits GDP/GTP Exchange on the Isolated Sub-
unit a—To further decipher the action of BIM-46187 on G
protein signaling, we again used a cell-free assay where the puri-
fied BLT1 receptor, reconstituted with purified trimeric
Ga;, 3,7, proteins, triggers G protein activation in an LTB4-de-
pendent manner. G protein activation is monitored by meas-
uring GTP+S incorporation in Ga;, (28). As shown in Fig. 4C,
BIM-46187 suppressed BLT1-dependent GTP+S binding in a
concentration-dependent manner (IC., = 3.6 X 10~ M), indi-
cating that this compound directly acts on the receptor-cata-
lyzed G protein activation. The IC,, value observed in this cell-
free assay is similar to that deduced from the FRET data shown
in Fig. 4C, indicating that both processes are likely to be closely
related. The effect of BIM-46187 on G protein complex activa-
tion results from a direct action on the G protein, because it also
fully inhibits the activating effect of mastoparan (37), a direct
activator of heterotrimeric G proteins (Fig. 4D). This inhibition
is concentration-dependent with an IC, of 4.6 X 10~7 M, sim-
ilar to that obtained while inhibiting the receptor-catalyzed G
protein activation. To finally assess whether this effect is due to
a direct action on G, we monitored the effects of BIM-46187
on FUB132-induced GTP+vS binding using the isolated Ge; sub-
unit. FUB132 is a selective receptor mimetic for G;,, that stim-
ulates GTP binding independently of the GB7y dimer or lipids
(19). As clearly shown in Fig. 4E, BIM-46187 (50 um) com-
pletely inhibited FUB132-induced GTP+S binding, indicating a
direct effect on Ga. This was confirmed by the inhibition of
AlF, -induced conformational changes of the purified Go;
intrinsic fluorescence observed in the presence of BIM-46187
(Fig. 4F). Our data are consistent with our biological studies
showing that ALF, -dependent collagen type-1 invasion of
tumoral cells is blocked by the monomer BIM-46174 (17).

BIM-46187 Prevents Molecular Rearrangements within
Ga-GBy Trimer Promoted by GPCRs—To investigate more in
depth the molecular mechanism of BIM-46187, we used the
BRET approach to examine the association between Ga, Gf3,
and Gy subunits and their molecular rearrangements following
GPCR activation (Fig. 5A). First, we found that BIM-46187 did
not affect the high basal BRET signal measured between Ge;; or
Ga,, and either GB; (Fig. 5B) or G, (Fig. 5C) subunits, indicat-
ing that BIM-46187 does not prevent the constitutive forma-
tion of the trimer Gafy. The absence of dissociating effect of
BIM-46187 on Gaf7y trimer was also observed in vitro. Indeed,
a similar size exclusion chromatography elution profile was
observed with a major peak corresponding to the heterotri-
meric G protein complex whether BIM-46187 was present or
not (Fig. 5D). Next, we examined the effect of BIM-46187 on the
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BIM-46187 Specifically Binds G Subunit

BRET changes between G protein subunits induced by various measured between Ga and GB or Gvy subunits (either an
activated GPCRs. Indeed, as reported by Gales et al. (24) acti- increase or a decrease, depending on the respective position of
vation of the receptor induced a change in the BRET signal the BRET partners in the G protein subunits), reflecting a con-
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FIGURE 5. BIM-46187 does not prevent Ga-GBy subunit association, but it blocks their molecular rearrangements upon agonist activation. A, the
interaction between Ge, GB,, and Gy, protein subunits was studied in living cells by BRET approach. For this, COS-7 cells were transiently cotransfected with
Ga;,-Rluc or Gao-Rluc and either YFP-G, (B) or Venus-GYy, (C) subunits, as indicated. The cells were then pretreated (l) or not () with BIM-46187 (100 wm) for
2 h at 37 °C, and BRET signal was measured. D, difference near-UV circular dichroism spectra obtained by subtracting from the spectra of a Ga;,-BIM-46187 or
GpB,7v,-BIM-46187 mixture the contribution of the individual components (Ge;, and BIM-46187 or Gf3,7y, and BIM-46187, respectively). E and F, for the
activation of G proteins, the cells were transiently cotransfected with Gao-Rluc and either YFP-GP, (E) or Venus-Gy, (F) subunits in the presence of various
GPCRsasindicated. The cells were pretreated (l) or not ((]) with BIM-46187 for 2 h and then stimulated with 5 units/ml thrombin (for PAR1), 10 um PAR2-Amide
peptide (for PAR2), 100 um GABA (for GABAD), and 10 um serotonin (for 5-HT4a), and BRET was immediately measured. G, dose response of BIM-46187 on
PAR1-promoted BRET changes between either Ge;;-Rluc () or Ga,-Rluc (A) and YFP-G, after thrombin stimulation. The data are the means * S.E. of three
independent experiments. DMSO, dimethyl sulfoxide.

formational rearrangement between the G protein subunits.  formational changes using CD. Adding BIM-46187 did not
We found that BIM-46187 largely inhibited the agonist-de- affect the far-UV CD profile of any of the G protein subunits,
creased BRET between Ga,-Rluc and YFP-Gf, (Fig. 5E) or indicating that this compound does not affect their secondary
between Ge,-Rluc and Venus-Grvy, (Fig. 5F) with all of the structures (data not shown). In contrast, BIM-46187 induced a
receptors tested (PAR1, PAR2, GABAD, and 5-HT4a). The marked effect on the near-UV dichroic properties of Gey, (Fig.
effect of BIM-46187 on the agonist-induced change in BRET  6A). This represents direct evidence for a rearrangement of the
between Ga-Rluc and YFP-GB; was dose-dependent with Ga three-dimensional structural features that certainly results
IC,, values of 4.7 £ 1.9 and 4.3 = 2.4 um for Goy; and Ge,,  from a direct binding of BIM-46187 to this subunit. In agree-
respectively (Fig. 5G), similar to those obtained for BRET ment with this assumption, titration of the changes in the ellip-
between Ga-Rluc and Venus-Gvy, (data not shown). These ticity as a function of BIM-46187 concentration gave a well
data are compatible with those obtained with the effect of BIM-  defined saturation plot (Fig. 6B). The affinity value inferred
46187 on BRET signal between Ga-Rluc and the receptor from this titration plot, i.e. 3.3 10™7 M, is close to that measured
PAR1-YFP (Table 2). Taken together, these data indicate that for the inhibition of GTP+S binding and the modulation of the
BIM-46187 prevents the molecular rearrangement between Gaa BLT1/G protein FRET signal (Fig. 4). In contrast, no effect on
and Gy subunits associated with their activation by a GPCR.  the CD properties of the GB7y dimer was observed, indicating

BIM-46187 Specifically Binds to the a Subunit Changing Its  that BIM-46187 does not affect its structure. The near-UV CD
Structural Features—We monitored the possible binding of changes obtained with the whole G protein trimer in the pres-
BIM-46187 to the G protein subunits and any associated con- ence of BIM-46187 were strictly identical to those reported

FIGURE 4. BIM-46187 inhibits the physical interaction between GPCR and the heterotrimeric G protein and the GDP/GTP exchange. A, fluorescence
emission spectra of the purified Alexa-488-labeled BLT1 receptor mixed with the G protein trimer G, 3,7y, Where the Gy, subunit is labeled with Alexa-568
in the presence of LTB4 (1 um) and in the absence or presence of BIM-46187. The absence of nonspecific FRET was assessed by using Ga,312 instead of
Ga;, 31, B, changes in the intensity of the 603-nm band as a function of BIM-46187 concentration (). Open triangles (A) correspond to the changes when
using Alexa-568-labeled B-arrestin 1 instead of Ga;,3;y». G, inhibition of BLT1-catalyzed GTP+yS binding on the purified Ge;, 3,7y by increasing concentrations
in BIM-46187. D, effects of BIM-46187 on GTP binding induced by the GPCR peptidomimetic Mastoparan-7. The data are the means = S.E. of three independent
experiments. E, effects of BIM-46187 on FUB132-induced GTP binding to isolated G;,. The data are normalized to the maximal effect observed in the absence
of BIM-46187. F, effects of BIM-46187 on AlF, -induced fluorescence changes of Ga;,. The data are normalized to the maximal effect observed in the absence
of BIM-46187. The data are the means = S.E. of three independent experiments. DMSO, dimethyl sulfoxide.
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BIM-46187 Specifically Binds Ga Subunit

cells, in vitro FRET experiments
with reconstituted system indicate
that this inhibitory effect could be
due to a change in the geometrical
features of the activated GPCR-G
protein complex. It is interesting to
note that the concentrations for BIM-
46187 activity are comparable in the
various cellular assays reported
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FIGURE 6. Conformational changes of Ge;, following BIM-46187 binding. A, near-UV circular-dichroism
spectra of Gy, in the absence (closed circles) or the presence (open circles) of BIM-46187. B, variations in the
molar ellipticity at 280 nm as a function of BIM-46187 concentration. [6] is the ellipticity at a given BIM-46187

concentration, [6],,,, the ellipticity in the absence of BIM-46187.

above for the isolated G, (data not shown), indicating that the
binding and the subsequent conformational changes were iden-
tical whether the isolated Ga protein was alone or engaged in
the By trimer. Finally, as expected on the basis of the FRET
and BRET experiments reported above, BIM-46187 induced no
change in the CD properties of purified arrestin (data not
shown). Altogether, these data indicate that BIM-46187
directly binds to the Ga subunit in the Gay trimer and leads to
conformational changes of this subunit.

DISCUSSION

Heterotrimeric G proteins have for a long time been consid-
ered as potential drug targets (6, 13). Recently, antitumor activ-
ities and pain relief activity have been shown in animal models
using compounds interacting with GBvy subunits (16) or the
inhibitors of heterotrimeric G protein signaling (17, 18). Here,
we characterize the molecular target of BIM-46187, previously
shown to efficiently reduce tumor progression (17) and pain
(18). By combining biochemical, biophysical, and pharmaco-
logical approaches, we demonstrate that BIM-46187 blocks
GPCR signaling mediated by all heterotrimeric G proteins (G,,
G/ Gy and G;,). We showed using BRET and FRET ap-
proaches that BIM-46187 affects the way GPCRs and heterotri-
meric G proteins interact both in living cells and in a purified
and reconstituted GPCR-G protein complex. Finally, we bring
evidence that BIM-46187 directly interacts with the Ga subunit
blocking the GDP/GTP exchange on the Ga subunit within the
entire complex or on the isolated subunit. This binding pre-
vents the dissociation and/or molecular rearrangements of
GaBy trimer without affecting the constitutive preassembly
between G protein subunits.

BRET datain living cells clearly indicate that BIM-46187 pre-
vents the receptor-mediated G protein activation and affects
the topology of preassembled receptor-G protein complexes
(20, 24, 38). This conclusion is also supported by the decrease in
the BRET signal induced by BIM-46187 and measured between
various types GPCRs and Gp+y subunits (data not shown).
These results were confirmed with an in vitro reconstituted
system composed of the purified LTB4 receptor BLT1 and its
cognate G protein partners (Ga;,[3,7,) where BIM-46187 fully
inhibited agonist-dependent receptor-catalyzed Ga activation.
Consistent with the data obtained by BRET techniques in living
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R Y 5 4 here. Lower concentrations were
required in in vitro reconstituted
systems, possibly because the com-
pound does not have to cross the
cell membrane.

Although inducing a change in
the conformation of the G subunit
and thus preventing its activation, BIM-46187 did not prevent
the formation of the heterotrimeric Ga;,-Gf3;y, complex in
vitro, as shown by size exclusion chromatography experiments.
This observation was confirmed by BRET measurements in liv-
ing cells, where BIM-46187 had no effect on the basal signal
between the three G protein subunits but blocked the agonist-
mediated changes in the BRET signal within active GPCR-G
protein complexes. Taken together, our data clearly indicate
that BIM-46187 directly affects the primary effects of GPCRs
on their cognate G protein heterotrimers.

Our measurements indicate that it involves a direct binding
to the Ga subunit leading to a BIM-46187-induced conforma-
tional change, as shown by circular dichroism. However, as
expected for a direct interaction of BIM-46187 with the G pro-
tein subunit, the compound had no effect on B-arrestin recruit-
ment by GPCR both in vivo and in vitro. The conformational
changes induced by BIM-46187 on Ga;, protein could directly
affect the molecular mechanism of Ge, activation or, alterna-
tively, any required relative movement of the Gy subunits rel-
ative to Ga associated with G protein activation. Our observa-
tion that BIM-46187 had no effect on GDP binding to Ga
indicates that BIM-46187 does not bind to the GDP-binding
site but may rather prevent required conformational changes in
Ga, necessary for GTP binding (data not shown). Further stud-
ies are required to precisely map BIM-46187 binding site, but
because of the nondiscriminating action of BIM-46187 in all
heterotrimeric G proteins tested, one may assume that this site
is well conserved in most G proteins.

Various heterotrimeric G protein inhibitors or antagonists
have been reported in the literature. Suramin has been reported
to be partially selective for G, (13), and more selective com-
pounds for G, have been identified by Hohenegger et al. (39).
Pertussis toxin is a selective inhibitor of the G;,, protein family
as well as small molecules reported by Breitweg-Lehmann et al.
(19). YM-254890 has recently been found to selectively block
the GTP/GDP exchange on G, proteins (36, 40). By contrast
to these selective inhibitors, our data indicate that BIM-46187
can be used as a pan-inhibitor of most heterotrimeric G pro-
teins. This pan-effect is broadly observed on all tested G protein
families including G, and Gea;, with no specific inhibitor
known so far. In addition, BIM-46187 could be very useful to
further investigate G protein-mediated events of GPCRs.
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Indeed we showed here that BIM-46187 did not affect 3-arres-
tin recruitment and could therefore be used to specifically dis-
tinguish between G protein-dependent and -independent sig-
naling pathways.

Regarding the chemical structure of BIM-46187, this com-
pound contains an intramolecular disulfide bridge, which begs
the question, is the reversible disulfide or free sulthydryl
required for activity? Because no irreversible disulfide can be
generated preserving the intact molecule, only indirect argu-
ments can be provided. The fact that the monomer BIM-46174
by itself displayed a G protein signaling inhibition (17) supports
an active role for the free sulthydryl form. However, the pres-
ence of the intramolecular disulfide bridge in BIM-46187 cer-
tainly modifies the kinetic of action with a prodrug behavior
compared with the monomer.

BIM-46187 has shown promising activities in animal models
that should support further therapeutic applications (17, 18).
As mentioned above, Bonacci et al. (16) have identified com-
pounds that bound to Gy subunits and showed that G protein
subunits have potential as a target for therapeutic treatment of
a number of diseases. Here, we bring additional evidence that
the direct modulation of G protein signaling may represent a
new therapeutic strategy for a number of diseases by using
small molecules such as BIM-46187.
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