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Heterotrimeric G proteins are essential mediators of intracel-
lular signaling of G protein–coupled receptors. The Gq/11 sub-
family consists of Gq, G11, G14, and G16 proteins, of which all but
G16 are inhibited by the structurally related natural products
YM-254890 and FR900359. These inhibitors act by preventing
the GDP/GTP exchange, which is necessary for activation of all
G proteins. A homologous putative binding site for YM-254890/
FR900359 can also be found in members of the other three G
protein families, Gs, Gi/o, and G12/13, but none of the published
analogs of YM-254890/FR900359 have shown any inhibitory
activity for any of these. To explain why the YM-254890/
FR900359 scaffold only inhibits Gq/11/14, the present study
delineated the molecular selectivity determinants by exchang-
ing amino acid residues in the YM-254890/FR900359–binding
site in Gq and Gs. We found that the activity of a Gs mutant with
a Gq-like binding site for YM-254890/FR900359 can be inhib-
ited by FR900359, and aminimum of threemutations are neces-
sary to introduce inhibition in Gs. In all, this suggests that
although the YM-254890/FR900359 scaffold has proven unsuc-
cessful to derive Gs, Gi/o, and G12/13 inhibitors, the mechanism
of inhibition between families of G proteins is conserved, open-
ing up the possibility of targeting by other, novel inhibitor scaf-
folds. In lack of a selective Gas inhibitor, FR900359-sensitive
Gas mutants may prove useful in studies where delicate control
over Gas signaling would be of the essence.

G protein–coupled receptors (GPCRs) comprise the largest
family of membrane-bound receptors in the human genome,
with ;800 genes (around half of which are olfactory) (1).
GPCRs regulate a range of important physiological functions in
humans (e.g. cardiac function (2), vascular tonus (3), immune
function (4), metabolism (5), and neurotransmission (6)). Con-
sequently, they have long been important drug targets, and it is
estimated that 34% of all drugs approved by the United States
Food and Drug Administration target GPCRs (7).

GPCR signaling is mainly mediated by heterotrimeric G pro-
tein complexes, a class of intracellular guanine nucleotide–
binding proteins comprised of Ga, Gb, and Gg subunits, which
can be precoupled to the receptor (8–10) before agonist bind-
ing. Upon receptor activation, a conformational change causes
the Ga subunit to exchange the prebound GDP with GTP,
which causes the heterotrimeric Gabg complex to dissociate
(11, 12). The Ga subunit is the major effector of downstream
signaling, but the Gbg dimer can also elicit downstream effects
(13). G protein signaling is eventually attenuated by hydrolysis
of GTP to GDP. Regulators of G protein signaling (RGS) accel-
erate the intrinsic GTPase activity of the Ga subunit, and GTP
hydrolysis restores the Gabg complex (11). There are 16 Ga
subunit–encoding genes in the human genome, and based on
their protein sequence and function, they can be divided into
four families: Gs, Gi/o, Gq/11, and G12/13 (11, 14).
Because virtually all known GPCRs couple to and elicit

effects via one or more of the four families of G proteins, the
elucidation of which G protein(s) a GPCR couples to provides
essential knowledge in understanding the physiological func-
tion of the receptor.Modulators of G protein activity, therefore,
constitute very important and powerful tools for studies of the
numerous cellular and physiological responses that depend on
G protein activity. As an example, identification of the G pro-
tein(s) involved in the observed response for a phenotypic
GPCR assay, such as Corning Epic dynamic mass redistribu-
tion, can be deconvoluted with selective G protein inhibitors
(15, 16). A selective inhibitor has been shown to inhibit tumors
driven by oncogenic mutations in Gaq and Ga11; thus, G pro-
tein inhibitors might also have therapeutic potential (17, 18).
Therefore, there is great interest in the development of selec-
tive modulators and inhibitors of all four families of G proteins.
The well-known pharmacological tool compounds capable

of modulating G protein function are the two bacterial toxins,
cholera toxin and pertussis toxin, that were discovered in the
early 1980s and found to activate Gs and inhibit Gi/o, respec-
tively (19, 20). Unfortunately, the complexity and size of the
bacterial toxins make them poor starting points for derivation
of modulators for other G protein families through rational
design by conventional medicinal chemistry approaches. How-
ever, a new class of natural G protein inhibitors emerged in the
early 2000s when several structurally similar depsipeptides
were isolated from the soil bacteria Chromobacterium sp.
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QS3666 and found to selectively inhibit the Gq/11 family with
nanomolar potency (21, 22). The most potent depsipeptide,
YM-254890, has been shown by biochemical approaches and
structural studies to inhibit exchange of GDP with GTP. The
inhibition is achieved by YM-254890 binding into a hydropho-
bic cleft between the Linker 1 and Switch I loops, which con-
nect the GTPase and helical domains of the Ga subunit (23)
(Fig. 1A).
FR900359, which is a natural structural analog of YM-254890,

isolated from the leaves of the East Asian plant Ardisia crenata,
also inhibits the Gaq, Ga11, and Ga14—but not Ga15/16—mem-
bers of the Gq/11 family (24). Despite the Gaq/11/14 selectivity,
inhibition by FR900359 has been introduced in Gai1 (25) and
Ga16 (26) by mutations, and sequence diversity between the G
protein families may thus provide an avenue for development of
novel selective inhibitors for these targets.
Other small-molecule inhibitors of G proteins have been dis-

covered, notably the imidazopirazines; BIM-46174 (27) and the
more stable BIM-46187 (28). The imidazopirazines are cell-
permeable nonselective G protein inhibitors (29) that stabilize
the non-guanine nucleotide–bound form of the G proteins
(30). Additionally, the anthelmintic drug suramin and its ana-
logs are inhibitors with partial selectivity for Gs, but also act on
Gi/o (31, 32), and are not well-suited as tool compounds, due to
their lack of cell membrane permeability (29).

Consequently, the FR900359/YM-254890 scaffold has been
considered the best lead in the derivatization of selective inhibi-
tors for other G protein families. Because the extent to which
the natural plant-derived FR900359 molecule could be modi-
fied was very limited (33), a synthetic pathway was needed to
fully probe the scaffold’s inhibitory potential at other G pro-
teins.We recently reported the first complete de novo total syn-
thesis of FR900359 and YM-254890 along with several novel
analogs (34) and have since examined the structure-activity of
the YM-254890 scaffold through the synthesis of analogs gen-
erated to cover virtually all regions of the chemical structure
(35–37). The 34 hitherto published analogs were characterized
in assays for the Gq/11, Gi/o, and Gs families of G proteins but
were intriguingly found to only possess inhibitory activity for
the Gq/11 proteins (34–37).
In the present study, we investigate the molecular determi-

nants for the Gq selectivity of FR900359 by swapping selected
Gas and Gaq residues in the YM-254890–binding site by muta-
genesis (23). The inhibitory activity of FR900359 was then
assessed on each of these mutant G proteins in HEK293 cells,
where the corresponding endogenous G protein family had
been knocked out by CRISPR/Cas9 genome editing, providing
a background-free system for investigating the effects of the
mutations. Herein we report the key amino acid residues re-
sponsible for FR900359’s selectivity at Gq compared with Gs, as

Figure 1. Structural effect of inhibitor binding and differences in the YM-254890/FR900359 binding site between Gq and Gs. A, superimposition of
YM-254890–bound Gaq (dark orange carbon atoms and cartoon representation, YM-254890 and GDP as sticks; PDB code 3AH8) and the GDP/Al41-activated
Gaq without inhibitor (light orange carbon atoms and cartoon representation; PDB code 5DO9) based on the GTPase domain shows a 2.8-Å inhibitor-induced
shift in the relative location of the helical domain (double arrow). B, superimposition of the inactive GDP-bound Gs (purple carbon atoms and cartoon; PDB
code 6EG8) and the GTPgS-activated Gs (cyan carbon atoms and cartoon; PDB code 1AZT) shows practically identical relative location of the GTPase and helical
domains. C, the depsipeptide-binding site in YM-254890-bound Gaq (as in A) superimposed on a homology model of Gas (gray carbon atoms and cartoon)
highlighting (sticks) the binding site residues (within 6 Å and side chains pointing toward YM-254890) that differ between Gaq and Gas. Val-182/Cys-186 is
included, as it is part of a hydrophobic network of amino acids having close vdW contact with each other and with YM-254890 (dotted lines). Labels indicate
one-letter amino acid codes and numbers in Gq/Gs. D, sequence alignment of the YM-254890–binding site region in Gaq and Gas, highlighting differing bind-
ing site residues (green). Residues in the red box are not part of the binding site but the hydrophobic network. Sequence numbers are from Gq.
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well as the first reported Gs proteins engineered to be amenable
to inhibition by FR900359.

Results

YM-254890 putatively stabilizes the inactive Gaq state
through a hydrophobic network

To evaluate G protein conformational changes associated
with depsipeptide inhibitor binding, we compared the struc-
tures of the inactive GDP-bound heterotrimeric YM-254890–
bound Gq protein complex (23) and the GDP=AlF24 -activated
monomeric Gaq (38). First of all, comparison of the latter with
other active state structures (e.g. with phospholipase C) (39)
displays very similar conformations (not shown), ruling out
influence from the co-crystallized effector, RGS8. Second,
superposition of the inactive and active Gq structures based on
the structurally conserved parts of the GTPase domain gave a
very good fit, showing that this domain is a rigid entity and can
be used as a reference domain when comparing Ga conforma-
tions (Fig. 1A). Based on this, we observe a rather large differ-
ence between backbone atoms in the helices of the helical do-
main. Thus, relative to the GTP-bound monomeric structure,
the GDP– and YM-254890–bound heterotrimeric complex
apparently entails a closure of the twoGaq domains moving 2.8
Å closer together as measured across the YM-254890–binding
site. The Switch I loop, which is in direct contact with YM-
254890 (23) and connects the two domains, also displays differ-
ent conformations, and both of these changes provide a tighter
fit to the depsipeptide inhibitor (Fig. 1A). In the absence of an
inactive state Gq complex without YM-254890, we per-
formed a similar comparison of active and inactive state het-
erotrimeric structures of Gi and Gs to get an impression of
how much of this conformational change is caused by bind-
ing of YM-254890. A much smaller displacement of the heli-
cal domain is observed for Gai1 (40, 41) (not shown),
whereas there is basically no domain movement when com-
paring the very recent inactive heterotrimeric Gs structure
(12) with an active state monomeric Gs structure (42) (Fig.
1B). Crystal structures only show snapshots of the dynamic
systems and may not reveal the full picture. However, these
differences indicate that binding of YM-254890, and not the
presence of GDP or Gbg, causes the marked conformational
change between the GTPase and helical domains plus the
switch I loops of the inactive and active Gaq structures.
Thus, as the basis for our attempt to introduce FR900359 in-
hibition in Gs by means of mutagenesis, we hypothesize that
FR900359 acts similarly to YM-254890 and that Gas can
undergo a similar conformational change as Gaq.
Focusing on the interactions between Gaq and YM-254890,

we identified a small network of hydrophobic residues, Phe-75,
Leu-78, Val-182, and Val-184, displaying van der Waals (vdW)
contacts to each other and parts of YM-254890 (Fig. 1C). In
the Gaq monomeric active structure, this “hydrophobic
cluster” is not as tight, which is best illustrated by the short-
est distance between Phe-75 and Val-184 being 6.1 Å,
whereas it is 3.7 Å in the heterotrimeric YM-254890–bound
structure. Thus, the hydrophobic interactions to YM-
254890 take part in tethering Val-184 in a position that pro-

motes the Switch I loop conformation and likely also pro-
motes the observed conformational change of the inhibitor-
bound structure (23). The structural differences between
YM-254890 and FR900359 include an isopropyl instead of
the methyl, which is in close contact with residues of the
hydrophobic network (Fig. 1C). As these hydrophobic con-
tacts play the largest role for the inhibition by FR900359
(26), this inhibitor was selected for the mutational studies
presented in this work.

Three differing binding site positions determine Gq versus Gs

FR900359 selectivity

To outline the differences between the established depsipep-
tide-binding site in Gaq and the putative inhibitor site in Gas,
we constructed a homology model of Gas in complex with
FR900359 (supporting information) and compared the amino
acids with side chains that do, or potentially could, interact
with YM-254890 and/or FR900359 (within 6 Å).Mapping these
positions in a sequence alignment, we found that 11 positions
near the inhibitor differ between the two Ga protein subtypes
(Fig. 1, C and D). To conduct a pharmacological evaluation of
the role of these differing residues in FR900359 inhibition, we
employed CRISPR/Cas9 genome-edited HEK293 cell lines
lacking Gaq/11 or Gas genes (referred to as DGq/11-HEK293
and DGs-HEK293, respectively). These cell lines have been
described previously in the literature (see “Experimental
procedures”) and provided cellular expression systems to
investigate the mutated G proteins without interference
from endogenously expressed WT G proteins. We con-
firmed the lack of G protein activity by observing no
response for the endogenously expressed muscarinic M3

(Gaq/11-coupled) and adrenergic b2 (Gas-coupled) recep-
tors in the DGq/11-HEK293 and DGs-HEK293 cell lines,
respectively (Fig. S1, A and B). However, when transfected
with WT Gaq and Gas, a robust agonist response can be
reintroduced (Fig. S1, A and B). These findings were corro-
borated by Western blotting analysis, wherein no specific
band could be observed for the missing G protein in their re-
spective cell line, but similarly G protein–specific bands
could be reintroduced by transfection (Fig. S2). Using this
setup, we next showed that all G protein mutants generated
in this study, both in Gaq and Gas, resulted in robust ago-
nist-induced responses relative to baseline when activated
by the endogenously expressed M3 or b2 receptors and dis-
played sufficient expression, making them suitable to inves-
tigate FR900359 inhibition (Figs. S3 and S4). Additionally,
isoproterenol concentration-response curves from b2-adre-
nergic receptors coupling to WT Gs, Gs-11, and other Gs

mutants confirm effective mediation of cAMP production
(Fig. S5).
Initially, each of the aforementioned 11 positions in Gaq was

individually exchanged with the corresponding amino acid
from Gas to determine which positions were important for
binding of FR900359. The single-point mutations of amino
acids with limited or no direct contacts to the inhibitor in the
Gaq-YM-254890 structure (G74T, P185L, Y192T, and P193K)
as well as mutations substituting amino acids able to make

Enabling Gs inhibition by insertion of Gq amino acids

13852 J. Biol. Chem. (2020) 295(40) 13850–13861

https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1
https://www.jbc.org/cgi/content/full/RA120.013002/DC1


similar interactions (I56V, Y67F, D71E, and T187S) showed
subtle or no effects on the inhibitory potency of FR900359 on
carbachol-induced M3 receptor-mediated IP1 generation (Figs.
1 (C and D) and 2 (A and C) and Table 1). These observations
agree with a lack of, or similar, interactions in the FR900359-
Gas model. Only three of the Gaq protein mutations resulted
in .3-fold reductions in FR900359 inhibitory potency (F75K,
20.4-fold; L78D, 4.5-fold; I190F, 17.6-fold), and combining
these three mutations markedly decreased the potency of
FR900359 (Fig. 2B and Table 1).
The Gaq-YM-254890 crystal structure suggests a rationale,

as both Phe-75 and Leu-78 are part of the hydrophobic network
in the binding pocket and Ile-190 as well as Phe-75 are in close
contact with the inhibitor (i.e. shortest distances are 3.8 and 3.7
Å, respectively) (Fig. 1C). Introduction of charged amino acids
into positions 75 and 78 is predicted from the FR900359-Gas

model to weaken the hydrophobic network (Fig. 1C) and desta-
bilize the inactive GDP-bound state. Combined with changing
the shape and nature of the binding pocket, these structural
observations can explain the decreased potency caused by the
single-point mutations as well as the abolished effect of the tri-
ple mutant, where the hydrophobic network is significantly
weakened by two simultaneous substitutions of hydrophobic
residues for hydrophilic ones. These results underline the im-
portance of the hydrophobic network and suggest that these
positions are determinants for the selectivity of FR900359 for
Gaq versusGas.

Gs is inhibited by FR900359 upon transfer of binding site
residues from Gq

In an attempt to introduce a functional depsipeptide-binding
site in Gas, we simultaneously exchanged all 11 differing resi-
due positions in Gas (Gs-11) with the corresponding Gaq

residues. Whereas we observed no inhibition of isoproterenol-
induced b2 receptor–mediated cyclic adenosine monophos-
phate (cAMP) generation by FR900359 at concentrations up to
100 mM for WT Gas, we observed complete inhibition of the
Gs-11 mutant with an IC50 of 231 nM, which is;25-fold higher
than the IC50 of FR900359 for WT Gaq (Fig. 2D and Table 2).
These results indicate that the same conformational change
accompanying YM-254890 binding in Gaq is also possible in
Gas with (some of) the introduced mutations likely lowering
the energy barrier by enforcing a similar hydrophobic network
as observed in Gq (Fig. 1C).

Gq and Gs-11 display differential sensitivity to FR900359
inhibition upon swapping of binding site residues

To determine the individual importance of each binding site
residue, we prepared Gas mutants restoring each of the 11
mutations in Gs-11 (above) one at a time. All of the 11 restored
Gas mutants could be inhibited by FR900359 with IC50 values
ranging between 13.5 nM and 43.4 mM, and 10 of these showed
the expected sigmoidal inhibition curves, although a few were
not fully inhibited at the highest tested concentrations (Fig. 3

Figure 2. Transfer of the Gq-binding site to Gs results in complete inhibition by FR900359. Mutant Gq and Gs proteins were expressed in DGq/11-
HEK293 and DGs-HEK293 cells, respectively, to enable assessment of their potential inhibition by FR900359. After treatment with FR900359, the cells
were stimulated with either carbachol (15 mM) or isoproterenol (5 nM), activating the endogenous Gq-coupled muscarinic acetylcholine receptor M3 or
the endogenous Gs-coupled b2-adrenergic receptor, respectively. A and B, normalized concentration-inhibition curves of FR900359 on WT Gq and
derived Gq mutants. C, -fold change in FR900359 potency for Gq mutants compared with WT. D, normalized concentration-inhibition curves of
FR900359 on WT Gs and the Gs-11 mutant (V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, K197P). A, B, and D, each data point repre-
sents the mean value for that data point across experiments (n = 3–5). Error bars, S.E. C, each data point represents an independent experiment (n = 3–
10), and the bars show the corresponding mean.
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(A and B) and Table 2). Five of the Gas-restoring mutations
showed subtle or no effect (,3-fold: Val-57–, Phe-68–, Glu-
73–, Leu-189–, and Ser-191–restored) compared with Gs-11,
which, as for the corresponding Gq mutations (Table 1), can be
explained by exchange of similar amino acids and/or having
limited interactions to the inhibitor. Restoring Thr-76, Asp-80,
and Lys-197 resulted in modestly larger effects than in Gaq,

whereas the Lys-77–, Phe-194–, and Thr-196–restored
mutants displayed significantly altered potencies or inhibition
curves. Surprisingly, restoring the Lys in position 77 (Phe in
Gaq) resulted in an atypical biphasic inhibition curve with two
phases of equal size but a striking ;1,000-fold difference in
potencies (i.e. 13.5 nM and 14.6 mM) (Fig. 3B and Table 2). This
corresponds to 17- and 63-fold higher and lower potencies,

Figure 3. The binding site amenable to FR900359 inhibition in Gs introduced by the 11mutations is sensitive to small changes. To assess their contri-
bution to the inhibitory activity of FR900359, each mutated amino acid comprising the Gs-11mutant (V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I,
T196Y, K197P) was restored in the Gs-11 backbone individually, thereby generating mutants with 10 mutations, referred to by their reintroduced residue (e.g.
V57 restored for the mutant without the V57I mutation). The Gs-11 mutant and restored mutants were then expressed in DGs-HEK293 cells to enable assess-
ment of their potential inhibition by FR900359. The cells were stimulated with isoproterenol (5 nM) to activate the endogenous Gs-coupled b2-adrenergic re-
ceptor after treatment with FR900359. A, normalized concentration-inhibition curves of FR900359 on the restored mutants. Each data point represents the
mean value for that data point across experiments (n = 3–7). Error bars, S.E. B, normalized concentration-inhibition curve obtained for FR900359 on the Lys-
77–restored mutant showing the biphasic inhibition obtained for this mutant. Each data point represents the mean value across experiments (n = 19). Error
bars, S.E. The inhibition curve for the Gs-11mutant, shown in A, is included for comparison. C, -Fold change in FR900359 potency for the restoredmutants com-
pared with the Gs-11mutant. Each data point represents an independent experiment (n = 3–5) and the bars show the correspondingmean.

Table 1
Pharmacological data for inhibition by FR900359 on WT Gaq and Gaq mutants
The G proteins were expressed in DGq/11-HEK293 cells to enable assessment of their potential inhibition by FR900359. The cells were stimulated with carbachol
(15 mM) to activate the endogenous Gq-coupled muscarinic acetylcholine receptor M3 after treatment with FR900359 (associated concentration inhibition curves shown
in Fig. 2 (A and B)).

WT andmutation(s) FR900359 pIC506 S.E. n FR9003592 IC50 (nM) (95% confidence interval)

Gq WT 8.036 0.10 10 9.31 (5.48–15.8)
I56V 8.106 0.09 4 7.94 (4.22–15.28)
Y67F 7.916 0.14 3 12.3 (3.08–49.1)
D71E 7.996 0.08 4 10.2 (5.69–18.6)
G74T 7.976 0.11 4 10.7 (4.84–23.6)
F75K 6.726 0.09 4 190 (97.1–375)
L78D 7.386 0.12 3 41.7 (12.9–133)
P185L 8.296 0.11 5 5.12 (2.56–10.2)
T187S 8.036 0.13 4 9.44 (3.74–23.8)
I190F 6.796 0.06 4 164 (102–263)
Y192T 7.826 0.10 3 15.3 (5.86–40.0)
P193K 8.016 0.13 3 9.89 (2.65–36.9)
F75K, L78D, I190F 3 .5,000
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respectively, relative to the IC50 of 231 nM of the Gs-11 mutant
(Fig. 3C and Table 2). This surprising observation signifies that
there may be fundamental differences in the mechanism and/
or kinetics of activation and inhibition between the two G pro-
tein subtypes.

A minimum of three mutations in the hydrophobic network or
binding site introduce FR900359 inhibition in Gas

Restoring the individual binding site residues in Gas

revealed which residues are most important for FR900359
activity, but it was pertinent to identify the minimal set of
mutations necessary to attain FR900359 inhibition. As an
exhaustive combination of single-point mutations was not
feasible, we combined the Gas mutations with the largest
effect on inhibition potency (Fig. 3C) and included C186V
from the hydrophobic network (Fig. 1, C and D), which was
hypothesized to be important for stabilizing the inactive
FR900359-binding state. We found that a minimum of three
simultaneous mutations in WT Gas were required to obtain
FR900359 inhibition, K77F/D80L/C186V or K77F/F194I/
T196Y, although they only resulted in partial inhibition of
42 and 56%, respectively, compared with the full inhibition
observed for the Gs-11 mutant (Table 3 and Fig. S6). Full in-
hibition by FR900359 was observed with a combination of
the four restored mutations with the largest effect, K77F/
D80L/F194I/T196Y, as well as with two combinations of five
mutations (the addition of K197P or C186V; Table 3). Com-
mon for these three Gas mutants is that they display bipha-
sic inhibition curves, as was observed for the Lys-77–
restored Gs-11 mutant (Fig. S6C).
Another interesting observation is that the T76G mutation

may have a negative effect on depsipeptide inhibition, as all the
Gas mutants containing this residue replacement are insensi-
tive to FR900359 (Table 3). Our Gas model indicates that the
side-chain methyl on Thr-76 actually can take part in the
hydrophobic network, and, although this position contains a
Gly in Gaq, the removal of the side chain weakens the hydro-
phobic network in Gas resulting in reduced inhibition.

Partial conversion to the Gaq site results in full biphasic or
partial inhibition of Gas

Of the Gas mutations that do not fully convert the inhibitor
site to that of Gaq, four mutants displayed high-potency partial
inhibition (IC50 = 38.9–97.5 nM, 42–56%; Fig. S6B). An addi-
tional four mutants, including the Gas Lys-77–restored mu-
tant, showed biphasic inhibition with a 130–1,000-fold differ-
ence between the high- and low-potency components (IC50-1 =
13.5–84.5 nM and IC50-2 = 9.2–16.9mM; Fig. S6C and Table 3).
To ensure that a monophasic curve fit would not describe

the putative biphasic inhibition curves better, all FR900359 in-
hibition curves were subjected to a statistical comparison-of-
fits F test in GraphPad Prism (four parameters versus biphasic).
Inhibition curves described as biphasic all had significant p val-
ues of ,0.0001. Interestingly, the high-potency component
from all the partial or biphasic inhibition curves represents
only 7-fold variation, and the low-potency component from the
biphasic curves varies ,2-fold (Fig. S6D and Table 3). Addi-
tionally, the biphasic curves observed for these mutants were
not limited to FR900359, but also observed for YM-254890
(Fig. S7).

Discussion

There is still an unmet need for G protein inhibitors targeting
Gas (and Ga12/13) as pharmacological tools to specifically block
signaling from these signaling proteins. The available informa-
tion from the YM-254890-Gaq structure has so far not been
sufficient to clarify requirements for binding and function of
similar depsipeptides as potential inhibitors for the other G
protein subtypes. However, within the Gq/11 family, we recently
introduced both YM-254890 and FR900359 inhibition into
Ga16 (26), the only insusceptible subtype within the Gq/11 fam-
ily (24). For Ga16 only five point mutations were required to
introduce Gq-like inhibition due to higher conservation of the
depsipeptide-binding pocket. Even though Gas is one of the
most evolutionarily distant subtypes from Gaq (43) and conse-
quently shows larger differences in the depsipeptide-binding
site, both in amino acid numbers and properties, the same
approach proved successful. Similar to recent results for the Gi

Table 2
Pharmacological data for FR900359 inhibition of the Gs-11 (V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, and K197P) and
derived restored mutants
The G proteins were expressed in DGs-HEK293 cells to enable assessment of their potential inhibition by FR900359. The cells were stimulated with isoproterenol (5 nM)
to activate the endogenous Gs-coupled b2-adrenergic receptor after treatment with FR900359 (associated concentration inhibition curves shown in Fig. 3 (A and B)).

Name/Mutation(s) FR900359 pIC506 S.E. n
FR9003592 IC50 (nM)

(95% confidence interval)

Gs-11/V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, K197P 6.646 0.07 5 231 (146–363)
Val-57–restored/F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, K197P 6.556 0.08 3 282 (132–604)
Phe-68–restored/V57I, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, K197P 6.266 0.14 3 546 (135–2200)
Glu-73–restored/V57I, F68Y, T76G, K77F, D80L, L189P, S191T, F194I, T196Y, K197P 6.856 0.15 3 143 (33.9–601)
Thr-76–restored/V57I, F68Y, E73D, K77F, D80L, L189P, S191T, F194I, T196Y, K197P 5.946 0.17 3 1,140 (213–6,080)
Lys-77–restored/V57I, F68Y, E73D, T76G, D80L, L189P, S191T, F194I, T196Y, K197P 7.876 0.20 19 13.5 (9.29–36.3)

4.846 0.08 14,600 (9,840–21,500)a,b

Asp-80–restored/V57I, F68Y, E73D, T76G, K77F, L189P, S191T, F194I, T196Y, K197P 5.556 0.15 3 2,850 (656–12,400)
Leu-189–restored/V57I, F68Y, E73D, T76G, K77F, D80L, S191T, F194I, T196Y, K197P 6.596 0.10 3 255 (93.3–698)
Ser-191–restored/V57I, F68Y, E73D, T76G, K77F, D80L, L189P, F194I, T196Y, K197P 6.526 0.11 7 302 (160–570)
Phe-194–restored/V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, T196Y, K197P 4.366 0.07 3 43,400 (20,800–90,200)b

Thr-196–restored/V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, K197P 5.056 0.09 4 8,970 (4,670–17,300)b

Lys-197–restored/V57I, F68Y, E73D, T76G, K77F, D80L, L189P, S191T, F194I, T196Y 5.756 0.07 3 1,780 (935–3,400)
aBiphasic inhibition observed.
bBottom-plateau of concentration-inhibition curve constrained to buffer level to allow curve fitting of low-potency mutant.
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family (25), the present study clearly shows that GPCR signal-
ing through Gas can be inhibited via a site equivalent to the
depsipeptide-binding site in the Gq/11 family. The underlying
mechanism by stabilizing the inactive state and hampering nu-
cleotide exchange (23, 24) very likely also applies to Gas.
Although not the target of this study, it is tempting to speculate
that the same may apply for Ga12/13 due to the similarity in
structure and activation mechanism between G protein fami-
lies (44). However, we show here and in a previous study (26)
that the hydrophobic network is important for this inhibition,
and a positively charged amino acid (Lys/Arg in Ga12/13) in the
position corresponding to Val-184 and Val-188 in this network
of Gaq and Gas, respectively, contradicts this.
Of the 11 differing residue positions among those comprising

the inhibitor-binding site in Gaq, we identify three positions
that are crucial for Gaq versus Gas selectivity that abolish
FR900359-mediated inhibition when exchanged simultane-
ously. Conversely, by introducing all 11, or as few as three,
Gaq-binding site amino acids into Gas we clearly show that
Gas can mechanistically be inhibited through the analogue-
binding site.
Having introduced the depsipeptide inhibitor–binding site

from Gaq into Gas, we expected similar inhibition profiles and
effects of the amino acid exchanges at the same sites. Appa-
rently, FR900359 inhibition of the Gs-11 mutant is much more
sensitive to single-point mutations than WT Gaq, which can-
not readily be explained. However, in the YM-254890-Gq crys-
tal structure, all of the six residues affecting the Gs-11 mutant
themost are part of the hydrophobic network and/or, to a vary-
ing degree, show vdW interactions to the inhibitor (Fig. 1C).
Moreover, it is common for all six restored mutations that the
reintroduced amino acids are more hydrophilic/polar com-
pared with those of the Gaq-binding site (Fig. 1D) and are pre-
dicted from the FR900359-Gas model to weaken the hydropho-
bic network and the interactions to the inhibitor. The larger

effect of reversing hydrophilicity into the Gs-11 mutant clearly
demonstrates that the G protein background of the positional
single-point mutations plays a significant role, and the hydro-
phobic nature of the site is more important for the function of
FR900359 in the modified Gas versus the Gaq protein. This is
in line with one of the triple mutations that constitute themini-
mum change to introduce inhibition in Gas (i.e. the K77F/
D80L/C186V mutant), introducing the hydrophobic network
from Gaq. In fact, the mutations that introduce FR900359 inhi-
bition in Gas all increase hydrophobicity of the binding site ei-
ther with direct vdW interactions to the hydrophobic parts of
the inhibitor or as part of the hydrophobic network. Thus, the
hydrophilic nature of the binding site and disruption of the
hydrophobic network in Gas provide a poor fit for FR900359,
as confirmed by our homology model, and may also destabilize
the conformation necessary for binding of YM-254890/
FR900359 (Fig. 1A). Additionally, this could be correlated to
the different rate constants for deactivation andGTP hydrolysis
for the Gaq and Gas subtypes, which can be heavily affected by,
for example, GTPase-activating proteins (45) and, thus, maybe
also point mutations.
Whereas introduction of the full Gaq-binding site into Gas

allowed for FR900359 to fully inhibit the agonist response in a
normal monophasic fashion, combinations of the 3–5 reverse
mutations with the largest effect in Gas resulted in partial or
biphasic inhibition. The phenomenon of biphasic inhibition
curves and two different potencies is only observed in mutant
receptors, making the relevance for inhibition ofWTGas spec-
ulative. It could, however, indicate a general mechanistic fea-
ture of inhibition of Gas-mediated GPCR signaling through the
depsipeptide-binding site, which would be interesting to
explore in more detail in future studies by, for example, per-
forming nucleotide exchange assays on purified Gas mutants to
determine whether their biphasic profile is intrinsic to the

Table 3
Pharmacological data for the inhibition by FR900359 on Gs mutants designed with select high-impact mutations, based on the results of the
restored mutants (see Table 2)
The Gs mutants were expressed in DGs-HEK293 cells to enable assessment of their potential inhibition by FR900359. The cells were stimulated with isoproterenol (5 nM)
to activate the endogenous Gs-coupled b2-adrenergic receptor after treatment with FR900359 (associated concentration-inhibition curves in Fig. S6 (A–C)). The extent
of the high-potency inhibition component for partial and biphasic inhibition curves is given in parentheses as a percentage of full inhibition. The Lys-77–restored mutant
has been included for comparison.

Name/Mutation(s) FR900359 pIC506 S.E. n
FR900359 IC50 (nM)

(95% confidence interval)

GsWT 3 .100,000
T76G, F194I 3 .100,000
T76G, D80L, F194I 3 .100,000
T76G, D80L, F194I, T196Y 3 .100,000
T76G, D80L, F194I, K197P 3 .100,000
T76G, K77F, D80L, F194I 3 .100,000
K77F, D80L, C186V 7.316 0.14 6 49.0 (21.2–111) (42%)
K77F, D80L, C186V, F194I 7.016 0.16 5 97.5 (34.0–279) (47%)
K77F, D80L, F194I, K197P 7.416 0.06 3 38.9 (22.2–68.2) (49%)
K77F, F194I, T196Y 7.126 0.08 8 76.0 (50.0–116) (56%)
K77F, D80L, F194I, T196Y 7.176 0.11 8 67.0 (37.6–119) (48%)

4.776 0.08 16,900 (11,100–25,600)a,b

K77F, D80L, F194I, T196Y, K197P 7.186 0.09 8 65.8 (40.6–106) (56%)
5.046 0.01 9,162 (8,490–9,890)a,b

K77F, D80L, C186V, F194I, T196Y 7.076 0.09 7 84.5 (50.8–141) (50%)
4.866 0.10 11,041 (5,350–19,200)a,b

Lys-77–restored/V57I, F68Y, E73D, T76G, D80L, L189P, S191T, F194I, T196Y, K197P 7.876 0.20 1 13.5 (9.29–36.3) (52%)
4.846 0.08 9 14,600 (9,840–21,500)a,b

aBiphasic inhibition observed.
bBottom-plateau of concentration-inhibition curves constrained to buffer level to allow curve fitting of low potent mutant.
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mutant proteins or depends on association with other proteins,
such as the GPCR or Gbg.
The most straightforward interpretation of a biphasic con-

centration-response curve is the presence of two different bind-
ing sites for the tested compounds with different binding affin-
ities as observed for other receptor targets (46–48). However,
because all the mutated positions that introduce and affect the
inhibition by FR900359 are located in the same putative bind-
ing site, this explanation most likely does not apply to the
mutated Gas proteins. Alternative explanations could be that
FR900359 binds to the same binding site in two different states
or populations of the Gas protein (i.e. free versus receptor-pre-
coupled heterotrimeric G protein, free Ga versus Gbg-com-
plexed Ga, or GDP-bound versus GTP-bound Ga), which due
to conformational changes of the binding site could display sig-
nificantly different binding preferences for the inhibitor. The
presence of two different inhibitor conformations separated by
a large energy barrier and with different affinities for the same
binding site could in theory also result in biphasic curves, but
then it should also be the case for Gaq. Irrespective of the rea-
son for the biphasic behavior, the nearly constant level of the
high-potency inhibition component for the partial and biphasic
inhibition curves (42–56%) indicates a constant ratio between
the two states/populations of Gas, implying that also the appa-
rently monophasic curves with full inhibition could be com-
prised of two components with indistinguishable potencies.
Nevertheless, none of the mentioned hypotheses provide a
straightforward explanation for the lack of a consistent pattern
in which combinations of Gas mutations cause partial or
mono- or biphasic inhibition.
On the other hand, with respect to our original purpose of

investigating the molecular determinants for depsipeptide in-
hibitor selectivity for Gaq over Gas, the results are easier to
interpret. Due to the apparent difference in susceptibility of in-
hibition and the number of mutations necessary to introduce
inhibition, we assess that it is not feasible to modify the
FR900359/YM-254890 scaffold to accommodate the structural
changes needed for Gas activity, which agrees with the lack of
Gs activity of the diverse range of FR900359/YM-254890 ana-
logs tested so far (33–37). However, other molecules may be
designed to target this site and constitute a path to selective Gs

inhibitors. The amino acid replacements between Gaq and Gas

that introduce FR900359 inhibition are predominantly polar to
hydrophobic residues with either direct interactions with the
inhibitor or as part of a hydrophobic network playing a role in
the conformation of the inactive GDP-bound G protein. Thus,
a potential selective Gas inhibitor acting through the investi-
gated depsipeptide-binding site should be able to interact with
these hydrophilic residues in the binding site and promote the
same conformational change as observed in Gaq.
Beyond Gas, it should be mentioned that also for the other G

protein families, Gai/o and Ga12/13, none of the published ana-
logs of FR900359/YM-254890 to date have shown any activity
(33–37). Similar to Gas, it was recently shown that the depsi-
peptide-binding site can be introduced in Gai1 (25), which
again indicates that the site of action and mechanism of inhibi-
tion can also be utilized for inhibition of the Gai/o family. As for
the Ga12/13 family, only the structural and functional conserva-

tion between the four families of Ga proteins indicate that the
mechanism of inhibition could also be conserved. In the ab-
sence of a selective inhibitor for Gas, the FR900359-sensitive
Gas mutants described in the present studymay prove useful to
researchers in need of an alternative. Expression of these Gas

mutants may be used in experiments in which selective inhibi-
tion of, or binding to, Gas would prove useful (e.g. stabilizing
proteins for structural studies or developing disease models
where delicate control over Gas signaling would be of the
essence). To this end, it should be noted that the Gas mutants
containing the L189P mutation in the Switch I loop displayed
an increased basal activity (Fig. S5B). Although the increased
basal activity could be inhibited by FR900359, it might still be
preferential for future studies to use the “Leu-189–restored”
mutant, as it displayed full monophasic inhibition by FR900359
withWTGs-like basal activity.

Experimental procedures

Chemicals, reagents, and plasmid constructs

Unless explicitly stated otherwise, all reagents for cell culture
were purchased from Thermo Fisher Scientific (Slangerup,
Denmark), and all chemicals and reagents used for the assays
were bought from Sigma–Aldrich (Copenhagen, Denmark).
The FR900359 used in all experiments was isolated from A.
crenata leaves as described previously (49).
For experiments involving Gq, the cDNA transcript of the

human GNAQ gene (Homo sapiens G protein subunit aq,
mRNA, accession no. NM_002072.4) was used asWT and tem-
plate for further mutations. For Gs, the cDNA transcript of the
human GNAS gene (Homo sapiens G protein subunit as short,
mRNA, accession no. AF493898) was used. All cDNAs and
derived mutants were purchased from GenScript (Piscataway,
NJ, USA) as inserts in a pcDNA3.1(1) vector.

Cell culture and transient transfection of G protein knockout
HEK293 cell lines

HEK293A cells with either the Gq or Gs or subfamilies of
G proteins knocked out by CRISPR/Cas9 genome editing
(DGs-HEK293 and DGq/11-HEK293, respectively) have been
described previously (24, 50). The cells were cultured in
Dulbecco’s modified Eagle’s medium 1 Glutamax I supple-
mented with 10% (v/v) fetal bovine serum and 1% (v/v) peni-
cillin-streptomycin (10,000 units/ml) and grown in a tissue
culture dish kept at 37 °C in a humidified atmosphere (95%
air and 5% CO2).
The cells were transfected using Lipofectamine®2000 with a

reverse transfection protocol 48 h prior to experimentation. In
brief, for each transfection condition, 2 ml of culture medium
containing 500,000 cells was added to each well in a 6-well
tissue culture plate. Subsequently, an aliquot of Opti-MEM
containing 2.5 mg of G protein cDNA and 2.5 ml of Lipofect-
amine®2000 was carefully added to the culture media drop-
wise, prepared according to themanufacturer’s protocol.
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Functional assay

General—G protein activity was assessed by measuring the
generation and accumulation of the intracellular pathway–
specific molecules, cAMP and IP1, using assays based on
CisBio’s homogeneous time-resolved Förster resonance transfer
(HTRF) technology. Specifically, the cAMP-Gs dynamic kit
(CisBio, Codolet, France) was used to measure Gs activity,
whereas the IP-One kit (CisBio) was used to measure Gq

activity.
Serial dilutions of FR900359 were prepared from DMSO

(Sigma–Aldrich) dissolved stock solutions of either 1 or 20 mM,
so that the final DMSO concentration was ,1% (v/v) final for
every condition. Each concentration in the dilution series was
added as 4 ml in technical triplicates to a Greiner Bio-One 384-
well small-volume plate (In Vitro, Fredensborg, Denmark) for
Gs or a 384-well OptiPlate (PerkinElmer, Skovlunde, Denmark)
for Gq.
Gs, cAMP—Subconfluent, transfected DGs-HEK293 cells

were detached using preheated (37 °C) nonenzymatic cell disso-
ciation solution (Sigma–Aldrich), resuspended in Dulbecco’s
PBS, and counted on a Countess II automated cell counter
(Thermo Fisher Scientific). The cell suspension was centrifuged
at 1,200 rpm on a Kubota 2010 (Kubota, Osaka, Japan) and
resuspended to 500,000 cells/ml in Assay Buffer (Hanks’ bal-
anced salt solution, 20 mM HEPES, pH 7.4, 1 mM CaCl2, 1 mM

MgCl2) supplemented with BSA to 0.2% (w/v) and 50 mM 3-iso-
butyl-1-methylxanthine. From the resultant cell suspension, 5
ml/well (2,500 cells) were added to theGreinerMicro well plate,
in which titrated FR900359 was dispensed, and centrifuged at
500 rpm on a Kubota 8100 briefly and incubated for 1 h (37 °C)
with an Axygen plate seal (Thermo Fisher Scientific). The cells
were then treated with 1 ml/well of either isoproterenol (50 nM
(103 EC80) or 200 nM (103 EC100)) or Assay Buffer and incu-
bated on a Titramax 100 shaking table (Heidolph, Schwabach,
Germany) for 30 min at room temperature.The assay was
stopped by cell lysis, and the response was measured by adding
10 ml/well cAMP Detection Solution (cAMP conjugate and
lysis buffer (CisBio, Codolet, France) containing 2.5% (v/v)
anti-cAMP cryptate conjugate (CisBio) and 2.5% (v/v) cAMP-
d2 conjugate (CisBio)), centrifuging the plate at 500 rpm on a
Kubota 8100 (Kubota, Osaka, Japan), incubating the plate in
darkness at room temperature for 1 h, and reading the plate on
an EnVisionMultilabel Reader (PerkinElmer Life Science,Wal-
tham, MA, USA) with excitation at 340 nm and measuring
emissions at 615 and 665 nm. The resultant fluorescent energy
transfer ratios (665/615 nm) were converted to cAMP concen-
trations by interpolating a cAMP standard curve.
Gq, IP1—Subconfluent, transfected DGq/11-HEK293 cells

were detached using preheated (37 °C) nonenzymatic cell disso-
ciation solution (Sigma–Aldrich), resuspended in Dulbecco’s
PBS, and counted on a Countess II automated cell counter. The
cell suspension was centrifuged at 1,200 rpm on a Kubota 2010
and resuspended to 2,000,000 cells/ml in Assay Buffer supple-
mented with BSA to 0.2% (w/v). From the resultant cell suspen-
sion, 5 ml/well (10,000 cells), were added to the OptiPlate well
plate, in which titrated FR900359 was dispensed, centrifuged at
500 rpm on a Kubota 8100 briefly, and incubated for 1 h (37 °C)

with a plate seal. The cells were then treated with 1 ml/well of
either carbachol (0.15 mM (10 3 EC80) or 1 mM (10 3 EC100))
or Assay Buffer, both supplemented with LiCl (Sigma–Aldrich)
to achieve a final well concentration of 20 mM and incubated
for 1 h (37 °C) with an Axygen plate seal. The assay was stopped
by cell lysis, and the response was measured by adding 10 ml/
well IP-One Detection Solution (IP1 conjugate and lysis buffer
(Cisbio) containing 2.5% (v/v) anti-IP1 cryptate conjugate (Cis-
bio) and 2.5% (v/v) IP1-d2 conjugate (Cisbio)), centrifuging the
plate at 500 rpmon a Kubota 8100, incubating the plate in dark-
ness at room temperature for 1 h, and reading the plate on an
EnVision Multilabel Reader with excitation at 340 nm and
measuring emissions at 615 and 665 nm. The resultant fluores-
cent energy transfer ratios (665/615 nm) were converted to IP1
concentrations by interpolating an IP1 standard curve.

Data presentation and analysis

All concentration-inhibition curves were analyzed using the
nonlinear regression function, y = bottom1 (top2 bottom)/(1
1 10^((log IC50 2 x) 3 Hill slope)) found in GraphPad Prism
7.0b. Likewise, statistical analysis (S.D., S.E., and 95% confi-
dence intervals) shown in figures and tables were also calcu-
lated using GraphPad Prism 7.0b. For concentration-inhibition
curves where a full curve could not be obtained (due to a low
FR900359 potency), the bottom of the curve fit was constrained
to levels corresponding to buffer; this is noted when applied.

Structural analysis and Gs homology model

Comparison of the YM-254890–bound and unbound struc-
tures was performed by superimposing the Gq-YM-254890
structure (PDB code 3AH8 (23)) and a Gq structure without in-
hibitor (PDB code 5DO9 (38)) in PyMOL (PyMOL Molecular
Graphics System, version 2.0.6 (Schrödinger, LLC)) based on
the backbone atoms of the GTPase domain, disregarding struc-
turally nonconserved loops (i.e. C, CA, N, and O atoms of resi-
dues 39–61, 190–205, 225–235, 247–316, and 325–345)
(RMSD= 0.654). The distances between theGTPase and helical
domains of Gq in the YM-254890–bound and unbound struc-
tures were measured on the CA atoms of residues Phe-75 and
Glu-191 (18.4 and 21.2 Å, respectively). Comparison of the in-
hibitor site in the GDP- and GTPgS-bound Gs structures was
performed in a similar fashion based on the backbone atoms of
the GTPase domain (i.e. C, CA, N, and O atoms of residues 52–
56, 91–95, 196–200, and 208–212) (RMSD = 0.461).
The Gs-FR900359 homology model was constructed using

MODELLER (51) (version 9.20), the above-mentioned Gq-YM-
254890 crystal structure as template, and the sequence align-
ment from the CGN-server (44) (RRID:SCR_018960). To
adhere as much as possible to the closely related template
structure, the “very_fast” keyword was utilized to output the
initial model retaining the copied coordinates for conserved
residue positions. The YM-254890 inhibitor from the Gq tem-
plate was included in the Gs model. To obtain G protein struc-
tures with FR900359 in the binding site, the propionyl plus
isopropyl substituents of FR900359 were manually added to
YM-254890 of the Gs model and the Gq structure in PyMOL,
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ensuring a local minimum “staggered” conformation with the
least number of steric clashes.

SDS-PAGE and immunoblotting

Ga protein–deficient HEK293 cells (transfected as described
previously with eitherWT ormutant Ga protein) were pelleted
and then resuspended in radioimmune precipitation assay
buffer (Sigma) supplemented with cOmplete protease inhibitor
mixture (Sigma) and lysed using a probe sonicator for 30 s at
50% impulse. The lysates were then agitated for 1 h at 4 °C and
subsequently centrifuged at 15,0003 g for 10min at 4 °C.
Samples containing an equal amount of protein (as deter-

mined by a BCA assay) were prepared from the supernatants by
diluting with radioimmune precipitation assay buffer (Sigma)
as necessary and by adding 1 M DTT (Sigma) and NuPAGE-
LDS 43 (Invitrogen) to a final concentration of 10 and 25%,
respectively. Each sample was then exposed to 50 °C on a heat-
ing block for 30 s and allowed to cool for 15min.
The ready protein samples were then separated on a 4–20%

Mini-PROTEAN TGX protein gel (Bio-Rad) using electropho-
resis (3 A and 200 V for 40 min) and transferred to a polyvinyli-
dene difluoride membrane using a Trans-Blot Turbo transfer
system (Bio-Rad) (2.5 A and 25 V for 7 min). The protein-
loaded membranes were then blocked for 1 h using 3% BSA
TBS-T buffer (0.05% Tween 20). The membrane was then cut
in two just below the 70 kDa protein ladder marker to allow for
detection of both sample and loading control using different
antibodies.
The membrane section containing the Na1/K1 ATPase–

loading control was incubated with rabbit monoclonal anti-
Na1/K1 ATPase antibody (Abcam, ab76020) diluted 1:10,000
in 1% BSA TBS-T (0.05% Tween 20) overnight at 4 °C. For
experiments involving Gq and its mutants, the membrane sec-
tion containing theG protein was incubated withmousemono-
clonal anti-Gq/11/14 antibody (Santa Cruz Biotechnology, Inc.,
sc-365906) diluted 1:250 in 1% BSA TBS-T (0.05% Tween 20)
overnight at 4 °C. Similarly, for experiments with Gs and its
mutants, the membrane section was instead incubated with
goat polyclonal anti-Gs/olf (Santa Cruz Biotechnology, sc-
46975) diluted 1:250 in 5% skim milk powder TBS-T (0.5%
Tween 20).
The following day, the membranes were washed three times

for 10 min each in TBS-T (0.05% Tween 20) on a rocking table
and then incubated for 1 h with different antibodies, depending
on which they had previously been incubated with. For mem-
branes with Na1/K1 ATPase, goat polyclonal anti-rabbit HRP-
conjugated antibody (Dako, P0448) diluted 1:2,000 in 1% BSA
TBS-T (0.05% Tween 20) was used. For membranes with Gq,
goat polyclonal anti-mouse HRP–conjugated antibody (Dako,
P0447) diluted 1:2,000 in 1% BSA TBS-T (0.05% Tween 20) was
used, whereas for Gs, rabbit polyclonal anti-goat HRP–conju-
gated antibody (Thermo Fisher Scientific, 81-1620) diluted
1:3,000 in 1% BSA TBS-T (0.05% Tween 20) was used instead.
The membranes were once again washed three times for 10
min each in TBS-T (0.05% Tween 20) and then briefly incu-
bated with the following chemiluminescent substrates: Super-
Signal West Pico (Thermo Fisher Scientific, 34079) for Na1/

K1 ATPase and SuperSignal ELISA Femto (Thermo Fisher Sci-
entific, 37075) for Gq and Gs. Resultant luminescence was then
measured using a FluorChem HD2 imaging set-up using expo-
sure times ranging from 0.5 to 5min.

Data availability
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