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Although individual G-protein-coupled receptors (GPCRs) are
known to activate one or more G proteins, the GPCR-G-protein
interaction is viewed as a bimolecular event involving the forma-
tion of a ternary ligand-GPCR-G-protein complex. Here, we pre-
sent evidence that individual GPCR-G-protein interactions can
reinforce each other to enhance signaling through canonical
downstream second messengers, a phenomenon we term “GPCR
priming.” Specifically, we find that the presence of noncognate Gq
protein enhances cAMP stimulated by two Gs-coupled receptors,
p2-adrenergic receptor (2-AR) and D, dopamine receptor (D;-R).
Reciprocally, Gs enhances IP, through vasopressin receptor (V14-R)
but not a1 adrenergic receptor (x1-AR), suggesting that GPCR
priming is a receptor-specific phenomenon. The C terminus of ei-
ther the Gas or Gaq subunit is sufficient to enhance Ga subunit
activation and cAMP levels. Interaction of Gas or Gaq C termini
with the GPCR increases signaling potency, suggesting an altered
GPCR conformation as the underlying basis for GPCR priming. We
propose three parallel mechanisms involving (i) sequential G-protein
interactions at the cognate site, (ii) G-protein interactions at distinct
allosteric and cognate sites on the GPCR, and (ii/) asymmetric GPCR
dimers. GPCR priming suggests another layer of regulation in the
classic GPCR ternary-complex model, with broad implications for
the multiplicity inherent in signaling networks.
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he G-protein—oupled receptor (GPCR)-G-protein interaction

is primarily viewed from the perspective of forming a ternary
complex between ligand, GPCR, and cognate G protein (1). In-
teractions with noncognate G proteins have recently gained sig-
nificance in the context of functional selectivity, wherein ligands
can differentially activate distinct G proteins (2). However, the
functional consequences of GPCR-G-protein interactions that do
not precipitate G-protein activation remain unappreciated (3).
Noncognate interactions, if short-lived, may in fact have no impact
on the cognate interaction. Nonetheless, given the emerging con-
formational heterogeneity of ligand-bound GPCRs (4, 5), non-
cognate interactions may influence the GPCR conformational
landscape with possible consequences for downstream signaling.
The cocrystal structure of the GPCR-G-protein interface (6) sug-
gests a 1:1 stoichiometry of this protein interaction. A single,
cognate binding site on the GPCR for the G protein implies that
long-lived noncognate interactions may competitively suppress
canonical signaling. However, a recent study (7) argues for the
simultaneous binding of two effectors (G protein and p-arrestin) at
distinct sites on the GPCR, leading to a supercomplex that en-
hances the signaling properties of the GPCR.

The response downstream of a GPCR is strongly dependent on
physiological context (8). Expression of receptor isoforms with dis-
tinct signaling profiles, relative abundance of GPCRs and G-protein
subtypes, and sharing of G-protein pools among receptors are just
some of the factors that govern cell type-specific responses (8, 9).
The molecular mechanisms underlying cellular GPCR signaling
multiplicity remain an outstanding challenge. GPCR-G-protein fu-
sions have been successfully used to compare signaling downstream
of distinct GPCR-G-protein interactions. By regulating the stoichi-
ometry of the interaction, these direct GPCR-G-protein fusions
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have elucidated structural determinants and kinetics of GPCR-
G-protein interactions (10). The signaling properties of $2-AR fused
to distinct Go subunits also provided early insights into the multi-
plicity of GPCR conformations (10). However, in some cases, fusion
between GPCR and G proteins show counterintuitive downstream
responses. For instance, increased adenylate cyclase activity of a
B2-AR-Gai fusion (11) was interpreted as a consequence of con-
strained mobility between the receptor and the Go subunit, im-
pinging on downstream effectors. In this study, we revisit noncognate
GPCR-G-protein interactions using a distinct fusion approach. This
approach termed systematic protein affinity strength modulation
(SPASM) uses an ER/K single a-helical linker to tether the GPCR
and the G protein. We have previously reported that tethering with
an ER/K linker maintains the effective concentration of the in-
teraction between the proteins at the ends (12). The longer length of
the ER/K linker (10-30 nm), compared with direct fusions (<5 nm),
is designed to provide 1:1 stoichiometry of the interaction with
minimum steric hindrance and serves to modulate the existing bi-
molecular interactions, rather than enforcing them.

In this study, we use SPASM GPCR-G-protein sensors to
understand the interplay between Gs and Gq interactions with
signaling downstream of 2 and D¢-R. Given that the influence
of noncognate G proteins is likely to be concentration de-
pendent, we used the SPASM system in HEK293 cells to provide
equal effective concentrations and to pairwise compare the
downstream effects of cognate and noncognate interactions.
Surprisingly, Gq enhances Gs activation and cAMP levels in
response to agonist stimulation. The C terminus of either Gaq or
Gas is minimally sufficient to augment cAMP levels. We in-
troduce the concept of “GPCR priming” to highlight the ability
of noncognate GPCR-G-protein interactions to stimulate ca-
nonical signaling. Analysis of concentration-response curves
using the operational model of agonism (13) reveals an increase
in receptor potency as the underlying basis of GPCR priming.

Significance

In this study, we uncover a G-protein-coupled receptor (GPCR)
priming mechanism that results from the synergistic effects of
two distinct G proteins. Although recent structural and spec-
troscopic studies of GPCR structure reveal a broad receptor
conformational landscape, G-protein activation and down-
stream signaling are still viewed through the lens of individual
ternary complexes between ligand, receptor, and individual
effectors. Instead, our findings suggest positive interference
between otherwise-disparate signaling pathways that can im-
pact both the potency of GPCR ligands and their cell type-
specific responses.
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We propose three parallel “priming” mechanisms based on
(#) sequential binding of noncognate and cognate G proteins to
the GPCR at the cognate site, (ii) binding of noncognate and
cognate G proteins to two distinct binding sites on the GPCR, and
(iii) formation of asymmetric dimers between GPCRs bound to
cognate and noncognate G protein, respectively.

Results

Noncognate Goq Binds Weakly to $2-AR Compared with Cognate Gas.
Although noncognate interactions are typically not factored into
the ternary-complex model, a systematic measurement of the
relative binding affinity of a GPCR for both cognate and non-
cognate Go subunits has not been performed. Hence, we used a
quantitative coimmunoprecipitation assay to directly compare the
relative binding strengths of Gas and Gaq for f2-AR. The in-
teraction of p2-AR with Gaq was found to be weaker than the
interaction with Gas (Fig. S1 B-D). Hence, ER/K-linked sensors
(12) were used to fuse receptor and G protein, thereby engineering
comparable stoichiometries and effective concentrations in live
cells. Under these conditions, we could compare the outcome of
the cognate and noncognate interactions with the receptor.

Noncognate G Proteins Augment Canonical Signaling for Select
Receptors. To delineate the effects of noncognate interactions on
downstream signaling, adrenergic receptor p2-AR and dopamine
receptor D;-R were used. Both receptors are Gs-coupled and
stimulate cAMP responses via adenylate cyclase. Sensors were
designed to tether either cognate Gas or noncognate Gaq to chosen
GPCRs via an ER/K linker of known length (Fig. 14). The resultant
sensors expressed in cells contained the following, from N to C
terminus: GPCR, mCitrine, ER/K «a-helix, mCerulean, and Ga
subunit. Sensors that terminated in a Gly-Ser-Gly x 4 peptide,
without the terminal Ga, are indicated by (—) and were used as
controls throughout (Fig. 14). Either Ga subunit tethered to the
receptors was functional, as observed from increased Gy associa-
tion with membranes from cells expressing the p2-AR-10 nm-Gas
and B2-AR-10 nm-Gaq sensors, compared with controls (Fig. 14).
Isoproterenol-stimulated cAMP response was measured in cells
expressing the individual sensors and in untransfected cells. The
sensors were expressed to equivalent levels as confirmed by mCi-
trine fluorescence, and comparable cell numbers were used based
on absorbance at 600 nm (Materials and Methods). Control sensor-
expressing cells exhibit a higher cAMP response than untransfected
cells (Fig. 1B), suggesting that the f2-AR is functional in detecting
and relaying isoproterenol stimulation. The $2-AR-10 nm-Gaos
sensor exhibits an increase in the cAMP response over the control,
suggesting that the tethered Gas is functional (Fig. 1B). Surprisingly,
tethering the noncognate Gaq to p2-AR causes a further increase in
the cAMP response (Fig. 1B). Similarly, D;-R-10 nm-Gaq sensor
shows an increased cAMP response to dopamine stimulation (Fig.
1C). The phenomenon of the tethered noncognate G protein aug-
menting canonical signaling is hereon referred to as GPCR priming.
Reciprocally, two Gg-coupled receptors, adrenergic receptor al-AR
and vasopressin receptor Vi5-R were used (Fig. S2). Of these
receptors Via-R, but not al-AR, exhibited an augmented IP;
response when tethered to the noncognate Gs, compared with
cognate Gq (Fig. S2 B and C). These results suggest that GPCR
priming is a receptor-specific phenomenon.

Increasing the ER/K Linker Length Reduces GPCR Priming. To test
whether GPCR priming stems from an interaction between
GPCR and the tethered Ga protein, the length of the linker
connecting p2-AR to the Ga subunit was increased systematically
from 10 to 20 and 30 nm (Fig. 1D). Isoproterenol-stimulated
cAMP response was measured in cells expressing these sensors
and compared with the response from control sensors. Equiva-
lent expression and similar cell numbers were confirmed as de-
scribed earlier. Increasing ER/K linker length systematically
decreased cAMP response for p2-AR-Gas (Fig. 1E). This is
consistent with a functional interaction between p2-AR and the
tethered Gas subunit. Similarly, increasing ER/K linker length
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Fig. 1. Effect of tethered Ga subunits on signaling via Gs-coupled receptors.
(A) Schematics of GPCR G-protein sensors used here. The GPCR (f2-AR or
D;-R), mCitrine, 10-nm ER/K linker, mCerulean, and Ga subunit (Gas, red, or
Gaq, blue) are expressed as a single polypeptide, separated from each other
by Gly-Ser-Gly (GSG) x 4 linkers. Sensors that terminated at a Gly-Ser-Gly x 4
peptide without Ga (NP, no peptide at the end) are indicated as (-) and were
used as controls. Western blot of membranes purified from sensor-
expressing cells, probed with G antibody, reveal interaction of tethered
Ga subunits with endogenous Gfy. (B and C) Increase in cAMP levels be-
tween buffer-treated and agonist-treated (B, 10 uM isoproterenol; C, 10 uM
dopamine) HEK293T cells expressing equivalent amount of GPCR G-protein
sensors. Gaq tethered to the receptors via 10-nm ER/K linker exhibits
the greatest increase in cAMP, a phenomenon we term GPCR priming.
(D) Schematics of p2-AR sensors tethered to Ga subunits through ER/K linker
length varied sequentially from 10 to 30 nm. (E and F) Effect of linker length
used for tethering Ga subunit to f2-AR on cAMP levels between iso-
proterenol (10 pM) and buffer-treated HEK293T cells expressing equivalent
levels of sensors. (B, C, E, and F) Values are mean + SEM from n > 10 ob-
servations over at least three independent experiments. **P < 0.01, ***P <
0.005 by unpaired t test.

systematically decreased cAMP response for 2-AR-Gaq (Fig.
1F). This indicates that GPCR priming arises due to an in-
teraction between p2-AR and the tethered Gaq subunit.

Canonical Pathways Downstream of the Noncognate G Protein Are
Not Measurably Activated During Priming. There is a possibility that
effectors downstream of tethered Gaq could influence adenylate
cyclase activity, leading to observed effects on cAMP (14). To in-
vestigate this possibility, canonical signaling via the Gagq-PLC
pathway was monitored by measuring IP; levels. IP; responses fol-
lowing phenylephrine stimulation of al-AR sensors (Fig. S24) were
used as references (Fig. S2B). Cells expressing al-AR control sensor
exhibit an increase in IP; response compared with untransfected
cells, indicating functionality of a1-AR sensors. al-AR-10 nm-Gog-
expressing cells exhibit a further increase in IPy, indicating that
the tethered Gq is a signaling-competent entity. However, cells
expressing 2-AR-10 nm-Gaq exhibit no measurable increase in IP;
levels following isoproterenol stimulation (Fig. S2B). Because there
is no measurable activation of Gq following isoproterenol stimula-
tion of the p2-AR-Goaq sensor, effectors downstream of Gaq are
unlikely to contribute to f2-AR priming. This further supports a role
for interaction of the tethered Gaq with the p2-AR in priming.

GPCR Priming Is Not Affected by the Cytoplasmic Tail of the Receptor
or Membrane Microdomain Organization. Different ligands are
known to trigger distinct signaling outcomes via the same GPCR.
This functional selectivity has been partially attributed to the
ability of the C-terminal cytoplasmic tail region of GPCRs to
function as a scaffold for effectors like PKA (15) and p-arrestin
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(16). To test whether the tethered Gaq subunit exerted its effect
on GPCR priming via scaffolded effectors, f2-AR was truncated
at position 350 to remove the tail domain that causes scaffolding.
Sensors in which truncated p2-AR was tethered to Gaq contin-
ued to display GPCR priming following isoproterenol stimula-
tion (Fig. S34). This suggests that scaffolding activity of p2-AR,
as well as interactions with scaffolded effectors, are dispensable
for GPCR priming. There is evidence that p2-AR, Gs, and
adenylate cyclase colocalize with caveolae in the plasma mem-
brane (17, 18). This colocalization is proposed to assist signal
transduction. To test whether the caveolar organization is im-
portant for GPCR priming, caveolae were disrupted by filipin
treatment (17). Cells expressing the 2-AR-10 nm-Goaq sensor
displayed a similar extent of GPCR priming even on treatment
with filipin. (Fig. S3B). Hence, GPCR priming does not appear
to originate from the induced proximity of the tethered Gaq to
downstream signaling components in caveolae, further strengthening
a direct role for GPCR-Ga-protein interaction in GPCR priming.

The C-terminal a5 Helix of the Gu Protein Is Minimally Sufficient to
Cause Priming. The data imply that direct interaction between
tethered Gaq and f2-AR/D;-R causes GPCR priming. It is known
that the a5 helix from Ga C terminus interacts with p2-AR (19).
To test whether the same a5 peptide plays a role in GPCR
priming, f2-AR or Dy-R were tethered via 10-nm ER/K linker to
the oS5 peptide derived either from Gas (s-pep) or from Gaq
(q-pep) (Fig. 24). Isoproterenol-stimulated cAMP response was
measured in cells expressing these peptide sensors to equivalent
levels. Control sensor-expressing cells are found to exhibit a higher
cAMP response than untransfected cells (Fig. 1B). The p2-AR-s-pep
sensor exhibited an increase in the cAMP response over the control
(Fig. 2B). B2-AR—q-pep sensor caused a further increase in cAMP
(Fig. 2B). Thus, specific interaction with the tethered a5 peptide is
sufficient for GPCR priming. GPCR priming is also observed upon
dopamine stimulation of D;-R-s-pep and D;-R-g-pep sensors (Fig.
2C).The difference in magnitude of GPCR priming between s-pep
and g-pep sensors for the same GPCR suggested a role for the se-
quence of the tethered C terminus peptide in this phenomenon. To
test the sequence dependence, a scrambled sequence of the s-pep
was tethered to p2-AR. Isoproterenol stimulation of the resultant
B2-AR-scram sensor (Fig. 24) led to an increase in cAMP response
compared with controls. However, the magnitude of the increase was
less than that caused by the p2-AR-s-pep sensor (Fig. 2B). Thus,
sequence-specific interactions between the tethered oS5 peptide and
B2-AR mediate GPCR priming.

Dependence of GPCR priming on the sequence of the teth-
ered C-terminal peptide was additionally tested using a chimera.
The C terminus oS5 peptide of a Gas subunit was substituted by
the corresponding peptide from Gagq, resulting in a chimeric
protein designated Gas/q. Chimeric Gas/q bound to BODIPY-
FL-GTPyS with similar efficiency as Gas, indicating that the
chimeric Gas/q was functional (Fig. 2E). The chimeric Gas/q was
tethered to f2-AR generating a p2-AR-Gas/q sensor (Fig. 2D),
which exhibited GPCR priming compared with p2-AR-Gas (Fig.
2F). This strongly supports the interpretation that sequence of
the tethered o5 peptide determines the magnitude of GPCR
priming. Simultaneously, the signaling profile of events down-
stream from the receptor does not change due to priming.

GPCR Priming Can Be Reconstituted in Vitro. To address the possi-
bility that GPCR priming is an artifact of the tethered nature of
sensors, a reconstitution approach was used (Fig. 34). Con-
comittantly, the influence of the ER/K linker on GPCR priming was
also tested (Fig. S44). To this end, the ligand-dependent increase in
the fluorescence of BODIPY-FL-GTPyS was monitored in a re-
action containing GPCRs in a urea-treated membrane and exoge-
nously added G proteins (Materials and Methods). Upon fenoterol
stimulation of p2-AR control sensor-containing membranes (Fig.
3B), the reaction containing Gaq did not show an increase in
fluorescence, as is expected for the Gs-coupled f2-AR. Simulta-
neously, Gas showed an increase in fluorescence, indicating that the
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Fig. 2. Tethered Ga C terminus peptide is sufficient for GPCR priming.
(A) Schematics of the peptide sensors used. The GPCR (82-AR or D1-R),
mCitrine, 10-nm ER/K linker, mCerulean, and o5 peptide from the Ga C ter-
minus of either Gas (s-pep, red) or Gaq (g-pep, blue) or scrambled sequence
from Gas peptide (scrambled, scram, green) are expressed as a single poly-
peptide, separated from each other by Gly-Ser-Gly (GSG) x 4 linkers. (B and C)
Increase in cCAMP levels between buffer-treated and agonist-treated (B, 10 pM
isoproterenol; C, 10 pM dopamine) HEK293T cells expressing equivalent
amount of peptide sensors. Tethered g-pep exhibits the greatest increase in
cAMP. (D) Chimeric Gas/q constructed by swapping the C terminus o5 peptide
of Gas with the corresponding peptide from Gag. Comparison of sensors
tethering p2-AR to Gas and chimeric Gas/q. (E) GTP-binding ability of Gas and
Gas/q. Incorporation of BODIPY-FL-GTPyS into Ga subunits measured as an
increase in fluorescence between BODIPY-FL-GTPyS alone, and BODIPY-FL-
GTPyS with indicated Ga subunit. (F) Increase in cCAMP levels between buffer-
treated and isoproterenol-treated (10 pM) HEK293T cells expressing equivalent
amount of indicated sensors. Tethered chimeric Gas/q exhibits the greatest
increase in cAMP. (B, C, and F) Values are mean + SEM from n > 10 observa-
tions over at least three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.005 by unpaired t test.

f2-AR in urea-treated membranes was functionally active. In-
creasing the concentration of Gas caused a further increase in
fluorescence, consistent with canonical signaling downstream of (32-
AR proceeding via Gas. Stimulation of a mixture containing both
Gas and Gaq led to a synergistic increase in fluorescence, mim-
icking GPCR priming. Because Gaq showed minimal activation
downstream of B2-AR, the synergism indicated that presence of
Gaq greatly increased the activation of Gas. Thus, GPCR priming
can be reconstituted in vitro without tethering the Go subunit to f2-
AR. In agreement with the observations in live cells (Fig. 2B), ex-
ogenously added s-pep, in combination with Gas, augmented the
fluorescence increase over that observed with Gas alone (Fig. 3B,
dark bars). g-pep addition caused a further increase in fluorescence.
Thus, the pattern of q-pep exhibiting a greater magnitude of GPCR
priming than s-pep was also recapitulated in vitro. However, Gaq
did not show an increase in fluorescence (Fig. 3B), even in presence
of g-pep (data not shown, for clarity). A similar pattern of Goas
activation was observed when p2-AR-mCer-containing membranes
were used (Fig. S4B). Results from the p2-AR-mCer fusion indicate
that the ER/K linker does not influence GPCR priming. Together,
our results suggest that interaction of the o5 peptide with f2-AR
increases activation of cognate Gas, contributing to GPCR priming.

Endogenous Gas Is Required for GPCR Priming. Extrapolating the
in vitro data (Fig. 3B) to previous results (Fig. 2B) suggested that
GPCR priming would depend on endogenous Gas. shRNA di-
rected to Gas caused a 53% reduction in endogenous Gas pro-
tein, compared with cells with an empty vector (vector, Fig. 3C).
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Fig. 3. Synergism between Gas and a C terminus peptide causes GPCR
priming. (A) Schematic representation of Ga subunit activation measured
in vitro by increase in fluorescence of BODIPY-FL-GTPyS. Activation is trig-
gered by addition of fenoterol to urea-treated membranes containing the
B2-AR control sensor (-), harboring an ER/K linker. (B) Effect of Ga proteins
(+, 50 nM; ++, 100 nM) and soluble Ga C terminus peptides (10 pM) on the
in vitro activation of Gas by fenoterol treatment of $2-AR. Gaqg causes syn-
ergistic activation of Gas. s-pep and g-pep increase the activation of Gas,
with g-pep showing an augmented increase. (C) Western blot of lysates from
HEK293T cells expressing Gas shRNA compared with vector-transfected cells
(mock). At equivalent loading (anti-Actin), shRNA-expressing cells are de-
pleted of Gas protein (anti-Gas). (D) Change in cAMP levels due to Gas de-
pletion in cells expressing either 2-AR control (-) or p2-AR-g-pep sensors. In
both sensors, depletion of Gas reduces cAMP levels. Values are mean + SEM
from n > 5 observations from three independent experiments (B) and n >
10 observations from three independent experiments (D). **P < 0.01, ***P <
0.005, ****P < 0.001 by unpaired t test.

In cells expressing the control sensor, depletion of endogenous Gas
led to a reduction in the cAMP response relative to vector-treated
cells (Fig. 3D). Reduction in the cAMP response and decline in Gas
protein had similar magnitude (~50%). Among vector-treated cells,
p2-AR—g-pep sensor exhibited GPCR priming compared with
control sensor expression. Simultaneous depletion of endogenous
Gas and expression of p2-AR-g-pep sensor led to a reduction in
GPCR priming. The reduction in cAMP in cells depleted of Gas,
even when expressing f2-AR—q-pep sensor, strengthens the idea
that GPCR priming is manifested via endogenous Gaos.

Ga C Terminus Peptide Interaction with GPCR Increases Receptor
Potency. To gain insights into the mechanism of priming, a com-
bination of radioligand binding and concentration-response
analyses were performed. Equilibrium dissociation constants for
the orthosteric antagonist ['*I]cyanopindolol and the orthosteric
agonist isoproterenol were determined by saturation binding (Fig.
4A4) and competition (Fig. 4B) assays, respectively. Compared with
control sensor, the peptide sensors had greatly increased affinities
for ['**I]cyanopindolol (pKp) (Fig. 4 A and D) as well as for iso-
proterenol (pK;) (Fig. 4 B and D). However, p2-AR-s-pep and
B2-AR-q-pep sensor had similar affinity for ['*I]cyanopindolol as
well as isoproterenol (Fig. 4D). To understand the influence of the
increased receptor-ligand affinity on cellular response, cells
expressing equivalent levels of f2-AR peptide sensors were ex-
posed to increasing isoproterenol concentration (Fig. 4C). The
resulting increase in cAMP was expressed as a percentage of the
maximum cAMP (E,.,) that could be generated by each sensor
upon forskolin stimulation. Comparison of the concentration—
response curves indicated that the p2-AR peptide sensors had
greater potency than the control sensor. Further analysis of these
concentration-response curves was performed in the framework
of the operational model of agonism (13). An operational mea-
sure of receptor efficacy (log 7, Fig. 4D) was obtained for each
sensor by constraining the equilibrium dissociation constant for
the interaction between each 2-AR sensor and isoproterenol (K;)
(Eqs. S1-S4, SI Materials and Methods). The Gas peptide, but not
the Gaq peptide, substantially decreases the efficacy of signal
transduction. Hence, the combination of enhanced receptor-ligand
binding affinity without a decrease in receptor efficacy presents a
potential mechanism for GPCR priming.
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Discussion

The influence of one G-protein subtype upon signaling through
another G-protein pathway, has remained unappreciated, despite
the presence of multiple G-protein subtypes that can interact with
the same GPCR (2). The only published GPCR-G-protein struc-
ture suggests a steric 1:1 stoichiometry in the GPCR-G-protein
interaction (6). Hence, the binding of one G protein can be
expected to competitively inhibit a simultaneous interaction with
another G protein of the same or different subtype. Here, we find
instead that GPCR interactions with one G-protein subtype can
stimulate signaling through a distinct G-protein subtype, a phe-
nomenon we term GPCR priming. Specifically, we report that in-
teractions between either p2-AR or D;-R and Gaq enhance cAMP
signaling through Gas (Fig. 1 B and C). GPCR priming is not
limited to Gs-coupled receptors, because the Gg-coupled Via-R
exhibits enhanced IP; signal upon interaction with Gas (Fig. S2C).
Minimally, interactions between p2-AR or D;-R and a peptide
derived from the C terminus of the Ga subunit of either Gs or Gq
are sufficient to observe this enhanced signaling (Fig. 2 B and C).
The increased signaling is specific to the sequence of the peptide,
as a scrambled peptide was less efficient (Fig. 2B). Synergistic
G-protein activation in vitro by agonist-stimulated receptor, in
the presence of both Gas and Gagq, argues that GPCR priming
is a characteristic of interaction multiplicity and not simply a
tethering artifact (Fig. 3B and Fig. S4B). Last, radioligand
binding assays, concentration-response studies, and analysis in
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Fig. 4. Go C terminus peptides increase the potency of cAMP response.
(A) Radioligand binding to purified membranes. Saturation binding of
(+)-["*®Iliodocyanopindolol to 10 pg of purified membranes from cells
expressing PB2-AR sensors was measured from bound radioactivity as a
function of increasing radioligand concentration and used to calculate the
equilibrium dissociation constant (Kp). Membranes containing p2-AR control
sensors require greater radioligand to display saturation (displayed with
broken axis). (Inset) Radioligand binding data represented on a logarithmic x
axis. (B) Competition of radioligand binding to $2-AR sensors by iso-
proterenol. Purified membranes containing 20 fmol of indicated p2-AR
sensors were incubated with increasing isoproterenol in the presence of
excess (+)-['*®lliodocyanopindolol (peptide sensors, 500 nM; control sensor,
2 pM). Bound radioactivity was measured as a function of increasing iso-
proterenol concentration to estimate equilibrium dissociation constant (K;).
(C) cAMP accumulation in HEK293T cells expressing equivalent amounts of
B2-AR sensors. Cells expressing control or peptide sensors were stimulated
with varying concentration of isoproterenol (0.1 nM to 1 mM) and the cAMP
response measured. Increase in CAMP was expressed as a percentage of the
cAMP response from forskolin stimulation (E.,,,), for each sensor. Resulting
concentration-response curves were fitted to the operational model to es-
timate receptor efficacy (log 7), with K; (from B) as a constraining parameter.
(D) Values are mean + SEM obtained by analysis of the three independent
experiments. **P < 0.01, by unpaired t test, comparing values for each
peptide to the control sensor.
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the framework of the operational model reveal that a peptide
from the C terminus of either Go subunit causes an increase in
ligand binding affinity of the receptor (Fig. 4). We propose that
this increase in ligand binding affinity, without compromising
receptor efficacy, leads to effective GPCR priming.

We propose three parallel mechanisms that lead to GPCR
priming. First, G-protein binding to the cognate site triggers a
conformational change in the GPCR that persists following initial
G-protein dissociation. Because this “primed” conformation has
greater ligand binding affinity, it exhibits a higher potency for sub-
sequent activation of cognate G proteins. GPCR priming through
cognate site interactions (Fig. S5, Cognate site interaction) requires
temporal persistence of an altered GPCR conformation as has been
very recently reported (20). Second, GPCR priming occurs through
the interaction of G proteins with distinct sites on the GPCR, one at
the cognate site (6) and the second at a distal allosteric site. The
interaction of a G protein with the allosteric site could influence
GPCR conformation to increase the ligand-binding affinity, leading
to enhanced activation at the cognate site. Considering the large
surface area of the G protein relative to the interface provided by
the GPCR, as observed in the recent GPCR-G-protein crystal
structure (6), it is unclear how a cognate and a separate allosteric
site would be accommodated. Nonetheless, a recent report provides
evidence for the simultaneous binding of G protein and p-arrestin to
the activated GPCR (7). A similar supercomplex with two G pro-
teins, one at the cognate site and another at the distal allosteric site
could contribute to GPCR priming (Fig. S5, Allosteric site in-
teraction). Third, cognate G-protein activation is influenced by the
formation of an asymmetric oligomer. This oligomer comprises a
cognate receptor G-protein pair transiently interacting with a non-
cognate pair (Fig. S5, Asymmetric oligomers). Asymmetric dimers
of laterally associated GPCRs, where the monomers exist in distinct
conformational states, enhance the activation of a single G protein
(21). It may be hypothesized that the ability of a noncognate pair to
induce an active conformation in the cognate pair by lateral allos-
terism may lead to an increase in G-protein activation. Because
these possibilities are not mutually exclusive, further investigations
are necessary to define the molecular basis of GPCR priming.

GPCR priming arises as a consequence of interactions between
the receptor and Ga subunits, involving the C terminus peptide of
the Ga subunit. We find that the noncognate peptide primes better
than the cognate peptide. Although both peptides independently
increase the ligand binding affinity, they have differing effects on
receptor efficacy (Fig. 4D). We have recently reported that the
cognate Ga C terminus peptide binds to the receptor with high af-
finity and stabilizes receptor conformation (22), which is consistent
with an early study suggesting that a similar peptide-receptor in-
teraction increases the “high-affinity agonist binding” form of the
receptor (23). This stable complex, composed of agonist, receptor,
and Gos C terminus peptide, could limit subsequent G-protein ac-
tivation, contributing to observed changes in efficacy (Fig. 4D). In
contrast, the noncognate G protein can interact only weakly with the
receptor (Fig. S1), consistent with a lower binding energy (22). Thus,
the weaker and hence more transient noncognate GPCR-G-protein
interaction increases ligand binding affinity, while maintaining re-
ceptor efficacy, leading to effective GPCR priming. We propose that
the difference in the magnitude of GPCR priming by cognate and
noncognate G proteins can be explained by the stability of their
interaction with the GPCR.

The positive interference of multiple G-protein interactions with a
GPCR reported here, represents a fundamental shift in our view of
GPCR signaling. The ternary-complex model is a mathematical
description of the interactions between ligand, receptor, and a single,
cognate G protein that precipitates G-protein activation and con-
sequent physiological responses. The ternary-complex model posits
that ligand-bound receptor has increased coupling with a G protein.
Conversely, G-protein-bound receptor has increased affinity for
agonists (24). Our data suggest another layer of regulation, wherein
noncognate G proteins interact with the receptor allosterically (25,
26) or using different binding modes at the cognate site (22) to
modulate the ligand-binding affinity without compromising receptor
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efficacy. Such interactions between receptors and noncognate ef-
fectors present proximal factors that can drive cell type-specific
responses.

Materials and Methods

Reagents. GPCR ligands were purchased from Sigma-Aldrich or Tocris (S/
Materials and Methods). (+)-['**lllodocyanopindolol was purchased from
PerkinElmer and used under appropriate containment. BODIPY-FL-GTPyS
was from Thermo Fisher/Life Technologies. n-Dodecyl-p-o-maltopyranoside,
anagrade (DDM), was bought from Anatrace. DNA sources were described
previously (22, 27). Purified Gaq (Mus musculus) and Gas long (Rattus nor-
vegicus) were obtained from Kerafast. Primary antibodies were from Santa
Cruz Biotechnology and secondary from Jackson ImmunoResearch Labora-
tories (S/ Materials and Methods).

Constructs. GPCRs (2-AR, D;-R, a1-AR, or V;4-R) were linked to Ga or o5 peptide
from Go C terminus in pcDNA5/FRT via a module containing mCitrine, ER/K
a-helix, and mCerulean (S/ Materials and Methods). To generate truncated
B2-AR sensors, the full-length p2-AR sequence was replaced with p2-AR
residues 1-350. All constructs were confirmed by sequencing. Control
sensors terminated in repeating (Gly-Ser-Gly), residues after mCerulean.
6xHis-p2-AR sensor without Ga subunit, Flag-tagged-Gas, and Flag-tag-
ged-Gas/q chimera were cloned into pBiex-1 (S/ Materials and Methods).

Synthetic Peptides. Peptides corresponding to s-pep, DTENIRRVFNDCRDIIQ-
RMHLRQYELL, and g-pep, DTENIRFVFAAVKDTILQLNLKEYNLV, were custom-
synthesized by GenScript. Concentration was determined by UV absorbance
at 280 nm of aqueous solutions.

Cells, Cell Culture, and Transfection. HEK293T-Flp-In (hereafter HEK293T;
Thermo Fisher/Life Technologies) cells were cultured, transfected using
XtremeGENE HP (Roche), and evaluated as described previously (22, 27).
Fluorescence and absorbance were monitored for the cells following resus-
pension in PBS plus 0.02% glucose plus 800 pM ascorbic acid. Each experi-
ment was performed at equivalent sensor expression and cell density.
Sf9 cells (Thermo Fisher/Life Technologies) were cultured in suspension in
$f900-1 media (Thermo Fisher/Life Technologies) and transiently transfected
using Escort IV transfection reagent (Sigma-Aldrich) as per the manufac-
turer’s instructions. Seventy-two hours posttransfection, cultures were pel-
leted and used for protein purification (S/ Materials and Methods).

Membrane Preparations. For Western blotting and radioligand assays, mem-
branes were prepared as described in detail previously (27) with modifications
(SI Materials and Methods). For the in vitro reconstitution assay, membranes
were prepared and treated with urea, and subsequently stored at —80 °C
following a protocol by Lim and Neubig (28) (S/ Materials and Methods).

cAMP Measurements. cCAMP levels were measured in transfected HEK293T cells
using the CAMP Glo luminescence-based assay (Promega) as described previously
(27) (SI Materials and Methods). For dose—response curves, cells were exposed to
varying concentrations (0.3 nM to 10 mM) of isoproterenol (3 min, 23 °C). Cho-
lesterol sequestration and membrane disruption were achieved by preincubation
of cells with 2 pg/mL filipin for 30 min at 37 °C, before isoproterenol addition.

IP; Assay. Twenty to 28 h posttransfection, HEK293T cells expressing the in-
dicated sensor were harvested to assess IP; levels using the IP-One HTRF assay
kit (Cisbio) as per the manufacturer’s protocol (S/ Materials and Methods).

In Vitro Reconstitution of Ga Activation. Urea-treated membranes (28) were
prepared from f2-AR control sensor or B2-AR-mCer fusion expressing
HEK293T cells (S/ Materials and Methods). Reconstitution reactions were
assembled on ice with 10 pg of membrane in 194 pL of 20 mM Hepes,
100 mM Nacl, 1 mM EDTA, 3 mM MgCl,, 100 pM GDP, 0.3 mg/mL BSA, and
1 mM DTT. Indicated Ga subunit and/or soluble o5 peptides were added to
the concentration indicated. BODIPY-FL-GTPyS (final, 100 nM) and fenoterol
(final, 10 uM) were added sequentially. Spectra were acquired before and
after fenoterol stimulation, using 470-nm excitation and 511-nm emission.

Radioligand Binding and Competition Assays. Purified membranes containing
10 pg of protein, from cells expressing $2-AR sensors were incubated with an
increasing concentration of (+)-['**lliodocyanopindolol (peptide sensors,
0-500 nM; control sensor, 0-5 uM) in a buffer containing 50 mM Hepes,
pH 7.4, 12.5 mM MgCl,, 2 mM EDTA, 100 mM NacCl, 0.05% BSA, and 1 mM
ascorbic acid for 90 min at ambient temperature. Nonspecific binding was
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defined in the presence of excess alprenolol and found to be less than 1%
(SI Materials and Methods). Competition assays were performed under the
same conditions using 500 nM (+)-['**lliodocyanopindolol and increasing
concentrations of isoproterenol (0-2 mM). Assays were terminated by rapid
filtration through GF/C filters, followed by washing with ice-cold Tris-
buffered saline (50 mM Tris, pH 7.4, 150 mM Nacl). Filters were allowed to
dry, and the bound radioactivity was measured using a Wizard? automatic
gamma counter (PerkinElmer).

Protein Purification from Sf9 Cells. Purification of N-terminal His-tagged
B2-AR (=) control sensor from Sf9 membranes followed previously pub-
lished protocol (29) (SI Materials and Methods). Purification of Flag-tagged
Gas and Gas/q chimera was performed following Ritt and Sivaramakrishnan
(30) (S/ Materials and Methods).

In Vitro Pull Down Assay. Equivalent amounts of His-2-AR control sensor was
bound to Ni?*-NTA resin and incubated with increasing concentration of either
Gos or Gag, purified protein (Kerafast) in a buffer containing 50 mM Nacl, 5 mM
MgCl,, 20 mM imidazole, 0.1 mM ascorbic acid, 100 uM isoproterenol, 100 pM
GDP, 0.1% BSA, 0.1% DDM, protease inhibitors, and 20 mM Hepes, pH 7.45.
Unbound Ga proteins were washed away in BSA-free buffer. His2-AR and the
bound Ga fraction was coeluted with 200 mM imidazole and subjected to
fluorescent imaging to detect His—32-AR (Typhoon gel imager; GE Healthcare)
and Western blotting with anti-Gas or anti-Gaq for quantification (S/ Materials
and Methods).

Western Blotting and Quantitative Analysis. Samples (membrane, cell lysate or
eluted protein, and Ga standards) were separated by 10% (wt/ivol) SDS/PAGE;
transferred to PVDF membranes for 3 h at 300 mA. Membranes were
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sequentially blocked, washed, and probed with primary antibodies to Ga or Gf
subunits (S/ Materials and Methods). Blots were washed, probed with sec-
ondary antibody, washed again, and developed with Immobilon Western
Chemiluminescent HRP substrate (Millipore). Blots were documented using an
Odyssey system (Li-Cor Biosciences). For the coimmunoprecipitation assay, gel
analysis and measure tools in Image) (NIH) were used to calculate mean in-
tensity values for purified Gax standards. These standards were used to de-
termine the amounts in eluted samples by linear regression.

Analysis of Concentration—-Response Curves and Radioligand Assays. Data
analysis was performed using Prism (GraphPad Software) following the
method of Nguyen et al. (31). Equilibrium dissociation constant of (+)-["*I]iodo-
cyanopindolol (Kp) was determined from saturation binding, and the equilibrium
dissociation constant of isoproterenol (K;) was calculated from competition
binding (S/ Materials and Methods). Receptor efficacy (z) was estimated by fitting
isoproterenol concentration-cAMP response curves to the operational model of
agonism (13), using the K; values as a constraining parameter (SI Materials
and Methods).
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S| Materials and Methods

Reagents. Ascorbic acid, isoproterenol (+)-bitartrate salt, dopamine
hydrochloride, fenoterol hydrobromide, filipin, forskolin, phenyl-
ephrine hydrochloride, and polyethyleneimine were purchased from
Sigma-Aldrich. Alprenolol hydrochloride was from Tocris. (+)-[**I]
Todocyanopindolol was purchased from PerkinElmer and used under
appropriate containment. BODIPY-FL-GTPyS was from Thermo
Fisher/Life Technologies. n-Dodecyl-B-p-maltopyranoside, anagrade
(DDM), was bought from Anatrace. cDNA encoding human p2-AR,
human Gag, and long splice variant of Gas were obtained from
Open Biosystems. D;-R and Vi4-R human ¢cDNA was purchased
from DNASU plasmid repository. cDNA for ala-AR isoform 3
(Homo sapiens) was a kind gift from Richard Neubig, Michigan State
University, East Lansing, MI. shRNA plasmids targeting Gas and
empty vector control were supplied by the University of Minnesota
Genomics Center. Purified Goq (Mus musculus) and Gos long
(Rattus norvegicus) were obtained from Kerafast (29). Anti-Gas/olf
(sc-823), anti-Goq (5¢-393), and anti-Gf (sc-378) antibodies were
purchased from Santa Cruz Biotechnology. Secondary goat anti-
rabbit IgG conjugated with horseradish peroxidase was from
Jackson ImmunoResearch Laboratories.

Constructs. GPCR (p2-AR or D;-R), mCitrine (FRET acceptor),
10-nm ER/K a-helix, mCerulean (FRET donor), and Ga or Ga C
terminus peptide were cloned between unique restriction sites.
Control sensors did not contain peptide after mCerulean and instead
had repeating (Gly-Ser-Gly), residues. Constructs were then
subcloned into the pcDNAS/FRT vector between HindIII and Notl.
A (Gly-Ser-Gly), linker was inserted between all protein domains as
part of the primer sequence to allow for free rotation between do-
mains. An N-terminal HA tag was inserted in-frame to all p2-AR-
sensors. a5 peptides encoded the last 27 C-terminal residues of the
corresponding Ga subunit. Amino acid sequences used were as
follows: s-pep, DTENIRRVFNDCRDIIQRMHLRQYELL; g-pep,
DTENIRFVFAAVKDTILOLNLKEYNLYV; scrambled peptide,
CLDYNRFIHIDORLNEMERTDOQIRLRYV. The C tail was de-
fined as all residues following the C terminus of H8 (position 350).
To generate truncated 2-AR sensors, the full-length f2-AR se-
quence was replaced with f2-AR residues 1-350. All constructs
were confirmed by sequencing. f2-AR sensor without Ga subunit,
Gas, and Gas/q chimera was cloned into pBiex-1 between Agel
and Notl. Epitopes for protein purification were inserted in-frame
at the N terminus of each construct. For $2-AR 6xHis and for Ga
constructs, a Flag epitope was cloned in-frame between Ncol and
Agel sites.

Synthetic Peptides. Peptides corresponding to s-pep, DTENIR-
RVFNDCRDIIQRMHLRQYELL, and g-pep, DTENIRFVF-
AAVKDTILQLNLKEYNLYV, and the arginine vasopressin peptide
(AVP), CYFONCPRG-NH, containing a disulfide bond, were
custom-synthesized by GenScript. Lyophilized peptides were dis-
solved in water and concentration was determined by UV absorbance
at 280 nm.

Cells, Cell Culture, and Transfection. HEK293T-Flp-In (hereafter
HEK?293T; Thermo Fisher/Life Technologies) cells were cultured in
DMEM supplemented with 10% (vol/vol) FBS, 4.5 g/L p-glucose,
1% GlutaMax, 20 mM Hepes, pH 7.5, at 37 °C. Cells were
maintained in a humidified atmosphere with 5% CO, and pas-
saged regularly. HEK293T cells were plated into six-well tissue
culture-treated plates at ~30% confluence. Cells were transfected
16-20 h later with XtremeGENE HP DNA transfection reagent.
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Transfection conditions including the amount of DNA (1-2 pg of
DNA plus 3-6 pL of reagent) and the length of transfection (20—
28 h) were optimized to consistently yield equivalent levels of sensor
expression across different conditions. For all experiments sensor
integrity, localization, and sensor expression per optical density
(OD) were tracked to ensure consistency. Experiments were
conducted at 60-80% transfection efficiency evaluated by 20x and
40x magnification on a Nikon TS100 microscope equipped with
100-W Hg-arc lamp and enabled with fluorescence detection.
Additionally, at the time of the experiment, 60-80% of transfected
cells expressed predominately plasma membrane-localized sensor
with minimal localization to the intracellular compartments. Cells
were resuspended by gentle pipetting in the culture medium. Cells
were centrifuged (300 X g, 3 min) and washed twice with, and
resuspended in, PBS plus 0.02% glucose plus 800 pM ascorbic
acid. Sensor expression was measured by mCitrine fluorescence
(described below). Each experiment was performed at equivalent
sensor expression and matched OD of the cell suspension.
Sf9 cells (Thermo Fisher/Life Technologies) were cultured in
suspension in Sf900-II media (Thermo Fisher/Life Technologies)
and transiently transfected using Escort IV transfection reagent
(Sigma-Aldrich) as per the manufacturer’s instructions. Seventy-
two hours posttransfection, cultures were pelleted and used for
protein purification.

Fluorescence Measurement of Sensor Expression. Using a Fluo-
roMax-4 fluorometer (Horiba Scientific), FRET spectra were gen-
erated by exciting cells at 430 nm (bandpass, 8 nm) in an optical
quartz cuvette (3-3.30-SOG-3; Starna Cells). Emission was scanned
from 450 to 600 nm (bandpass, 4 nm). mCitrine fluorescence was
held within 1.6-2.4 x 10° cps for a cell OD of 0.5. For each ex-
periment, sensor integrity was tracked by measuring the mCitrine
(excitation, 490; bandpass, 8 nm; emission range, 500-600; band-
pass, 4 nm; emission maximum, 525 nm) to mCerulean fluorescence
ratio (excitation, 430; bandpass, 8 nm; emission range, 450-600;
bandpass, 4 nm; emission maximum, 475 nm). As part of the sensor
design, mCitrine and mCerulean label the C terminus of GPCR and
N terminus of Go subunit, respectively. All experiments were
conducted at mCitrine-to-mCerulean fluorescence ratio emission of
1.7-2.1, based on their respective excitations.

Membrane Preparations. For Western blotting, membranes were
prepared as follows. HEK293T cells expressing indicated sensors
were washed once with ice-cold PBS buffer. Cells were resus-
pended in an ice-cold hypotonic buffer (buffer B: 20 mM Hepes,
pH 7.4, 0.5 mM EDTA, 0.1 mM DTT, 1.5 pg/mL aprotinin,
1.5 pg/mL leupeptin, and 5 pg/mL. PMSF), incubated for 30 min
at 4 °C on a rotator, and lysed with a FisherBrand rotary pestle
for 30 s. Lysates were cleared by centrifugation (500 X g, 5 min),
followed by pelleting of membranes (40,000 x g, 20 min, 4 °C).
Membranes were washed once with buffer B containing 3 pM
GDP and 5 mM MgCl, (10-s resuspension with rotary pestle),
and centrifuged at 40,000 x g for 20 min. Pellets were resus-
pended in identical buffer to a concentration of 0.5-1 mg/mL,
aliquoted, and frozen at —80 °C. Total protein concentration (in
milligrams per milliliter) was calculated using a DC Protein
Assay (Bio-Rad).

For radioligand assays, HEK293T cells expressing indicated
sensors were washed once with ice-cold PBS buffer. Cells were
resuspended in an ice-cold hypotonic buffer (buffer B: 20 mM
Hepes, pH 7.4, 0.5 mM EDTA, 0.1 mM DTT, 1.5 pg/mL apro-
tinin, 1.5 pg/mL leupeptin, and 5 pg/mL PMSF) and incubated

10f7


www.pnas.org/cgi/content/short/1617232114

L T

/

1\

=y

for 30 min on ice. Cells were lysed using an Isobiotec cell ho-
mogenizer with 8-pm clearance. Following removal of debris at
1,000 x g for 2 min at 4 °C, the supernatant was centrifuged at
40,000 x g, 20 min, and 4 °C to obtain crude membrane pellet.
The pellet was resuspended in wash buffer containing 20 mM
Hepes, pH 7.4, 0.5 mM EDTA, 50 mM NaCl, 10 mM MgCl,, and
1 mM DTT, and centrifuged as earlier to remove peripheral
proteins. The resulting membrane pellet was resuspended in
wash buffer containing 12% (wt/vol) sucrose, aliquoted (100 pL),
frozen in liquid nitrogen, and stored at —80 °C until further use.
Each aliquot was used within minutes of thawing. Membranes
that were thawed once, and not used were discarded.

For the in vitro reconstitution assay, membranes were prepared
and treated with urea following a published protocol (29). Briefly,
HEK?293T cells expressing $2-AR control sensor were harvested
in culture medium and washed twice with PBS by centrifugation
(300 x g, 3 min, ambient temperature). Cell pellet was incubated
with an ice-cold hypotonic buffer (solution A: 10 mM Hepes,
1 mM EGTA, pH 7.2) for 30 min on ice. Cells were lysed gently
in a chilled Dounce homogenizer in presence of 1.5 pg/mL
aprotinin, 1.5 pg/mL leupeptin, 5 pg/mL PMSF, and 1 mM DTT.
Nuclei and intact cells were eliminated by centrifugation at
1,000 x g, 5 min, and 4 °C. All subsequent centrifugation steps
were performed in a TLA100.4 rotor at 135,000 x g, 30 min, and
4 °C. Membranes in the supernatant were pelleted. The mem-
brane pellet was resuspended in solution A containing 7 M urea
and incubated on ice for 30 min. The urea was diluted to 3.5 M
using solution A, and membranes were collected by centrifuga-
tion. Membrane pellet was resuspended in solution A alone and
centrifuged to remove urea. The resultant membrane pellet was
resuspended in solution A containing 12% (wt/vol) sucrose, ali-
quoted, frozen in liquid nitrogen, and stored at —80 °C. Total
protein concentration (in milligrams per milliliter) was calcu-
lated using a DC Protein Assay (Bio-Rad).

cAMP Measurements. HEK293T were transiently transfected with
sensors using XtremeGENE HP (Roche) according to the man-
ufacturer’s instructions. cCAMP levels were assessed using the
cAMP Glo luminescence-based assay (Promega) at equivalent
sensor expression and equal cell density as described above.
Twenty to 28 h posttransfection, cells were gently resuspended in
DMEM containing 10% (vol/vol) FBS, centrifuged, and resus-
pended in PBS plus 0.02% glucose plus 800 pM ascorbic acid to a
density of 2 x 10° cells per mL as measured by a Countess II cell
counter (Thermo Fisher/Life Technologies). A total of 2 x 10*
cells was aliquoted into 96-well U-bottomed opaque, white
microplates. For forskolin treatment, cells were incubated with
10 pM forskolin (3 min, 23 °C). For agonist stimulation, cells were
treated with 10 uM isoproterenol or 10 uM dopamine, both for
3 min at 23 °C. For dose-response curves, cells were exposed to
varying concentration (0.3 nM to 10 mM) of isoproterenol (3 min,
23 °C). Cholesterol sequestration and membrane disruption were
achieved by preincubation of cells with 2 pg/mL filipin for 30 min
at 37 °C. After incubation, cells were processed for the cAMP Glo
assay as per manufacturer’s instructions (Promega). Luminescence
was measured using a microplate reader (FlexStation 3; Molecular
Devices). The luminescence signal of cells treated with small
molecules was subtracted from that of cells exposed to buffer.

IP, Assay. Twenty to 28 h post transfection, HEK293T cells expressing
the indicated sensor were harvested to assess IP; levels using the IP-
One HTREF assay kit (Cisbio). Cells were gently resuspended in their
original media and centrifuged (300 x g, 3 min). An appropriate
volume of StimB buffer (CisBio: 10 mM Hepes, 1 mM CaCl,,
0.5 mM MgCl,, 42 mM KCl, 146 mM Na(Cl, 5.5 mM glucose,
50 mM LiCl, pH 7.4) was added to reach equal sensor expression
and similar cell numbers (~3 x 10° cells per mL). A total of 6 x 10°
cells was incubated with or without agonist (10 pM phenylephrine,
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10 uM isoproterenol, or 100 nM Arg-vasopressin peptide) for 2 h at
37 °C in a total volume of 400 pL. Following incubation, the cells
were centrifuged, and the cell pellet was resuspended in 150 pL of
buffer containing five parts of 1x StimB and two parts of lysis buffer.
Thirty microliters of this lysate was mixed 6 pL of IP; conjugated to
d2 dye, and 6 pL of terbium cryptate-labeled anti-IP; monoclonal
antibody, aliquoted into 384-well plate, and incubated on a shaker
for 45 min at room temperature. FRET spectra were collected in top
read format using a FlexStation 3 plate reader with a delay of 50 ps
and integration time of 300 ps. Excitation, emission, and cutoff
wavelengths were 340, 665, and 630 nm (acceptor d2), and 343, 620,
and 570 nm (terbium cryptate donor), respectively. FRET ratio was
calculated as follows:

emissiongss nm X 10%

FRET ratio= —
€miSS10N620 nm

The difference in FRET ratio between untreated and agonist
treated cells was calculated and normalized to the value of the
untransfected cells for that experiment, and agonist, as 100%.

In Vitro Reconstitution of G Activation. HEK293T cells in 10-cm
dishes were transiently transfected with p2-AR (—) sensor plasmid
as described earlier. Membranes were isolated and treated with urea
as detailed (Membrane Preparations). Reconstitution reactions were
assembled on ice. They contained 10 pg of membrane in 20 mM
Hepes, 100 mM NaCl, 1 mM EDTA, 3 mM MgCl,, 100 pM GDP,
0.3 mg/mL BSA, and 1 mM DTT. Indicated Ga subunit and/or
soluble a5 peptides were added to the concentration indicated. Final
volume was adjusted to 194 pL with water. Ninety-seven microliters
of this reaction was aliquoted into 3-mm quartz cuvette. Fluores-
cence was recorded by exciting the sample at 470 nm (bandpass,
2 nm). Emission spectrum was collected from 485 to 600 nm
(bandpass, 4 nm). Two microliters of 5 yM BODIPY-FL-GTPyS
was mixed with the sample to reach a final concentration of 100 nM.
A fluorescence emission spectrum was collected as above (Before
Stimulation). One microliter of 1 mM fenoterol was mixed with the
sample and incubated for 3 min. A fluorescence emission spectrum
was collected as above (After Stimulation). The fenoterol-stimulated
change in fluorescence counts was calculated by subtracting the
Before Stimulation spectra from the After Stimulation spectra, and
values at 511 nm were noted. This change in fluorescence (increase)
provided a measure of BODIPY-FL-GTPyS incorporation into Ga
subunit. Each reaction provided two readings. Experiments were
repeated three times.

Protein Purification from Sf9 Cells. Purification of N-terminal His-
tagged p2-AR (—) control sensor from Sf9 membranes followed
previously published protocol (29). Crude membrane prepara-
tion from a single frozen cell pellet was conducted as described
earlier for HEK293T cells. Membranes expressing the p2-AR
sensor were solubilized at a final concentration of 5 mg/mL in
20 mM Hepes, pH 7.45, 500 mM NaCl, and 1% DDM with
protease inhibitors (PIs) (1.5 pug/mL aprotinin, 1.5 pug/mL leu-
peptin, 5 pg/mL PMSF). Samples were incubated with rotation at
4 °C for 4 h. The insoluble fraction was removed via ultracen-
trifugation at 230,000 x g for 25 min at 4 °C. Next, 2 M imidazole
was added to solubilized supernatant at a final concentration of
20 mM imidazole. Samples were then bound to 50-150 pL
(packed volume) of preequilibrated Ni**-NTA resin, for 1.5-2 h
rotating at 4 °C. Nonbound fraction was removed by centrifuga-
tion at 1,000 x g at 4 °C for 2 min. Resin was serially washed six
times with a decreasing NaCl and DDM concentration gradient in
20 mM Hepes, pH 7.45, 20 mM imidazole, and PIs. The resin
was first washed with 500 mM NaCl and 1% DDM, and spun at
1,000 x g for 2 min at 4 °C. The wash and spin steps were re-
peated five additional times with 400 mM NaCl and 0.8% DDM,
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300 mM NaCl and 0.6% DDM, 200 mM NacCl and 0.4% DDM,
100 mM NacCl and 0.2% DDM, and finally with 50 mM NaCl
and 0.1% DDM. All buffers were supplemented with 5 mM
MgCl,, 1 mM timolol (f2-AR antagonist) (32), and 50 uM GDP.
This resulted in purified His-tagged p2-AR (—) control sensor
bound to Ni**-NTA resin that could be used for coimmuno-
precipitation assay. Protein concentration was determined from
fluorescence emission (FluoroMax-4; Horiba Scientific) of
mCitrine or mCerulean compared with a matched standard or
Abgo using extinction coefficients determined by ExPASy Prot-
param (Swiss Institute of Bioinformatics).

For purification of Flag-tagged Gas and Gas/q chimera, tran-
siently transfected Sf9 cells were pelleted 72 h posttransfection. The
cells were lysed with 0.5% Igepal, 4 mM MgCl,, 200 mM NaCl, 7%
sucrose, 20 mM Hepes, 2 mM DTT, 1.5 pg/mL aprotinin, 1.5 pg/mL
leupeptin, and 5 pg/mL PMSF, pH 7.5. Clarified lysates were in-
cubated with anti-FLAG M2 Affinity resin (Sigma) for 2 h. The
resin-bound protein was washed with 20 mM Hepes, 2 mM MgCl,,
300 mM KCl, 2 mM DTT, 1.5 pg/mL aprotinin, 1.5 pg/mL leu-
peptin, and 5 pg/mL. PMSF, pH 7.5, three times with 10- to 30-uL
resin volume. The protein was eluted with 100 pg/mL FLAG
peptide. The buffer was exchanged to 5 mM Hepes, 2 mM MgCl,,
0.5 mM EGTA, 1 mM DTT, 1.5 pg/mL aprotinin, 1.5 pg/mL leu-
peptin, 5 pg/mL PMSF at pH 7.5 using Zeba Spin Desalting Col-
umns 40-kDa MWCO (Pierce). For Gas and Gas/q, GDP was
added to a concentration of 100 pM in elution and buffer exchange
steps. Protein concentration was determined by densitometric
comparison as follows. Ovalbumin standards and purified Ga
proteins were on run on the same gel SDS/PAGE gel. Following
staining with Coomassie Brilliant Blue and destaining, gel images
were captured and analyzed in ImageJ. The band intensities of
ovalbumin standards were used to prepare a standard curve, and
Go concentrations were obtained by extrapolating the band in-
tensities to this curve.

In Vitro Pull Down Assay. Experiments were performed with His-
tagged P2-AR (=) control sensor bound to Ni**-NTA resin.
Fifty-microliter aliquots of p2-AR-bound-Ni** resin were added
to prechilled tubes. Resin was centrifuged, and residual fluid was
carefully aspirated. Resin was subsequently incubated at room
temperature for 30 min with 0.3, 1, or 3 uM purified Gas or Gaq
in the binding buffer: 50 mM NaCl, 5 mM MgCl,, 20 mM imid-
azole, 0.1 mM ascorbic acid, 100 pM isoproterenol, 100 pM GDP,
0.1% BSA, 0.1% DDM, PIs, and 20 mM Hepes, pH 7.45, in a 100-uL.
volume. Next, samples were centrifuged at 1,000 x g for 3 min at
4 °C. Resin was subsequently washed twice with cold BSA-free
binding buffer. Bound p2-AR-Gox fractions were eluted in elu-
tion buffer (20 mM Hepes, pH 7.4, 200 mM imidazole, 500 mM
NaCl, 5 mM MgCl,, 0.1% DDM, and 10 uM GDP). mCitrine
fluorescence was detected by exciting samples at 490 nm (band-
pass, 4 nm). Emission spectra were collected from 500 to 600 nm
(bandpass, 8 nm). mCitrine emission at 525 nm was used to de-
termine sensor concentration in each elute. Equivalent sensor
concentrations were stored in 1x Laemmli SDS sample storage
buffer. To determine nonspecific binding, 1 pM Gox in the
binding buffer was added to Ni** resin not containing p2-AR.
Control resin was treated in a similar fashion as p2-AR-bound
resin. Samples were separated on SDS/PAGE gels [10% (wt/vol)
polyacrylamide]. Gels were imaged for mCitrine fluorescence
(excitation, 488 nm; emission, 520 nm; bandpass, 40 nm) using a
Typhoon Gel Imager (GE Healthcare) to validate equivalent
loading. Western blot with anti-Gox antibody was done to detect
presence of Gax (Western Blotting and Quantitative Analysis).
Developed blots were analyzed using ImageJ (NIH) to assess
bound Gox (in nanograms) per condition. Experiments were
performed with at least three different protein preparations.
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Western Blotting and Quantitative Analysis. Membranes from
transfected HEK293-T cells were prepared as described (see
Membrane Preparations). Where required, cell lysates were prepared
as follows. Cells expressing sensors and shRNA were washed with
ice-cold PBS and incubated with ice-cold lysis buffer (50 mM
Hepes, 150 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 1% Triton X-
100, 1.5 pg/mL aprotinin, 1.5 pg/mL leupeptin, and 3 pg/mL
PMSF). These cells were triturated 20 times through 26-gauge
needle and centrifuged at 16,000 x g, 10 min at 4 °C, to remove
debris, nuclei, and intact cells. Supernatants containing cell lysate
were stored in 1x Laemmli SDS sample storage buffer at —80 °C.
Samples were separated on 10% (wt/vol) polyacrylamide/SDS gels.
Membrane samples were scanned for fluorescence on a Typhoon
Gel Imager (GE Healthcare). Membrane as well as cell lysate
samples were transferred from gel to PVDF membranes for 3 h at
300 mA. Blots were blocked with 5% (wt/vol) nonfat dry milk in
Tris-buffered saline plus 0.1% Tween 20, pH 7.5 (TBST) for 1 h.
Primary antibodies were diluted in 1% milk/TBST and incubated
on a rocker, overnight at 4 °C. Dilutions of the primary antibodies
were as follows: anti-Gas (1:1,000; sc-823), anti-Gaq (1:1,000; sc-
393), and anti-Gp (1:500; sc-378). Blots were washed with TBST
(three times, 10 min each) before addition of secondary antibody
(goat anti-rabbit; 1:2,000 in 1% milk/TBST) and incubated at room
temperature for 1 h. Blots were washed again with TBST (three
times, 10 min each) and developed using Immobilon Western
Chemiluminescent HRP substrate (Millipore). Blots were imaged
using an Odyssey system (Li-Cor Biosciences). For the coimmu-
noprecipitation assay, resin-localized p2-AR was incubated with
equimolar amounts of either Gas or Gagq in the presence of 100 pM
isoprotenerol and GDP. Following elution with 200 mM imidazole
and 500 mM NaCl, Gas and Gaq levels were assayed using specific
antibodies. Purified Gax standards at 10, 30, and 100 ng were
loaded in each gel alongside the samples. For quantitation, the gel
analysis tool and measure tool in ImageJ (NIH) were used to
correct for unequal background or noise in the developed Western
blots. Mean intensity values were plotted as a function of amount of
purified Gox loaded per lane. Linear regression analysis was per-
formed using Mathematica (Wolfram). The calibration curve was
then used to estimate for the amount of Gox detected in the tested
conditions.

Radioligand Binding and Competition Assays. Membranes were pu-
rified from cells expressing f2-AR sensors and stored by flash-
freezing after estimating the protein content. For saturation binding
experiments, purified membranes containing 10 pg of protein were
incubated with an increasing concentration of (+)-[**IJiodocyano-
pindolol (peptide sensors, 0-500 nM; control sensor, 0-5 uM) in a
buffer containing 50 mM Hepes, pH 7.4, 12.5 mM MgCl,, 2 mM
EDTA, 100 mM NaCl, 0.05% BSA, and 1 mM ascorbic acid in a
total volume of 1 mL. Reactions were allowed to reach a steady state
by incubating at ambient temperature for 90 min. For each concen-
tration of radioligand, nonspecific binding was defined by including
10 mM alprenolol in the reaction mix. Assays were terminated by
rapid vacuum filtration through GF/C filters, which were pre-
incubated in 0.3% polyethyleneimine solution for 30 min at ambient
temperature. Excess, unbound radioactivity was eliminated by three
washes of 5 mL each, with ice-cold Tris-buffered saline (50 mM Tris,
pH 7.4, 150 mM NaCl), using the vacuum filtration setup. Filters
were allowed to air-dry, and the dried filters were placed in borosil-
icate glass tubes, 12 X 75 mm, to measure the bound radioactivity
using a Wizard® automatic gamma counter (PerkinElmer). Compe-
tition assays were performed under the same conditions as saturation
binding assays, using 20 pmol of receptor and 500 nM (+)-[**I]
iodocyanopindolol (peptide sensor experiments) per tube (1 mL).
Reactions contained increasing concentration of isoproterenol
(0-2 mM).
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Analysis of Concentration—Response Curves and Radioligand Assays.
The operational model of agonism (13) provides a framework to
understand the transduction of agonist-receptor binding event
into a cellular output. Accordingly, the effect (E) produced upon
application of an agonist (4) is expressed as follows:

_ Epu X A" x 7"
A" x T (JA]+ Ky)"

The potency of agonist-stimulated receptor-mediated cellular re-
sponse depends on the affinity of agonist-receptor interaction,
and on the efficacy with which an agonist-receptor complex acti-
vates cytoplasmic signaling proteins (31). In the operational model,
the affinity term is represented by the equilibrium dissociation
constant of receptor—agonist interaction (K,) and the operational
efficacy is indicated by 7. 7 is the inverse of the fraction of receptors
that need to signal to generate the half-maximal response. A nu-
merically smaller value for K4 indicates stronger binding between
receptor and ligand. A greater value for 7 indicates higher efficacy.
Because agonist affinity and efficacy are inherently linked (31),
estimating both of them simultaneously is difficult. Instead, the
equilibrium dissociation constant of the agonist—isoproterenol—
is estimated from radioligand assays, and this parameter is then
constrained in the operational model to estimate receptor efficacy
as follows.

Active receptor (By,) and equilibrium dissociation constant of
the radioligand (+)-["*TJiodocyanopindolol (Kp,) were determined
by global fitting of the saturation binding assays using the following
equation:

v Brax X [L]

= I T, [S1]

where Y is radioligand binding, [L] is the radioligand concentra-
tion, and NS is the nonspecific radioligand binding.
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(2)-[***1]Todocyanopindolol and isoproterenol competition
curves were expressed as normalized values and fitted to a one-
site inhibitory mass action equation as follows:

100
Y= 1 + 10«-logICsp) ° [82]
where Y is the specific radioligand binding, A is the concentra-
tion of competing ligand, and ICs, is the concentration of the
ligand that displaces 50% of the radioligand.

The equilibrium dissociation constant for isoproterenol binding
to the p2-AR sensors (K;) was calculated from the competition
binding assay, using the Cheng-Prusoff correction (33), and us-
ing the parameters derived above, according to the following
equation:

ICS(]

K= %.

[S3]

where [L] is the constant concentration of radioligand used, ICs
is the concentration of the agonist that displaces 50% of the
bound radioligand, and Kp, is the equilibrium dissociation con-
stant of the radioligand. Isoproterenol concentration (A4)-cAMP
response (E) curves were fitted to the following form of the
operational model of agonism:

Emax X [A]" x 7"

E= e + (M) +Ka)™

[S4]

where E . is the maximal cAMP response elicited by treat-
ment with forskolin, 7 is the operational measure of efficacy,
and 7 is the slope of the transducer function that links occu-
pancy to response. K values were constrained to the respective
K; values obtained from the radioligand assays (see above).
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Fig. S1. p2-AR binds to cognate Gas more strongly than Gaq subunit. (A) Schematic of the coimmunoprecipitation assay used to assess binding between
purified Gas or Gaq subunit and His-tagged p2-AR control sensors bound to Ni?* resin. (B) Eluted p2-AR and Gox complexes were separated on SDS/PAGE. (Top)
Gels were scanned for mCitrine fluorescence to verify equivalent loading. (Bottom) Representative Western blot of Gas and Gaq coimmunoprecipitation.
(Bottom Left) Total Gax was detected via anti-Gas and (Bottom Right) anti-Gaq antibodies. (B and C) Antibody sensitivity was assessed using purified Gox
standards (anti-Gos R = 0.99; anti-Gagq R? = 1.00). (D) Purified Gax standards were used to quantify total Gax bound to $2-AR. Total Gax detected (in
nanograms) compared with the equivalent concentration of Gax (in micromolar concentration) added in the p2-AR-Gox binding assay. Data are mean + SEM
from at least three independent experiments. *P < 0.05, Student’s unpaired t test.
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Fig. S2. Receptor-specific effect of tethered Ga subunits on signaling via Gg-coupled receptors. (A) Schematics of GPCR G-protein sensors used here. The GPCR
(B2-AR or a1-AR or V;4-R), mCitrine, 10 nm ER/K linker, mCerulean and Gu subunit (Gas or Gaq) are expressed as a single polypeptide, separated from each
other by Gly-Ser-Gly (GSG) ’ 4 linkers. Sensors that terminated at a Gly-Ser-Gly ' 4 peptide without Ga are indicated as (=) and were used as controls.
(B) Gs-coupled B2 receptor sensors do not show an increase in IP; upon treatment with isoproterenol (10 uM) indicating cCAMP increase from tethered Goaq
occurs through Gas pathway (A, Bottom). Gg-coupled a1 receptor sensors show increase in IP, levels upon treatment with phenylephrine (10 pM). Cognate Gag-
tethered sensor shows the greatest increase. Gas-tethered sensor shows similar increase in IP; as the control sensor. (C) Gg-coupled V;-R receptor sensors show
increase in IP, levels upon treatment with arginine vasopressin peptide (AVP, 100 nM). Gas-tethered sensor exhibits the greatest increase in IP,, consistent with
priming. (B and C) Values are mean + SEM from n > 5 observations over at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005 by
unpaired t test.
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Fig. $3. GPCR priming not affected by p2-AR tail deletion and filipin treatment. (A) Deletion of p2-AR tail domain (amino acids 351-413) after helix H8 results
in truncated p2-AR (tp2-AR). tp2-AR sensors tethered to Gas, Gaq, or a control peptide () were expressed in cells to equivalent levels. Increase in CAMP levels
measured between isoproterenol (10 uM) and buffer-treated HEK293T cells expressing equivalent amount of tp2-AR sensors. Progressive increase in CAMP
levels is noted for expression of tp2-AR (=), tB2-AR-s-pep, and tp2-AR—g-pep. (B) Effect of filipin on cCAMP response. HEK293T cells expressing equivalent levels
of p2-AR-Gas or $2-AR-Gaq sensor were treated with filipin (2 pg/mL, 15 min) or buffer. Increase in cCAMP was measured for these cells upon exposure to
isoproterenol (10 uM), compared with buffer treatment. In filipin-treated cells, p2-AR-Gaq sensor has an increased cAMP response than p2-AR-Gas sensor,
similar to control pair. Results are expressed as mean + SEM. (A) Two independent experiments, n > 8 observations; (B) five independent experiments,
n >15 observations. **P < 0.01, ***P < 0.005 by unpaired t test.
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Fig. S4. G-protein activation profile is preserved in absence of the ER/K linker. (A) Schematic representation of the p2-AR-mCer fusion protein (p2-AR fused to
mCerulean without any ER/K linker). Ga subunit activation in vitro is measured by increase in fluorescence of BODIPY-FL-GTPyS. Activation is triggered by
addition of fenoterol to urea-treated membranes isolated from cells expressing p2-AR-mCer fusion that lacks the ER/K linker, compared with p2-AR control
sensor containing an ER/K linker. (B) Effect of Ga proteins (+, 50 nM; ++, 100 nM) and soluble Ga C terminus peptides (10 uM) on the in vitro activation of Gas
by fenoterol treatment of p2-AR-mCer. Gaq causes synergistic activation of Gac. s-pep and g-pep increase the activation of Goo, with g-pep showing an
augmented increase. Values are mean + SEM from n > 5 observations from three independent experiments. *P < 0.05, **P < 0.01 by unpaired t test.
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Fig. S5. Proposed mechanisms of GPCR priming. Agonist-binding to a Gs-coupled GPCR canonically activates Gas in a heterotrimeric G-protein complex (Top,
“Canonical pathway"”). GPCR priming (red conformational state) may be attained by three parallel mechanisms (blue box). First, a G protein undergoes as-
sociation and dissociation from the “Cognate site” of the GPCR. Although the G protein itself may or may not be activated, the GPCR is primed for subsequent
interactions. Second, two G-protein entities bind to distinct cognate and allosteric sites on the same GPCR. The G protein bound to the “Allosteric site” primes
the GPCR to activate the cognate G protein. Interaction of the two G proteins may be simultaneous or sequential. Third, an “Asymmetric dimer” composed of
two GPCR-G-protein pairs primes signaling through one of the G proteins. Population of the primed state (blue box) increases G-protein activation, and
consequently augments downstream signaling.
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