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SUMMARY

Heterotrimeric G-proteins (GaBy) are the main transducers of signals from GPCRs, mediating the action of
countless natural stimuli and therapeutic agents. However, there are currently no robust approaches to
directly measure the activity of endogenous G-proteins in cells. Here, we describe a suite of optical biosen-
sors that detect endogenous active G-proteins with sub-second resolution in live cells. Using a modular
design principle, we developed genetically encoded, unimolecular biosensors for endogenous Goa-GTP
and free GBy: the two active species of heterotrimeric G-proteins. This design was leveraged to generate bio-
sensors with specificity for different heterotrimeric G-proteins or for other G-proteins, such as Rho GTPases.
Versatility was further validated by implementing the biosensors in multiple contexts, from characterizing
cancer-associated G-protein mutants to neurotransmitter signaling in primary neurons. Overall, the versatile
biosensor design introduced here enables studying the activity of endogenous G-proteins in live cells with

high fidelity, temporal resolution, and convenience.

INTRODUCTION

G-protein coupled receptors (GPCRs) are a large family of mem-
brane proteins that initiate cellular responses to a wide range of
extracellular signals, like neurotransmitters, hormones, or pho-
tons (Gilman, 1987). Consequently, they are critical for many
physiological processes, and their dysregulation frequently
leads to human disease (Dorsam and Gutkind, 2007; Farfel
et al., 1999; Gilman, 1987; O’Hayre et al., 2013), which is also
in agreement with the fact that more than 30% of US Food and
Drug Administration (FDA)-approved drugs target GPCRs
(Sriram and Insel, 2018). The main mechanism of action of
GPCRs is through activation of heterotrimeric G-proteins,
although mounting evidence indicates that they can also signal
by coupling to arrestins (Weis and Kobilka, 2018). The defining
event in G-protein activation is the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP) on the
Go subunit of Gafy heterotrimers, which is catalyzed by the gua-
nine-nucleotide exchange factor (GEF) activity of ligand-acti-
vated GPCRs. A consequence of nucleotide exchange is that
Goa-GTP and Gpy dissociate (or rearrange) so that both become
active signaling species competent for engaging their respective
effectors. In broad strokes, the specific signaling pathways
modulated by Ga-GTP subunits depend on the G-protein family
to which they belong (Gi/o, Gg/11, G12/13, and Gs, based on struc-
tural conservation). Signaling is turned off by the intrinsic GTPase
activity of Ga, leading to re-association of Go. with GBy. In addi-

tion, the duration and amplitude of G-protein signaling is
controlled by many accessory proteins that bind G-proteins
and add layers of complexity to the regulation of their activity
(De Vries et al., 2000; Dohlman and Thorner, 1997; Druey et al.,
1996; Ross and Wilkie, 2000; Siderovski and Willard, 2005).
This includes guanine-nucleotide dissociation inhibitors (GDIs)
(Sato et al., 2006; Willard et al., 2004), which bind Ga and lock
it in an inactive GDP-bound state, and GTPase-activating pro-
teins (GAPs) (Ross and Wilkie, 2000), which accelerate the rate
of GTP hydrolysis by Ga, as well as other regulators, like non-re-
ceptor GEFs (Cismowski et al., 2000; DiGiacomo et al., 2018;
Garcia-Marcos et al., 2009, 2015; Tall, 2013).

Developing tools to monitor G-protein activity with high fidelity
and precision is crucial to elucidate the mode of action of many
neurotransmitters, hormones or drugs and to discover novel
therapeutic agents. Studying downstream events (e.g., second
messengers) as a proxy for G-protein activation has significant
caveats because fidelity is compromised by pathway crosstalk
and signal amplification events. Historically, the development
of ratiometric fluorescence or bioluminescence resonance en-
ergy transfer (FRET or BRET, respectively) biosensors allowed
more direct, sensitive, and precise measurement of G-protein
activity in live cells (Lohse et al., 2012). Early studies showed
that fusing FRET or BRET donor/acceptor pairs to Go. and Gy
enabled detection of GPCR-mediated G-protein activation (BU-
nemann et al., 2003; Galés et al., 2006; Gibson and Gilman,
2006; Janetopoulos et al., 2001). The rationale behind the design
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of these biosensors is that resonance energy transfer (RET) is
highly dependent on the distance and orientation of donor and
acceptor molecules so that Ga-Gpy dissociation and/or rear-
rangement upon activation leads to changes in FRET or BRET.
Another RET biosensor design was introduced later (Hollins
et al., 2009), in which activation-induced Ga-GBy dissociation
was detected using the C-terminal region of GRK3 fused to a
RET donor as a separate “detector module” for free GBy tagged
with a RETacceptor.

Despite the tremendous utility of RET-based biosensors for
trimeric G-protein activity developed to date, they still have signif-
icant limitations. Current RET-based biosensors can only mea-
sure Go-GBy subunit dissociation but not Goa-GTP formation,
which would be the most direct readout of the defining event in
GPCR-mediated activation; i.e., nucleotide exchange. Although
Ga-Gpy rearrangement and nucleotide exchange on Ga. tend to
correlate, there are modes of G-protein regulation that cannot
be captured by looking at Ga-GBy rearrangement alone. For
example, GoLoco GDlIs are believed to modulate GPCR signaling
by blocking Ga-GTP formation while promoting Ga-GBy dissoci-
ation (Willard et al., 2004), and Ric-8 non-receptor GEFs promote
Ga-GTP formation only on monomeric Ga. but not on Ga-Gpy
complexes (Tall et al., 2003). Another major caveat is that existing
RET-based biosensors require overexpression of exogenous G-
proteins (usually tagged with bulky fluorescent or luminescent
proteins) to detect their activity, which compromises the fidelity
of readouts. In other words, inclusion of G-proteins as integral
biosensor components precludes direct assessment of the activ-
ity of endogenous G-proteins in their native, physiological envi-
ronment in the cell. Moreover, these biosensors require simulta-
neous overexpression of three to four genetic components (Ga,
GB, Gy, and, sometimes [Hollins et al., 2009], a detector module),
which limits their use to systems in which genetic manipulation is
easy. Consequently, the vast majority of work with G-protein bio-
sensors uses easily transfectable cell lines (e.g., HEK293), which
are not necessarily relevant for many physiological processes
controlled by GPCRs and, in most cases, leading to the need to
overexpress exogenous GPCRs. As a consequence, the ultimate
goal of translating discoveries regarding the cell biology and
pharmacology of GPCR signaling into clinically relevant applica-
tions is compromised.

To our knowledge, there is no biosensor capable of detecting
endogenous active G-proteins under fully native conditions (e.g.,
with endogenous GPCRs). We set out to develop RET-based ra-
tiometric biosensors for detecting endogenous, bona fide active
G-protein species (i.e., Ga-GTP and free GBy) in live cells. Here
we first described the design of a bi-molecular BRET biosensor
that can detect exogenous Ga-GTP species of the Gy, family
with high fidelity, specificity, and temporal resolution. Then we
converted this Ga-GTP probe into a unimolecular design to
demonstrate that a biosensor made of a single genetic compo-
nent can quantitatively detect activation of endogenously ex-
pressed G-proteins without compromising downstream
signaling. By leveraging this two-step approach and the modular
design of our biosensors, we further developed additional bio-
sensors for endogenous Ga-GTP species of the Gg/11 or G113
families, for endogenous free Gy, or even for G-proteins not
directly coupled to GPCRs. We implemented our suite of biosen-
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sors to capture modes of G-protein modulation untractable by
preexisting biosensors to define the properties of previously un-
characterized cancer-associated G-protein mutants and to
directly detect activation of many endogenous GPCR/G-protein
complexes across several cell types, including physiologically
relevant models such as primary neuronal cultures.

RESULTS AND DISCUSSION

Direct and Specific Detection of Gai-GTP

Our first goal was to develop a probe to detect Ga-GTP species
as a direct measure of G-protein activity. For this, we sought to
identify suitable biosensor components in a bi-molecular BRET
format with exogenously expressed G-proteins. We envisioned
the design of a bi-molecular BRET-based biosensor for Gai-
GTP inspired by a previously described free GB+y biosensor (Hol-
lins et al., 2009). A BRET acceptor (yellow fluorescent protein
[YFP)) is inserted into Gai at an internal position that does not
compromise activity (helical domain b/c loop) (Gibson and Gil-
man, 2006), and the BRET donor nanoluciferase (Nluc) (Hall
et al., 2012) is fused to a separate detector module with a mem-
brane targeting sequence. We reasoned that the ideal detector
module should (1) bind Gai-GTP but not Gai-GDP or other Ga.
proteins to have specificity, (2) bind with high affinity (but revers-
ibly) to be sensitive, and (3) have little or no effect on the activity
of the target G-protein to report activity with fidelity (Figure 1A).
By mining the literature, we identified the synthetic peptide
KB-17583 as a candidate that fulfills all of these criteria (Johnston
et al., 2006). KB-1753 binds reversibly to GTP-loaded Guail,
Gai2, or Gai3 (Kg, ~1 M) but not to Gei-GDP or other Ga sub-
units and has no effect on intrinsic nucleotide exchange or hy-
drolysis by Gai (Johnston et al., 2006). HEK293T cells co-ex-
pressing KB-1753-Nluc and Gai3-YFP/GBy displayed a rapid
increase in BRET upon agonist-mediated activation of the
GPCR a24-adrenergic receptor (a24-AR), which rapidly returned
to basal levels upon antagonist addition (Figures 1A and 1B).
Agonist dose dependence curves (Figures 1B and 1C) revealed
a half-maximal effective concentration (ECsp) similar to previ-
ously reported values using other readouts or the ligand-recep-
tor binding constant (Harding et al., 2018). Equivalent observa-
tions were made with another Gi-coupled GPCR, the p-opioid
receptor (MOR) (Figures S1A and S1B). These results show
that the newly designed Gai-GTP biosensor can detect GPCR-
regulated G-protein activity with high fidelity and sensitivity
because it captures the characteristic rapid kinetics of G-protein
activation/deactivation and agonist potency.

We wondered whether the number of genetic components
used for this biosensor design could be reduced by half by elim-
inating Gp and Gy from the co-transfections with Gai3-YFP and
KB-1753-Nluc. Indeed, the responses to a2,-AR (Figures 1B and
1C) or MOR (Figures S1A and S1B) stimulation were the same in
cells with or without GB/Gvy co-transfection. This suggests that
exogenously expressed Gai3-YFP associates with endogenous
Gy subunits to yield functional Ga.py trimers that are activated
by GPCRs and that overexpression of Gf and Gy can be
omitted. We also found that co-expression of the Gai chaperone
Ric-8A increased Gai3-YFP expression and associated BRET
responses, but this effect was too marginal to warrant its
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Figure 1. Direct Detection of GTP-Bound Gui in Cells

(A) Gai-GTP biosensor design principle and representative traces of BRET measurements in HEK293T cells expressing KB-1753-Nluc along with the indicated
constructs. Brimonidine, 0.1 uM; yohimbine, 100 uM.

(B and C) Agonist dose-dependent Ga.i-GTP responses using four- or two-component biosensors in HEK293T cells expressing a2,-AR. Time traces are shown in
(B) and a semilogarithmic dose-dependence graph in (C). Mean + SEM, n = 4. In (B), SEM is displayed as bars of lighter color than data points and only in the
positive direction for clarity. Exo, exogenous; Endo, endogenous; *, non-specific immunoreactive band.

(D) Loss of Gai-GTP response upon mutation of KB-1753-Nluc. Brimonidine, 1 uM; yohimbine, 100 uM. Mean + SEM, n = 3-6.

(E) Detection of Gai-GTP and Gao-GTP but not Gag-GTP or Gas-GTP responses by KB-1753-Nluc upon GPCR agonist stimulation. Cells expressing G-proteins
with the indicated cognate GPCRs were agonist stimulated as follows: Gai3/Ga0, 5 pM brimonidine; Gag, 100 pM carbachol; Gas, 100 uM isoproterenol. Mean +
SEM, n = 4.

See also Figure S1.

inclusion as an additional genetic component of the biosensor ston et al., 2006) also prevented an agonist-induced BRET in-
system (Figure S1D). crease upon GPCR stimulation (Figure 1D; Figure S1C). More-

We confirmed the specificity of the biosensor by showing that  over, BRET responses were observed in cells expressing Go.
a KB-1753 mutation known to disrupt G-protein binding (John-  subunits of the G/, family (Gai3-YFP and Gao-YFP) but not of
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other families, such as Gaq-YFP or Gas-YFP, upon stimulation of
their cognate GPCRs (Figure 1E), despite confirmation of robust
Gq or Gs activation using a free Gy biosensor that is agnostic to
the Ga subtype (Hollins et al., 2009; Masuho et al., 2015; Fig-
ure S1E). Overall, these controls rule out that BRET responses
observed with the Gai3-YFP/KB-1753 pair are due to non-spe-
cific interactions between these membrane-associated compo-
nents, indicating instead that the BRET responses reflect spe-
cific interactions between the KB-1753 detector module and
its target G-protein.

The Gai-GTP Biosensor Directly Monitors the GDI
Activity of GoLoco Motifs

As a proof of principle for the utility of the Gai-GTP biosensor to
capture features of G-protein regulation not captured by Ga-Gfy
dissociation biosensors, we implemented it to study the function
of GoLoco motifs. These are protein sequences that confer GDI
activity toward Gai proteins in vitro; i.e., they block formation of
Gai-GTP by precluding nucleotide exchange (Sato et al., 2006;
Willard et al., 2004). However, GoLoco motifs also cause disso-
ciation of GBy from Gai in the absence of nucleotide exchange
(Ghosh et al., 2003; Webb et al., 2005). To date, it has not
been possible to directly determine whether GoLoco motifs
work as GDls in cells to preclude Gai-GTP formation. To address
this point, we used a previously described (Parag-Sharma et al.,
2016) synthetic biology approach to control the activity of the
GoLoco motif of RGS12 (R12-GoLoco) (Kimple et al., 2002) in
HEK293T cells expressing Gai-GTP or free GBvy biosensors (Fig-
ure 2A). Essentially, we used rapamycin-induced dimerization to
“activate” R12-GoLoco by recruiting it from the cytosol to mem-
branes, bringing the G-protein regulator into close proximity to
its membrane-bound substrate Gai (Parag-Sharma et al., 2016;
Figure 2A). Consistent with the previously reported ability of Go-
Loco motifs to dissociate Ga-Gpy in vitro (Ghosh et al., 2003;
Webb et al., 2005) and promote GBy-dependent signaling in
yeast (Cismowski et al., 1999), rapamycin caused a rapid
BRET increase in cells expressing the free GBy biosensor (Fig-
ure 2B). In contrast, no change in BRET was observed upon ra-
pamycin stimulation of cells expressing the Gai-GTP biosensor
(Figure 2B). Together, these findings indicate that R12-GolLoco
can promote release of GBy in the absence of nucleotide ex-
change. Next we investigated the effects of R12-GolLoco under
conditions of active nucleotide exchange (Figure 2C). Although
R12-GolLoco is a GDI in vitro and would be expected to dampen
GPCR-initiated G-protein activity, we found that addition of ra-
pamycin after GPCR stimulation further enhanced the BRET
response in cells expressing the free Gy biosensor (Figure 2C).
This can be explained by the ability of GoLoco motifs to further
promote Ga-GBy dissociation independent of nucleotide ex-
change (Figure 2B). Only in cells expressing the Gai-GTP
biosensor did we capture the inhibition of GPCR-mediated acti-
vation that would be expected from a GDI (Figure 2C), providing
direct evidence in cells for the GDI activity of GoLoco motifs pre-
viously characterized biochemically in vitro. These results indi-
cate that Gai-GTP biosensors can capture modes of G-protein
regulation in cells that cannot be captured by biosensors that
detect Ga-Gpy dissociation, such as the GDI activity of GoLoco
motifs.
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Rational Design of Unimolecular G-protein Activity
Biosensors

The bi-molecular BRET system described above to detect
Gai-GTP still relies on exogenously expressed G-proteins.
Our next goal was to develop a biosensor that could detect
the activity of endogenously expressed G-proteins, for which
we envisioned the design of unimolecular biosensors. This
design is based on the unique properties of the so-called
“ER/K o helices” (Sivaramakrishnan and Spudich, 2011),
which tend to exist in a fully extended conformation that spans
tens of nanometers but also display low-frequency stochastic
bending that brings the two ends of the helix into close prox-
imity (Figure 3A). The ratio of “bent” versus “open” conforma-
tion species can be increased by external constraints, like the
interaction between two protein domains attached to the ends
of the ER/K helix (Sivaramakrishnan and Spudich, 2011;
Swanson and Sivaramakrishnan, 2014). We reasoned that
this could be exploited to make unimolecular G-protein activity
BRET biosensors based on two principles of design by mod-
ules. First, the ER/K a helix (~10 nm) would function as a linker
between the BRET donor and acceptor modules (Nluc and
YFP, respectively) to minimize BRET under resting conditions
(Figure 3A). Second, a membrane-anchoring sequence and an
active G-protein detector module (e.g., KB-1753) would be
fused at opposite ends of the biosensor. Because G-protein
activation occurs on cell membranes, we reasoned that this
design would favor the bent conformation of the ER/K linker
when the detector module binds to active G-protein species
on membranes (Figure 3A). In turn, the bent conformation of
the ER/K linker would bring the BRET donor and acceptor
modules into closer proximity, resulting in increased BRET
(Figure 3A). We named this design “BERKY” (BRET biosensor
with ER/K linker and YFP).

Validation of a Unimolecular Biosensor that Detects
Endogenous Gui-GTP

We first assessed the properties of a BERKY biosensor for Gai-
GTP (Gai*-BERKY) constructed with the previously validated de-
tector module KB-1753 (Figure 1). For this, we co-expressed the
biosensor with the Gi3 wild type (WT), which is GDP bound under
resting conditions, or the Gi3 Q204L mutant (QL), which is
GTPase deficient and constitutively bound to GTP (Figure 3B).
We also compared constructs with one, two, or three YFPs
(Gai*-BERKY1, Gai*-BERKY2, and Gai*-BERKY3, respectively)
to investigate whether increasing the acceptor-to-donor ratio
per biosensor molecule could improve the dynamic range and
performance. We found that BRET was higher in HEK293T cells
expressing Gi3 QL compared with cells expressing Gi3 WT and
that the difference in amplitude was proportional to the number
of acceptor modules (YFP) in BERKY (Figure 3B). Next we car-
ried out kinetic BRET measurements with cells expressing exog-
enous Gi3 WT or only endogenous G-proteins. We found that
a2a-AR (Figure 3C) or MOR (Figure S2A) stimulation led to a rapid
increase in BRET that was reversed upon addition of an antago-
nist in cells expressing exogenous Gi3 and in cells expressing
only endogenous G-proteins, but with larger amplitude for the
former compared with the latter. Consistent with the steady-
state measurements using Gi3 QL (Figure 3B), the amplitude of
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Figure 2. Differential Regulation of Free GBy and Gai-GTP Levels by GoLoco Motifs
(A) Real-time measurement of free GBy or Gai-GTP levels in cells upon rapamycin-induced rapid recruitment of the R12-GoLoco GDI to cell membranes.
(B) Membrane recruitment of R12-GoLoco promotes Gfy release from Gai-GBy trimers but does not change basal levels of Ga-GTP in HEK293T cells. Mean +

SEM, n = 4. Rapa, rapamycin.

(C) Membrane recruitment of R12-GoLoco diminishes GPCR-stimulated (z24-AR) levels of Gai-GTP in cells, whereas it further promotes dissociation of Gai-GBy

trimers in HEK293T cells. Mean + SEM, n = 3-5. Brimo, brimonidine (3 nM).

the a2,-AR-mediated responses was proportional to the number
of BRET acceptor modules per biosensor (Figure 3C), indicating
that Gai*-BERKY3 had the most robust performance. Next we
assessed the specificity of the observed response by using
pertussis toxin (Ptx), which specifically ADP-ribosylates Gi pro-
teins to prevent their coupling to GPCRs. We found that a24-
AR-stimulated BRET increases were completely blunted after
pre-treatment with Ptx (Figure S2B) but not affected in cells
expressing a Ptx-insensitive Gai3 mutant (Figure S2C). These re-
sults indicate that Gai*-BERKY3 can specifically measure activa-
tion of endogenous Gi proteins in cells.

We also attempted an alternative Gai*-BERKY3 design by re-
placing the KB-1753 detector module with another related pep-
tide, KB-1746, reported previously to also recognize Ga-GTP
species of the Gy, family (Johnston et al., 2008). However, this

alternative biosensor design failed to report any response in cells
expressing Gy, proteins (Figure S2D).

Because it has not been possible in the past to directly mea-
sure the activation properties of endogenously expressed Gi,
we carried out a detailed analysis of its activation kinetics using
Gai*-BERKY3 and compared it with the activation kinetics in
cells expressing exogenous Gai3/Gfy upon stimulation of a24-
AR. Endogenous Gi activation data fit well to a one-component
exponential association curve, from which we determined an
activation half-time (t1,2) of ~250 ms (Figure 3D). On the other
hand, cells expressing exogenous Gi proteins displayed slower
rates of activation, with a t4,, of ~1,300 ms, which is consistent
with previously reported values using overexpressed, fluores-
cently tagged Gi proteins in FRET measurements with the
same GPCR (Binemann et al., 2003). Moreover, activation
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Figure 3. Detection of Endogenous Gai-GTP in Cells with a Unimolecular Biosensor

(A) Modular design of a unimolecular biosensor for Gai-GTP (Gai*) and the rationale for BRET enhancement upon G-protein activation.

(B and C) Increasing the number of BRET acceptor modules (YFP) relative to donor modules (Nluc) per Gai*-BERKY biosensor molecule enhances the BRET
increases observed upon expression of a constitutively active G-protein mutant (Gi3 QL, B) or upon GPCR stimulation (224-AR, C). Mean + SEM, n = 3-5.

(D) Gui activation kinetics were determined in HEK293T cells expressing Gai*-BERKY3 with or without Gai3/Gfy overexpression upon GPCR stimulation (2-
AR, 5 uM Brimo). Data points are mean + SEM (n = 4), and solid lines are fits to one-component exponential curves (top) or two-component exponential curves
(bottom). Residual plots for each of the curve fits are shown on the right.

See also Figure S2.
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data in cells expressing exogenous Gi proteins displayed signif-
icant deviations from the fit to a one-component exponential as-
sociation curve (Figure 3D). Instead, these data fit better to a
two-component exponential association curve (Figure 3D),
which revealed a fast component with a ti,», similar to that
measured for activation of endogenous G-proteins (i.e.,
~350 ms) and a slow component with a t1,» in the range of several
seconds. We ruled out that the slower activation kinetics in cells
expressing exogenous Gi is due to excess GBy subunits that
might dampen activation because we found that expression of
GBy alone did not alter the activation kinetics compared with
cells expressing only endogenous G-proteins (Figure SZ2E).
Also, in G-protein dose dependence studies, we found slower
activation kinetics even when low amounts of exogenous Gi3
were expressed (Figure S2F). We speculate that the fast compo-
nent of the activation kinetics could represent a pool of G-pro-
teins that is readily accessible and rapidly activated by GPCRs,
whereas the slow component arises from activation of G-pro-
teins that are only accessed when the GPCR progressively dis-
engages from already activated G-proteins. This could explain
why, for endogenous G-proteins, the two-component fit is only
marginally better than the one-component fit and why the contri-
bution of the slow component in the two-component fit is mini-
mal (~15%) (Figure 3D), whereas, in the presence of additional
exogenous G-proteins, the two-component fit is much better
than the one-component fit, and the contribution of the slow
component in the two-component fit is much more pronounced
(~50%) (Figure 3D). Regardless of this speculation, our side-by-
side comparison with the same biosensor (i.e., Gai*-BERKY3) re-
veals that G-protein activation kinetics are distorted upon
expression of exogenous G-proteins.

Direct and Specific Detection of Gaq-GTP and
Go13-GTP

Next we set out to develop additional probes to detect Ga-GTP
species from families other than G;, as a direct measure of acti-
vation of G-proteins. Analogous to the approach for Gai-GTP,
this was done in a bi-molecular BRET format with exogenously
expressed G-proteins as a step that preceded the BERKY
design with endogenously expressed G-proteins. First, we
sought to identify a detector module for Gag-GTP (Gg/11 family).
Following the same specificity, sensitivity, and fidelity criteria as
for Gai (Figure 4A), we reasoned that the Regulator of G protein
Signaling (RGS) homology (RH) domain of GRK2 (GRK2R) could
serve as the detector module for GTP-bound Gaq because it
binds specifically and with high affinity to active Gq/11 o subunits
without perturbing their intrinsic ability to bind or hydrolyze nu-
cleotides (Carman et al., 1999; Day et al., 2004; Sterne-Marr
et al., 2003; Tesmer et al., 2005). Indeed, co-expression of inter-
nally tagged Gag-YFP with GRK2™H-Nluc resulted in a BRET
biosensor with properties analogous to those of the Gai-GTP
biosensor. First, it reported rapid activation upon M3 muscarinic
receptor (M3R) stimulation (Figures 4A and 4B). This BRET
response was sustained for at least 15 min (Figure S3A) but could
be rapidly reversed to baseline upon addition of a GPCR antag-
onist (Figures 4A and 4B). The Gag-GTP response was also
agonist dose dependent (Figures 4B and 4C), did not require
co-expression of GB/Gy for robust performance (Figures 4B

¢ CellP’ress

and 4C), and could be reproduced by stimulation of a second
Gg-coupled GPCR (214-AR; Figure S3B). Specificity was further
supported by loss of response upon introduction of a GRK2 mu-
tation reported previously to prevent Gaq binding (Day et al.,
2004; Figure 4D) and by lack of response upon GPCR-mediated
activation of Gas, Gai3, or Gao (Figure 4E).

We also confirmed robust, dose-dependent, reversible, and
specific detection of Ga13-GTP (G12/13 family) with or without
co-transfection of GB and Gy (Figure S4) by using an analogous
bi-molecular BRET biosensor that leverages as a detector mod-
ule the RH domain of PDZ-RhoGEF (PRGR"), which binds specif-
ically to Ga13-GTP with high affinity but without affecting G-pro-
tein enzymatic activity (Chen et al., 2008; Wells et al., 2002).

Taken together, these findings show that Go-GTP formed from
three different G-protein families (Gi/o, Gg/11, and G2/13) can be
specifically detected with sensitivity and fidelity using a
biosensor design of only two genetic components: Ga internally
tagged with a YFP and a Ga-GTP detector module fused to Nluc.

The Gaq-GTP Biosensor Reveals the Properties of
Cancer-Associated Mutations at Gaq R247

To further showcase the utility of Ga-GTP probes for direct
detection of G-protein activity, we implemented the Gaqg-GTP
biosensor to characterize cancer-associated Geq mutants (Fig-
ure 5A). We used previously characterized cancer mutations of
Q209 and R183 to benchmark the biosensor and picked unchar-
acterized mutations of R247 for further investigation. Although
R247 mutations are not as frequent as Q209 or R183 mutations
(Cerami et al., 2012), which cause a large fraction of uveal mela-
nomas (Chua et al., 2017) and Sturge-Weber syndrome (Shirley
et al., 2013), this amino acid is in a position near the nucleotide
binding pocket fully conserved across all mammalian Ga. pro-
teins (Figure 5A), and genetic evidence in C. elegans suggests
that its mutation might yield a gain-of-function (eg/-30(tg26)) ge-
notype (Doi and lwasaki, 2002). As expected, mutants Q209L
and R183C exhibited high levels of BRET under unstimulated
conditions and failed to elicit significant increases upon maximal
stimulation of the GPCR M3R in HEK293T cells (Figures 5B and
5C), which is consistent with their previously reported constitu-
tive activity because of deficient GTPase activity. Also in agree-
ment with previous characterizations, the constitutive activity of
R183C, but not of Q209L, was partially suppressed by RGS8, a
GAP for Gaq, in unstimulated cells (Berman et al., 1996). For the
R247Q and R247L mutants, we found that, although basal BRET
was not increased and they invoked BRET responses similar to
the WT, their GPCR-mediated response was not affected by
RGS8, whereas it was decreased ~50% for the WT (Figure 5B).
These results suggest that R247 mutants might be insensitive
to the GAP activity of RGS proteins despite not having high
constitutive activity. We leveraged the kinetic resolution and
sensitivity of the Gag-GTP biosensor to further investigate this
point, resulting in two observations that were consistent with
GAP insensitivity. First, the rate of deactivation upon addition
of a GPCR antagonist was slower for R247 mutants (Figure 5D),
and second, there was a leftward shift of the agonist dose
dependence curve (Figure 5E) compared with the WT. Because
these features closely resemble observations of a previously
described synthetic mutant that specifically precludes RGS
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Figure 4. Direct Detection of GTP-Bound Gagq in Cells

(A) Gag-GTP biosensor design principle and representative traces of BRET measurements in HEK293T cells expressing GRK
constructs. Carbachol, 100 uM; atropine, 100 pM.

(B and C) Agonist dose-dependent Gaq-GTP responses using four- or two-component biosensors in HEK293T cells expressing M3R. Time traces are shown in
(B) and a semilogarithmic dose-dependence graph in (C). Mean + SEM, n = 4-6.

(D) Loss of Gag-GTP response upon mutation of GRK2R"-Nluc. Carbachol, 30 uM; atropine, 100 pM. Mean + SEM, n = 3-7.

(E) Detection of Gaq-GTP but not Gai3-GTP, Gao-GTP, or Gas-GTP responses by GRK2F"-Nluc upon GPCR agonist stimulation. Cells expressing G-proteins
with the indicated cognate GPCRs were agonist stimulated as follows: Gag, 100 uM carbachol; Gi3/Geao, 5 tM Brimo; Gas, 100 uM isoproterenol. Mean + SEM,
n=3-5.

See also Figures S3 and S4.

2R"_Nluc along with the indicated

binding to G-proteins (Lambert et al., 2010; Lan et al., 1998), we  cer progression remains to be elucidated, our findings suggest
tested whether R247 mutants also have impaired RGS binding that they have a gain of function because of a mechanism
and found that they do not bind to the RGS protein GAIP (Fig-  different from any other characterized Gaq oncogenic mutant.
ure 5F). Although the precise effect of Gaq R247 mutantsincan-  Instead of favoring activation by blunting the intrinsic GTPase
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Figure 5. Characterization of Cancer-Associated G-protein Mutants with a Gaq-GTP Biosensor

(A) Alignment of Ga. switch regions, showing in red three fully conserved positions that are mutated in Gaq in cancer. A three-dimensional model of Gaq (PDB:
30HM) shows the position of selected residues around the nucleotide binding site.

(B) Different activation properties of cancer-associated Gaq mutants as determined by the Gag-GTP biosensor GRK2F"-Nluc. Gag-GTP levels were determined
with and without GPCR stimulation (M3R; carbachol, 100 uM) and in the absence (gray) or presence (orange) of the GAP RGS8. Mean + SEM, n = 4-9.

(C) Representative immunoblot of cells used for the experiment shown in (B).

(D) R247 mutants deactivate more slowly than Gaq WT upon termination of GPCR stimulation, as determined by the Gag-GTP biosensor GRK2™H-Nluc. Mean =,

n = 4-5. Carbachol, 100 uM; atropine, 100 uM.

(E) Carbachol activates Gaq R247Q 5-fold more potently than Gag WT, as determined by the Gag-GTP biosensor GRK2RH-Nluc. Mean + SEM, n = 4.
(F) Gaq R247 mutants do not bind to the RGS protein GAIP. Binding to immobilized GST-GAIP was determined in the absence or presence of AlF,~, which
induces the G-protein activation transition-state conformation recognized by RGS proteins. Shown is one experiment of n > 3.

See also Figure S5.

activity of Gaq, the R247 mutations favor activation by rendering
Goq insensitive to the GAP activity of RGS proteins. Thus, the
Gag-GTP biosensor can be implemented to gain mechanistic in-
sights into G-protein dysregulation in cancer.

The Ga13-GTP Biosensor Reveals Hyperactive G43
Mutants in Bladder Cancer

Next we pursued implementation of the Ga13-GTP biosensor
to characterize other cancer mutations. Mining data in

cBioportal (Cerami et al., 2012), we noticed that Ga13 is
mutated in bladder cancer with moderate frequency (~2%)
and that R200 appears to be a mutation hotspot (Figure S5A).
R200 is in a position conserved across all mammalian Ga. pro-
teins, and its mutation in other Ga proteins renders them onco-
genic because of hyperactivation (e.g., it is the same position
as R183 in Gaqg described above) (Landis et al., 1989; Lyons
et al.,, 1990; Pace et al.,, 1991; Van Raamsdonk et al., 2009).
We tested the hypothesis that R200 mutation in Ga13 also
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Figure 6. Detection of Endogenous Gaq-GTP, Ga13-GTP, Free GBy, and Rho-GTP in Cells with Unimolecular Biosensors
(A) BRET response detected with Gaq*-BERKY3 upon M3R modulation in HEK293T cells expressing exogenous Gaqg/Gpy or only endogenous G-proteins. BRET
of cells expressing exogenous Gaq/Gpy and pre-treated with 10 pM YM-254890 for 10 min is shown in blue. Carbachol, 100 uM; atropine, 100 uM. Mean + SEM,

n=4.

(B) BRET response detected with Ga.13*-BERKY3 upon PAR1 stimulation in HEK293T cells expressing exogenous Ga.13/Gpy or only endogenous G-proteins.
BRET of unstimulated cells (blue) is shown for reference. TRAP-6, 30 uM. Mean + SEM, n = 4-6.

(C) BRET responses detected with GBy-BERKY3 upon modulation of 22,-AR, M3R, or PAR1, as indicated, in HEK293T cells expressing only endogenous G-
proteins. Brimo, 5 uM; yohimbine, 25 puM; carbachol, 100 uM; atropine, 100 uM; thrombin, 1 U/mL; SCH-79797, 40 uM. Mean + SEM, n = 3-4.

(D) BRET responses detected with Rho*-BERKY3 upon PART stimulation in HEK293T cells co-transfected (blue) or not (black) with the Rho inhibitor C3 toxin

(C3T). TRAP-6, 30 uM. Mean + SEM, n = 4.

results in G-protein hyperactivation by using our Ga13-GTP
biosensor. We found that R200G and R200K cancer mutants
caused a marked increase in BRET similar to that observed
for an artificial GTPase-deficient mutant (Q226L) that causes
G-protein  hyperactivation and oncogenic transformation
(Voyno-Yasenetskaya et al., 1994; Xu et al., 1994) and that
stimulation of a cognate GPCR did not enhance BRET for any
of the mutants (Figures S5B and S5C), indicating that they
are constitutively active. We confirmed that R200 mutants
lead to enhanced activation of downstream signaling targets
by using a transcriptional reporter known to be activated by a
G1,/13-dependent pathway (O’Hayre et al., 2016; Figure S5D).
These findings suggest that Ga13 R200 mutants are hyperac-
tive, showcasing the power of the Ga13-GTP biosensor to
reveal signaling functions of cancer-associated mutants.

10 Cell 7182, 1-16, August 6, 2020

Modular Design of Unimolecular Biosensors for
Different Active G Protein Species

Because the unimolecular BERKY biosensor relies on a modular
design (Figure 3), we asked whether replacing the detector mod-
ule specific for Gai-GTP (i.e., KB-1753) would be sufficient to
generate unimolecular biosensors for other G-protein active
species. The resulting unimolecular biosensors could then be
used to detect activation of different endogenous G-proteins.
For this, we leveraged the previous characterization of other de-
tector modules in bi-molecular BRET biosensors, like GRK2™H
and PRGR" (Figure 4; Figure S4). Replacing KB-1753 with
GRK2R" resulted in the Gag-GTP biosensor Gaq*-BERKY3 (Fig-
ure 6A), which reported a reversible increase in BRET upon M3R
stimulation of HEK293T cells overexpressing exogenous Gaq or
expressing only endogenous G-proteins. The Gg/11-specific
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inhibitor YM-254890 completely blunted the response, confirm-
ing specificity. Similarly, implementation of PRG™" as the detec-
tor module resulted in Ga13*-BERKY3 (Figure 6B), which re-
ported a BRET increase upon stimulation of PAR1 in HEK293T
cells overexpressing exogenous Ga13 or, to a lesser extent, in
cells expressing only endogenous G-proteins. Taken together,
these results indicate that the unimolecular BERKY biosensor
design can be adapted to detect endogenous Ga-GTP species
from three different G-protein families (Gi/o, Gg/11, and Gz/13).

We reasoned that a similar approach could also be imple-
mented to create a unimolecular BERKY biosensor for free Gy,
allowing detection of another active signaling species of endoge-
nously expressed trimeric G-proteins. For this, we used the C-ter-
minal region of GRK3 (GRK3ct) as the detector module to generate
GBy-BERKY3 (Figure 6C). This biosensor worked as expected
because we observed a reversible increase in BRET upon a24-
AR stimulation of HEK293T cells expressing only endogenous
G-proteins (Figure 6C). Because free Gy subunits are, in princi-
ple, formed upon activation of any G-protein, we reasoned that
GpBy-BERKY3 might detect activation downstream of diverse
GPCRs, including those that do not couple preferentially to Gyj..
Consistent with this idea, we detected a BRET increase in cells ex-
pressing GBy-BERKY3 (and no exogenous G protein) in response
to stimulation of the GPCRs M3R and PAR1 (Figure 6C). We also
found that formation of free Gy occurred at a rate indistinguish-
able from that of Gai-GTP formation (t4,,, ~200 ms), as determined
by GBy-BERKY3 and Gui*-BERKY3, respectively (Figure S2G).
These results provide direct evidence that nucleotide exchange
and Goa-Gpy dissociation occur simultaneously, at least within
the subsecond resolution of our assay, upon GPCR-catalyzed
activation of endogenous G-proteins.

Finally, we expanded our BERKY design implementation to
another class of G-proteins: Rho GTPases. For this, we used
the RBD domain of Rhotekin as the detector module for Rho-
GTP (Figure 6D). We found that activation of the GPCR PAR1,
which is known to activate a G4/13-RhoA signaling axis (O’'Hayre
et al., 2016), led to increased BRET in cells expressing the Rho*-
BERKY3 biosensor (Figure 6D). This response was abrogated by
co-expressing the C3 toxin of Clostridium botulinum (C3T), a
well-characterized inhibitor of Rho GTPases, demonstrating
that Rho*-BERKY3 specifically detects activation of endogenous
Rho GTPases.

Detection of G Protein Activity under Fully Native
Conditions in Cells

The evidence presented so far shows that BERKY biosensors
can detect activation of endogenously expressed G-proteins
in the presence of exogenous GPCRs. To test whether BERKY
biosensors can detect activation of endogenous G-proteins by
endogenous GPCRs, we turned to Hela cells, which express
endogenous ¢2-ARs (Gibson and Gilman, 2006). Transient
transfection of Gai*-BERKY3 in HelLa cells yielded measurable,
reversible BRET responses upon «2-AR stimulation (Fig-
ure S6A), so we generated Hela cell lines stably expressing
Gai*-BERKY3 or GBy-BERKY3 by lentiviral transduction for
increased reproducibility (Figure 7A; Figures S6B and S6C).
We found that stimulation of these cells with an «2-AR agonist
led to a dose-dependent (EC5g, ~10 nM) rapid increase in BRET
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(Figures 7B and 7C). Gai-GTP- and GBy-dependent responses
were reverted by an a2-AR antagonist and completely blunted
by Ptx (Figures 7B and 7C), confirming the expected specificity
of the biosensors. Using a different cell line, SH-SY5Y, we
found that Gai*-BERKY3 and Gpy-BERKY3 can also detect
activation of endogenous G-proteins upon stimulation of two
different GPCRs endogenously expressed in these cells (Levitt
et al., 2011): the MOR and the delta opioid receptor (DOR; Fig-
ures S7A-S7C). Similarly, Gg-specific activation could be de-
tected by Gag*-BERKY3 upon stimulation of muscarinic recep-
tors endogenously expressed in SH-SY5Y cells (Figures S7A
and S7D). Taken together, these findings demonstrate that
BERKY family biosensors can detect multiple endogenous
G-protein active species in different cell types and in response
to different endogenous GPCRs.

An inherent property of any biosensor is that it interacts with
the target species it detects, raising the question of whether it
interferes with the normal function of the target. As a proof of
principle to address this possibility, we assessed whether
Gai*-BERKY3 or GBy-BERKY3 interferes with Gi-dependent
signaling in HelLa cells upon «2-AR stimulation. We measured
cyclic AMP (cAMP) and phospho-ERK1/2 (pERK), which have
been shown previously to be controlled by Gai-GTP and free
GBy, respectively, upon activation of «2-AR (Koch et al., 1994;
Leyme et al., 2017). Using the same Hela cell lines as those
used to detect G-protein activity by BRET (Figures 7A-7C), we
found that neither Gai*-BERKY3 nor GBy-BERKY3 alters o2-
AR-mediated cAMP inhibition (Figure 7D) or pERK1/2 activation
(Figure 7E) responses. This indicates that expression of
Gai*-BERKY3 or GBy-BERKYS3 at levels that permit detection
of the activity of endogenous G-proteins does not significantly
interfere with G-protein signaling in cells.

Given the ability of Gai*-BERKY3 and Gpy-BERKY3 to
detect the activity of endogenous G-proteins in cell lines, we
set out to determine whether they would also be powerful
enough to detect it in a more physiologically relevant system.
We chose primary cultures of cortical neurons because
they recapitulate many of the cell-autonomous physio-
logical responses of neurons, including the GPCR/G-protein
signaling machinery responsible for slow (metabotropic) neu-
romodulation. We acutely transduced cortical neurons with
lentiviruses for expression of Gai*-BERKY3, Gpy-BERKY1,
or Gaq*-BERKY1 under a neuron-specific promoter (human
Synapsin [hSyn]) and measured BRET upon GPCR modulation
(Figure 7F). Stimulation of «2-AR (brimonidine) or GABAg re-
ceptors (baclofen) elicited a rapid increase in BRET in neurons
expressing Gai*-BERKY3 or GBy-BERKY1 (Figures 7G and
7H), which reverted upon addition of an antagonist for each
respective GPCR. These responses were blunted by Ptx (Fig-
ures 7G and 7H), confirming that the measured BRET re-
sponses report activation of endogenous Gi proteins. Similar
observations were made with other variants of the Gai-
GTP biosensor (Figure S7E) or upon modulation of adeno-
sine receptors in neurons expressing Gpy-BERKY1 (Fig-
ure S7F). We also observed responses to agonists for
muscarinic (carbachol) or class | glutamate metabotropic re-
ceptors ((S)-3,5-DHPG) in neurons expressing Goq*-BERKY1
(Figure 71), which were blunted by the Gg/q1 inhibitor
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YM-254890. Taken together, these results show that BERKY
biosensors can specifically detect activation of endogenous
G-proteins in neurons in response to activation of many
different types of neurotransmitter receptors.

Conclusions and Future Perspectives

The G-protein activity biosensors described here have
numerous capabilities and features not afforded by other bio-
sensors. An important capability is detection of activation of
endogenous G-proteins, even upon stimulation of endogenous
GPCRs, without measurable disturbance of normal G-protein
signaling. Moreover, we presented biosensors that are unimo-
lecular, which facilitates their implementation because only
one genetic component has to be introduced into cells. This
is showcased here by their implementation in four different
cell types, including primary cultured neurons, which are typi-
cally considered poorly tractable for genetic manipulation.
Furthermore, the unimolecular and bimolecular Ga. biosensors
developed here can directly detect Ga-GTP, which is highly
complementary to currently used biosensors that can only
monitor Ga-GpBy dissociation. This idea is supported by our
proof-of-principle experiments showing the utility of Ga-GTP
biosensors to dissect mechanisms of G-protein modulation
by regulators or by disease-associated mutations. Finally, the
modular design of the biosensors described here makes
them well suited for customization, adaptation, and/or optimi-
zation. Overall, the capabilities afforded by our suite of biosen-
sors could be leveraged for GPCR drug development by allow-
ing study of G-protein activation in greater depth and in more
physiologically relevant systems.

Nevertheless, some limitations of these biosensors’ design
should be kept in mind. For example, there is room for improve-
ment in the dynamic range of the BERKY unimolecular biosen-
sors compared with their bi-molecular biosensor counterparts.
However, the BERKY biosensor design presented here was not
subjected to thorough optimization, which could include
exploring different dipole orientations of the BRET donor and
acceptor, implementing longer ER/K o helices (Sivaramak-
rishnan and Spudich, 2011), or modifying the flexible linkers be-
tween individual modules. Although the modularity of the
biosensor design is a positive feature that allowed us to
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develop a suite of related probes, identifying the right detector
modules can prove challenging. For example, we found that a
Ga13-GTP biosensor based on the RH domain of p115-Rho-
GEF was less robust than the one based on PRGRY (Fig-
ure S4B), and we have yet to identify a detector module for
Gas-GTP. Finally, the biosensors described here have good
temporal resolution (sub-second) but no spatial resolution. A
reasonable future goal is to convert these BRET biosensors
into imaging-compatible probes based on FRET, which should
be greatly facilitated by the modular nature of the BERKY
design.

Although our BERKY biosensors can detect activation of
endogenously expressed G-proteins, one potential concern is
whether this reflects their true endogenous activity not modified
by the presence of the biosensor. Expression of the biosensors
at high levels could alter normal G-protein signaling because
the detector modules utilized occlude the effector binding sites
on their cognate G-protein targets. Although this is a general un-
avoidable caveat for virtually any biosensor, we provide direct
evidence that expression of BERKY biosensors at low levels,
but sufficient to allow robust detection of endogenous re-
sponses, does not measurably interference with downstream
signaling (Figures 7A-7F).

GPCRs not only signal by coupling to G-proteins but also to ar-
restins (Weis and Kobilka, 2018). However, current biosensors
for arrestin activation require exogenous arrestin expression,
and, barring exceptions (Lee et al., 2016; Nuber et al., 2016),
they also rely on bulky tags. Complementing biosensors that
detect the activity of endogenous G-proteins with biosensors
for endogenous arrestins would be very useful to rigorously
probe the concept of ligand-induced biased signaling (Wisler
et al., 2018).

In summary, here we presented a toolkit that allows investiga-
tion of G-protein activity in cells with unprecedented fidelity by
using rational design principles that can be implemented to
develop new or optimized biosensors.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

Figure 7. Detection of Endogenous G-protein Activation by Endogenous GPCRs in Cell Lines and Primary Neurons

(A) Generation of HelLa cell lines stably expressing Gai*-BERKY3 or GBy-BERKY3 to monitor G-protein activation upon activation of endogenously expressed
22-ARs.

(B and C) Endogenous Gai-GTP (B) or free GBy (C) BRET responses detected by BERKY biosensors upon stimulation of endogenous 22-ARs in Hela cells are
reversible, pertussis toxin (Ptx) sensitive, and dose dependent. Unless otherwise indicated, Brimo was 5 uM and yohimbine 25 pM. Ptx, 0.2 ng/mL overnight.
Mean + SEM.

(D and E) Expression of Gai*-BERKY3 or GBy-BERKY3 does not affect downstream Gi-dependent signaling upon stimulation of endogenous #2-ARs in HeLa
cells. cAMP levels were determined upon stimulation with the indicated concentrations of Brimo in cells pretreated with 10 uM forskolin (D), and pERK1/2 levels
were determined by immunoblotting upon stimulation with 3 M Brimo (E).

(F) Acute lentiviral transduction of primary cortical neurons with Gai*-BERKY3, GBy-BERKY1, or Gaq*-BERKY1 constructs to monitor G-protein activation upon
stimulation of endogenously expressed GPCRs. DIV, days in vitro.

(G-I) Endogenous Gai-GTP (G), free GBy (H), or Gag-GTP (l) BRET responses detected by BERKY biosensors upon stimulation of endogenous GPCRs in primary
cortical neurons. Responses to 22-AR (Brimo, 5 uM) or GABAgR (baclofen, 100 uM) are blocked by Ptx (0.2 ng/mL overnight preincubation), and responses to
muscarinic receptors (carbachol, 100 pM) or class | metabotropic glutamate receptors ((S)-3,5-DHPG, 100 uM) are blocked by YM-254890 (YM, 10 uM, 10-min
preincubation). Yohimbine, 25 uM; CGP 54626 (CGP), 1 uM (H) or 10 uM (G); atropine, 100 uM. Mean + SEM. Wide-field fluorescence images of immunostained
neurons show broad distribution of BERKY biosensors throughout the somata and dendrites. Scale bars, 10 pm.

See also Figure S7.
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pBJ-FLAG-hPAR1 Ishii et al., 1993 Addgene cat #53226
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pcDNA3.1-mas-PRGRH-Nluc This paper N/A
PcDNA3.1-Ga13(EE)-YFP This paper N/A
pcDNA3.1-Ga13(EE)-YFP Q226L This paper N/A
PcDNA3.1-Ga13(EE)-YFP R200K This paper N/A
pcDNAS.1-Ga13(EE)-YFP R200G This paper N/A
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Lyn11-FRB Parag-Sharma et al., 2016 N/A
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pLenti-hSyn-Gpy-BERKY1 This paper N/A
pLenti-hSyn-Goaqg*-BERKY1 This paper N/A
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Adobe Photoshop
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GraphPad Software
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mikel
Garcia-Marcos (mgm1@bu.edu).

Materials Availability
All unique reagents generated in this study are available from the Lead Contact but we may require a completed Materials Transfer
Agreement if there is potential for commercial application.

Data and Code Availability
Original data for Gaii immunoblots in the paper have been deposited to Mendeley Data: https://doi.org/10.17632/n3s5g457fm.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells (ATCC cat# CRL-3216,) and HelLa cells (ATCC cat# CCL-2) were grown at 37°C, 5% CO, in DMEM supplemented with
10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1% L-glutamine. SH-SY5Y cells (ATCC cat# CRL-2266) were grown at
37°C, 5% CO, in DMEM supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin, 1% L-glutamine, and 15% heat-inacti-
vated FBS.

Mouse primary cortical neuron culture

Cortical neurons were isolated from neonatal mouse (C57BL/6, Charles River, Strain code 027) brains as previously described (Kaech
and Banker, 2006) with modifications. All animal procedures were approved by the Institutional Animal Care and Use Committee (IA-
CUC) at Boston University School of Medicine. Newborn mouse pups (PO) were euthanized by decapitation, brains removed from the
skull, and placed in cold HBSS. The cerebrum was detached from other brain regions under a stereomicroscope by removal of the
olfactory bulb and cerebellum, the brain removed from the meninges and separated into hemispheres, and the cortex dissected out
with forceps. The cortex was minced into approximately 1-2 mm pieces using a sterile razor blade, and digested with 0.05% Trypsin
in HBSS for 10 min at 37°C. Trypsinized tissue was washed three times with HBSS to remove trypsin, and resuspended in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1% L-glutamine (complete DMEM) before passing
through a sterile 40 um cell strainer (Fisherbrand, cat# 22363547) to obtain a cell suspension. Approximately 50,000-75,000 cells
were plated on 5 mm diameter coverslips (coated overnight with 0.1 mg/mL poly-L-lysine hydrobromide, and washed 3x with
HBSS) and placed in 96-well plates containing complete DMEM for 4 h, before replacing one half of the media with Neurobasal media
(GIBCO, cat# 21103049) with B-27 supplement (GIBCO, cat# 17504001) and 1x Glutamax-I (GIBCO, cat# 35050061) (complete neu-
ral medium). On day in vitro 3 (DIV3), one half of the media was replaced with complete neural media supplemented with 5 uM AraC.
Beginning DIV5, half of the media was replaced by fresh complete neural medium every other day.

METHOD DETAILS

Plasmids

The plasmid encoding KB-1753-Nluc (pcDNA3.1-mas-KB-1753-Nluc) was generated by replacing the GRK3ct sequence of
pcDNA3.1-mas-GRK3ct-NanolLuc (Masuho et al., 2015) by digestion with Hindlll/BamHI and subsequent insertion of the KB-1753
sequence (SSRGYYHGIWVGEEGRLSR) flanked with a Gly-Gly linker on each end. A similar approach was followed to generate
the plasmids encoding GRK2™H-Nluc (pcDNA3.1-masGRK2R"-NIuc), p1157"-Nluc (pcDNA3.1-mas-p115°"-Nluc) and PRGRH-
Nluc (pcDNA3.1-mas-PRGR"-Nluc). Essentially, the RGS homology (RH) domain from bovine GRK2 (aa 45-178), human p115-Rho-
GEF (aa 43-250, RH domain lacking the N-terminal extension that confers GAP activity (Chen et al., 2003)) or rat PDZ-RhoGEF
(aa 307-508) replaced the position originally used by the GRK3ct cassette in pcDNA3.1-masGRK3ct-NanoLuc. Plasmids encoding
untagged and split Venus-tagged GB1 and Gy2 (pcDNA3.1-GB¢, pcDNA3.1-Gy,, pcDNAS3.1-Venus(155-239)-Gf1, pcDNA3.1-
Venus(1-155)-Gy,) have been described previously (Hollins et al., 2009). Plasmids encoding Gag-YFP (wild-type and Q209P mutant)
and Gai3-YFP have been described previously (Marivin et al., 2016; Maziarz et al., 2018b; Qin et al., 2011), and plasmids encoding
YFP-tagged Gas and Gao were obtained from Addgene (Yost et al., 2007). Plasmids encoding untagged Gai3 and untagged Go.o
have been described previously (Garcia-Marcos et al., 2011; Ghosh et al., 2008). Plasmid pcDNA3.1-Ga13(EE)-YFP encoding
Ga13 internally-tagged with the Citrine variant of YFP in the b/c loop was generated by first introducing a Sacll restriction site after
amino acid P131 into pcDNA3.1-Ga13(EE) and then inserting Citrine, flanked by a GSG linker on each end, at this site by Gibson
assembly. The plasmid encoding 22,-AR (pcDNASB-a2,,p-AR) has been described previously (Oner et al., 2010) and the plasmids
for B2-AR (Tang et al., 1999) and PAR1 (Ishii et al., 1993) were obtained from Addgene. Plasmid pmRFP-FKBP-RGS12-GL encoding
FKBP-R12-GolLoco was constructed by replacing the pseudojanin sequence between the Nrul/BamH] sites of pmRFP-FKBP-pseu-
dojanin (Addgene, #37999) by mouse RGS12 amino acids 1185-1221 (DEAEEFFELISKAQSNRADDQRGLLRKEDLVLPEFLR).
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Plasmid pmRFP-FKBP-Ric-8A encoding Ric-8A tagged with RFP and FKBP was constructed by replacing the pseudojanin
sequence between the Nrul/BamHI sites of pmRFP-FKBP-pseudojanin (Addgene, #37999) by rat Ric-8A amino acids 12-492. The
plasmid encoding Lyn11-FRB has been described previously (Parag-Sharma et al., 2016). The plasmid encoding the pertussis toxin
insensitive C3511 mutant of Gai3 (p3xFLAG-CMV-14-Gai3 C351l) was generated by mutating codon 351 and by placing a stop
codon before the 3XFLAG tag of p3xFLAG-CMV-14-Gai3 (Garcia-Marcos et al., 2010). The plasmid for the bacterial expression
of GST-fused GAIP (pGEX-KG-GAIP) has been described previously (De Vries et al., 1995). Plasmids encoding M3R, M4R, RGSS8,
Go13(EE) and Gas (pcDNA3.1-3xHA-M3R, pcDNA3.1-3xHA-M4R, pcDNA3.1-3xHA-ADRA1A, pcDNA3.1(-) 3xHA-RGSS,
pcDNAS3.1-Ga13(EE), and pcDNAS3.1-Gas (short)) were obtained from the cDNA Resource Center at Bloomsburg University. The
plasmids encoding MOR (pcDNA3.1-MOR-FLAG) has been described previously (Masuho et al., 2015).

Plasmids encoding BERKY biosensors were generated sequentially from a synthetic DNA fragment containing the following ele-
ments (from N- to C terminus of the protein sequence): Lyn11 /Nluc / ER/K a-helix / YFP (Citrine variant) / KB-1753 / myc-tag. Each of
these elements was separated by glycine-rich linkers and unique restriction sites, and the ER/K a-helix sequence was obtained from
pcDNA-FRT-FAK-kinase10 (Addgene #59123) (Ritt et al., 2013). A full sequence of this and other BERKY constructs is provided in
Data S1. This synthetic DNA was inserted between the Nhel/Xbal sites in pcDNA3.1(+) to generate pcDNAS3.1-Gai*-BERKY1.
pcDNA3.1-Gai*-BERKY2 and pcDNA3.1-Gai*-BERKY3 were generated sequentially by inserting a first YFP into a BamHI site of
Gai*-BERKY1 and a second one into the Ascl site of Gai*-BERKY2. Plasmid pcDNA3.1-KB-1746-BERKY3 was constructed by in-
serting the KB-1746 sequence (SSSYSEHCQRWGCYARLSR) into Xhol-digested pcDNAS3.1-Gai*-BERKY3 by Gibson assembly,
which results in the replacement of the KB-1753 sequence. Plasmids pcDNA3.1-Gag*-BERKY3, pcDNA3.1-Ga13*-BERKY3,
pcDNA3.1-GBy-BERKY3, and pcDNA3.1-Rho*-BERKY3 were generated by inserting GRK2™H, PRGR", GRK3ct, or Rhotekin’s
RBD (amino acids 7-89), respectively, followed by a stop codon into Xhol-digested pcDNAS3.1-Gai*-BERKY3, which results in the
replacement of the KB-1753 sequence and myc tag. Lentiviral plasmids encoding Gai*-BERKY3 (pLVX-IRES-Gai*-BERKY3),
Gaqg*-BERKY3 (pLVX-IRES-Gaqg*-BERKY3), and GBy-BERKY3 (pLVX-IRES-GBy-BERKY3) under the control of the CMV promoter
were generated by PCR amplification from their respective pcDNA3.1-based plasmids (including Nhel/Xbal flanking sites that re-
mained intact in the final construct) and insertion into the Xhol site of pLVX-IRES-Hyg (Clontech, cat# 632185) by Gibson assembly.
The lentiviral constructs encoding Gai*-BERKY1 and Gai*-BERKY3 under the control of human synapsin (hSyn) promoter (pLenti-
hSyn-Gei*-BERKY1 and pLenti-hSyn-Gai*-BERKY3, respectively) were constructed by inserting the respective Nhel-Xbal fragment
from pcDNA3.1-Gai*-BERKY1 or pcDNA3.1-Gai*-BERKY3 (encompassing the entire biosensor sequence) between the Agel and
EcoRl sites of pLenti-hSynapsin-Cre-WPRE (Addgene #86641; Sakurai et al., 2016) by Gibson assembly, such that both sites
were destroyed and replaced by Nhel/GCCACC in the 5’ end and Xbal/Agel in the 3’ end, respectively. The lentiviral construct en-
coding GBy-BERKY1 (pLenti-hSyn-Gpy-BERKY 1) was designed by inserting the GRK3ct coding sequence followed by a stop codon
between the Agel sites of pLenti-hSyn-Gai*-BERKY1, which results in the replacement of the KB-1753 sequence and myc tag. The
construct encoding Gag*-BERKY1 (pLenti-hSyn-Gaq*-BERKY1) was designed in two steps. First, GRK2R" followed by a stop codon
was inserted into Xhol-digested pcDNA3.1-Gai*-BERKY 1 to generate pcDNA3.1-Gag*-BERKY 1, which was then used to transfer the
biosensor sequence flanked by Nhel and Xbal into pLenti-hSynapsin-Cre-WPRE using an approach analogous to that described
above for pLenti-hSyn-GBy-BERKY1. All plasmids were purified from DH5a bacteria. All point mutations were generated using
QuikChange Il (Agilent, #200523).

Bioluminescence Resonance Energy Transfer (BRET) measurements in HEK293T and SH-SY5Y cells
HEK293T cells were seeded on 6-well plates (~400,000 cells/well) coated with 0.1% gelatin, transfected ~24 h later using the calcium
phosphate method. For experiments with bi-molecular biosensors consisting of YFP-tagged Ga proteins and Nluc-fused detector
modules (Figures 1, 2, 4, and 5; Figures S1 and S3-S5), cells were transfected with the following amounts of plasmid DNA per
well of the constructs indicated in the corresponding figures: 0.5-1 ng for Gai3-YFP, Gag-YFP (except in Figure S2A, which was
0.25 pg), Gas-YFP, Gao-YFP or Ga13-YFP, 0.025-0.2 pg for mas-KB-1753-Nluc, and 0.05-0.2 ug for mas-GRK2"H-Nluc, mas-
p115°"-Nluc and mas-PRGR"-Nluc. Essentially, optimal donor: acceptor ratios were roughly estimated to be between 1:10 and
1:20 in preliminary experiments by empirically measuring receptor-mediated responses, and occasionally re-titrated due to minor
changes in experimental conditions like batch of plasmid preparations or transfection reagents. When included, 0.2 pg of plasmid
DNA were transfected for GB1 and Gy2. For experiments with bi-molecular GBy biosensors (Figure 2; Figure S1E), cells were trans-
fected as follows: 0.5-1 pug for Gai3, Gaq, Gas, or Gao, 0.2 pg for VC-GB1 and VN-Gv2, and 0.2 ng of mas-GRK3ct-Nluc. For exper-
iments shown in Figure 2 and Figure S1D, cells were transfected with 3 pg for Lyn11-FRB and 0.1 pg for FKBP-R12-GolLoco or
0.05 ng for Ric-8A plasmids in addition to the rest of the BRET biosensor components and GPCRs. For experiments with unimolec-
ular BERKY biosensors (Figures 3 and 6; Figure S2), HEK293T cells were transfected with 0.1-0.2 ug of plasmid DNA per well for Gai*-
BERKY1, Gai*-BERKY2, Gai*-BERKY3, KB-1746-BERKY3, Gag*-BERKY3, Ga.13*-BERKY3 or GBy-BERKY3. For experiments with
Rho*-BERKY3, cells were transfected with 0.025 pg of plasmid DNA per well. When included, 0.2 ng of plasmid DNA were transfected
for GB1 and Gy2, and 1 ug for Gai3, Gai3 C3511, Gao, Gaqg or Ga13, except in Figure S2F, for which different amounts of Gai3 were
transfected as indicated. The amount for all GPCR plasmid constructs was 0.2 pg per well.

Approximately 18-24 h after transfection, cells were washed with PBS, harvested by gentle scraping, and centrifuged for 5 min at
550 x g. Cells were resuspended in assay buffer (140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 0.37 mM NaH,PO4, 20 mM
HEPES pH 7.4, 0.1% glucose) at a concentration of 1 million cells/ml. 25,000-50,000 cells were added to a white opaque 96-well plate
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(Opti-Plate, Perkin Elmer) and mixed with the nanoluciferase substrate Nano-Glo (Promega cat# N1120, final dilution 1:200) for 2 min
before measuring luminescence signals in a POLARstar OMEGA plate reader (BMG Labtech) at 28°C. Luminescence was measured
at 460 + 40 nm and 535 + 10 nm, and BRET was calculated as the ratio between the emission intensity at 535 + 10 nm divided by the
emission intensity at 460 + 40 nm. For kinetic BRET measurements, luminescence signals were measured every 0.24 s for the dura-
tion of the experiment, except for experiments in Figure 2D, and Figures S2E-S2G to determine G-protein activation kinetics, in which
measurements were done every 0.04 s. Reagents were added to the wells during live measurements using injectors. BRET data are
presented as the difference from baseline BRET signal (average of 30 s pre-stimulation). For experiments with Rho*-BERKY3 (Fig-
ure 6D), BRET measurements were carried out with adherent cells by carrying out the modified protocol described next. The day after
transfection 12,500-25,000 cells were re-seeded on white opaque 96-well plates coated with 0.1% gelatin, in the presence of DMEM
supplemented with 10% FBS, 100 U/ml penicillin, 100 png/ml streptomycin, and 1% L-glutamine. After 3 h at 37°C in 5% CO,, media
was changed for assay buffer and incubated under the same conditions for 45 min. Cells were equilibrated to room temperature for
15 min before performing BRET measurements as described above. For calculations of BRET response amplitude determined from
kinetic experiments, differences were calculated between the pre-stimulation baseline BRET signal and the maximal activation after
agonist stimulation (typically between 60-90 s). For endpoint BRET measurements shown in Figure 5B, and Figure S5B, lumines-
cence was read consecutively three times every 30 s and the resulting BRET ratio (535nm luminescence / 460 nm luminescence)
values averaged. BRET measurements in SH-SY5Y stable cell lines (see “Generation of cell lines stably expressing unimolecular bio-
sensors” below) shown in Figure S7 were performed essentially as described above for HEK293T cells, except that cells were seeded
on 35 mm plates (~900,000 cells/plate) and harvested after approximately 24 h as described above. At the end of some BRET ex-
periments, a separate aliquot of the same pool of cells used for the luminescence measurements was centrifuged for 1 min at
14,000 x g and pellets stored at —20°C for subsequent immunoblot analysis (see “Protein electrophoresis and Immunoblotting” sec-
tion below).

In Vitro protein binding assays

Protein-protein binding assays with purified GST-fused constructs and proteins expressed in mammalian cells were performed
essentially as previously described (Maziarz et al., 2018b). Approximately two million HEK293T cells were seeded on 100 mm dishes
and transfected the following day using the calcium phosphate method with 3 pg of plasmids encoding Gag-YFP (WT or R247L mu-
tants). Twenty-four hours after transfection, cells were lysed on ice with lysis buffer (20 mM HEPES, pH 7.2, 125 mM K(CH3;COO),
0.4% (v:v) Triton X-100, 1 mM DTT, 10 mM B-glycerophosphate, 30 uM GDP and 0.5 mM Na3zVO, supplemented with a protease
inhibitor [SigmaFAST, cat# S8830]). For some conditions, the lysis buffer was supplemented with 30 uM AICl3, 10 mM NaF and
10 mM MgCl, (AIF,” condition). Cell lysates were cleared (14,000 x g, 10 min) and used as the source of soluble protein ligands
for immobilized GST-fused proteins in pulldown assays. GST-GAIP purification from BL21(DE3) bacteria was carried out exactly
as described previously (Maziarz et al., 2018b). GST-GAIP (7.5 pg per condition) was immobilized on glutathione-agarose beads
for 90 min at room temperature in PBS. Beads were washed twice with PBS and resuspended in 400 pl of binding buffer (50 mM
Tris-HCI, pH 7.4, 100 mM NaCl, 0.4% (v:v) NP-40, 5 mM EDTA, 30 uM GDP, 2 mM DTT), which in some cases was supplemented
with 30 uM AICl3, 10 mM NaF and 10 mM MgCl, (AIF,” condition). After addition of cleared HEK293T cell lysates (~400 pg of total
protein), tubes were incubated 90 minutes at 4°C with constant rotation. Beads were rapidly washed four times with 1 mL of
wash buffer (4.3 mM NasHPO,, 1.4 mM KH,POy4, pH 7.4, 137 mM NaCl, 2.7 mM KCI, 0.1% (v/v) Tween-20, 30 uM GDP, 5 mM
EDTA, 1 mM DTT), which in some cases was supplemented with 30 uM AIClz, 10 mM NaF and 10 mM MgCl, (AIF,~ condition).
Resin-bound proteins were eluted with Laemmli sample buffer by incubation at 37°C for 10 min and stored at —20°C for subsequent
immunoblot analysis (see “Protein electrophoresis and Immunoblotting” section below).

Serum Response Element (SRE) reporter assays

SRE reporter assays were performed as previously described (Maziarz et al., 2018b) with minor modifications. Briefly, HEK293T cells
were seeded on 6-well plates (~350,000 cells per well) and transfected 16-24 h later with plasmids pGL3-SRE.L (0.5 pg; Wells et al.,
2001) and pCMV-Beta (0.5 ng), along with plasmids for the expression of Ga13-YFP (WT or mutants, 0.2-0.4 ng per well) using the
calcium phosphate method. Approximately 6 h after transfection, media was replaced by DMEM containing 0.5% FBS. 16-24 h after
transfection, cells were washed with PBS and harvested by gentle scraping followed by centrifugation. Approximately 80% of the
cells from one well were pelleted and stored at —20°C for subsequent immunoblot analysis (see “Protein electrophoresis and Immu-
noblotting” section below). The remaining 20% of the cells were lysed in 60 pl of lysis buffer (Promega, Cat #E2920) for measurement
of firefly luciferase and B-galactosidase activity. Fifty ul of the lysates were transferred to wells of a white 96-well OptiPlate (Perkin-
Elmer, cat# 6005290) for the determination of firefly luciferase activity using the Dual-Glo Luciferase Assay System (Promega, Cat#
E2920) following the manufacturer’s instructions. Five pl of the lysates were transferred to wells of a black 96-well OptiPlate (Perkin-
Elmer, cat# 6005270) and incubated with 100 uL of the fluorogenic substrate fluorescein di-p-D-galactopyranoside (FDG) (10 uM
diluted in 100 mM sodium phosphate buffer, pH 7.5, 1 mM MgCl,, B-mercaptoethanol)) for the determination of B-galactosidase ac-
tivity following a previously described protocol (Maziarz et al., 2018a). Briefly, fluorescence (Excitation 485 + 10 nm; Emission 528 +
10 nm) was measured in a BioTek Synergy H1 plate reader at 30°C every 2 minutes for 90 minutes, and p-galactosidase activity was
determined by the fluorescence signal at a time point within the linear portion of the curve, typically between 40-60 min from the
beginning of the measurement. For each sample, luciferase activity was normalized to f-galactosidase activity, and SRE activation
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was calculated as the fold-change of normalized luciferase activity relative to activity of cells expressing a control plasmid
(pcDNAS.1).

Generation of cell lines stably expressing unimolecular biosensors

Cell lines stably expressing Gai*-BERKY3, GBy-BERKY3, or Gag*-BERKY3 were generated by lentiviral transduction following previ-
ously described procedures with minor modifications (Leyme et al., 2015). Lentivirus packaging was performed in HEK293T cells by co-
transfection of the lentiviral plasmid encoding Geai*-BERKY3, GBy-BERKYS3, or Gaq*-BERKY3 (in the pLVX-IRES-Hyg backbone) with
the packaging plasmids pSPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) at a 1:1:0.5 ratio. Approximately 6 h after transfec-
tion the media was changed, and ~42 h later, lentivirus-containing media were collected, centrifuged at 500 x g for 3 min, and passed
through a 0.45 um PES filter. HeLa cells or SH-SY5Y cells seeded in 6-well plates (~200,000 cells / well) were incubated with the super-
natant of Gai*-BERKY3-, GBy-BERKY3-, or Gaq*-BERKY3-packaged lentivirus (mixed 1:1 with fresh media) for 2 days, followed by
selection with 200 ng/ml hygromycin. All surviving clones were pooled and maintained in the presence of 100 pg/ml hygromycin.

cAMP measurements

Naive Hela cells, or HeLa cells stably expressing Gai*-BERKY3 or GBy-BERKY3, were seeded in 6-well plates (~400,000 cells / well).
After 16-18 h, cells were washed with PBS, resuspended in assay buffer (140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCls,
0.37 mM NaH,PQ4, 20 mM HEPES pH 7.4, 0.1% glucose), centrifuged for 5 min at 1000 x g, and resuspended at a density of 2 million
cells /ml of assay buffer supplemented with 0.1% BSA and 1 mM IBMX. After incubation at room temperature for 15 min, cells were
stimulated with forskolin (10 uM) for 5 min followed by treatment with different concentrations (0-3000 nM) of brimonidine for 10 min.
cAMP was quantified using the LANCE cAMP kit (PerkinElmer, Cat # AD0262) with modifications. Briefly, cells were lysed with the
Detection Buffer provided by the kit, and boiled for 3 min at 95°C. All subsequent steps were carried out at room temperature.
Following a centrifugation of 3 min at 5,000 x g to sediment particulate material, aliquots of the supernatant were transferred to dupli-
cate wells of a white flat-bottom 384-well ProxiPlate (Perkin Elmer, cat # 6008280) and incubated with anti-cAMP antibody for 30 min.
Then, Eu-W8044-streptavidin and biotin-cAMP tracer were added to the wells and after 1 h incubation TR-FRET was measured in a
TECAN Infinite M1000 (excitation 317 nm, emission 620 and 665 nm). For each experiment, cCAMP was quantified by comparison to a
standard curve prepared in duplicate.

ERK1/2 phosphorylation measurements

Naive Hela cells, or HelLa cells stably expressing Gai*-BERKY3 or GBy-BERKY3, were seeded in 35 mm plates (~200,000 cells/
plate). After 24 h, media was replaced with DMEM containing 0.2% FBS. After 16-18 h, cells were treated with 3 uM brimonidine
for 5 or 10 min. Stimulation was stopped by placing the plates on ice, washing rapidly with cold PBS, and adding lysis buffer
(20 MM HEPES, pH 7.2, 5 mM Mg(CH3CQOO0),, 125 mM K(CH3COO), 0.4% (v:v) Triton X-100, 1 mM DTT, 10 mM B-glycerophosphate,
and 0.5 mM NagVO, supplemented with a protease inhibitor cocktail [SigmaFAST, cat# S8830]). The same procedure was carried out
for untreated cells at time zero to harvest unstimulated controls. Cells in cold lysis buffer were harvested by scraping, transferred to
cold microcentrifuge tubes, and the lysates were cleared by centrifugation and subject to SDS-PAGE and immunoblotting as
described in “Protein Electrophoresis and Immunoblotting.”

Lentiviral transduction of primary cortical neurons

For the transduction of cultured neurons, lentiviruses were concentrated after large scale packaging as described next. HEK293T
cells (Lenti-X 293T, Cat# 632180, Takara Bio) were plated in 150 mm diameter dishes (~2.5 million cells / dish) and cultured at
37°C, 5% CO, in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1% L-glutamine. After
16-24 h, cells were co-transfected with plasmids encoding Gai*-BERKY3, Gai*-BERKY1, GBy-BERKY1, or Gaq*-BERKY1 (27 ng
/ dish) along with the packaging plasmid psPAX2 (18 ng / dish) and the envelope plasmid pMD2.G (11.25 pg / dish) using the poly-
ethylenimine (PEI) method (Longo et al., 2013) at a 2:1 PEI:DNA ratio. Approximately 16 h after transfection, media was replaced with
serum-free media. Lentivirus containing media was collected 24 and 48 h after the initial media change (~70 mL per dish and 4 dishes
for each construct). Media was centrifuged for 5 min at 900 x g and filtered through a 0.45 um sterile PES filter. Filtered media was
centrifuged for ~12 h at 17,200 x g at 4°C (Sorvall RC6+, ThermoScientific F12-6x500 LEX rotor) to sediment lentiviral particles.
Pellets were washed and gently resuspended in 1 mL of PBS and centrifuged at 50,000 x g for 1 h at 4°C (Beckman Optima
MAX-E, TLA-55 rotor). Pellets were resuspended in 500 ul of PBS to obtain concentrated lentiviral stocks that were stored at
—80°C in aliquots. Each aliquot was thawed only once for subsequent experiments. Primary cortical neurons were transduced
with lentiviruses encoding Gai*-BERKY3, Gai*-BERKY1, GBy-BERKY1, or Gaq*-BERKY1 on DIV7-8 by replacing one half of the me-
dia with complete neural media containing lentivirus (final 1:200 dilution) for 1 h, followed by another replacement of one half of the
media with fresh complete neural media. Neurons were cultured as described above until experiments were performed at DIV12-16.

BRET measurements in HeLa cells and mouse cortical neurons

HelLa cells stably expressing Gai*-BERKY3 or GBy-BERKY3 were seeded on poly-L-lysine-coated 5 mm coverslips (~35,000 cells/
coverslip) placed on 96-well plates and allowed to grow in complete media for 16-24 h before BRET measurements. For
measurements with mouse cortical neurons, coverslips of cells transduced with lentiviruses as described above in the section
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“Lentiviral transduction of primary cortical neurons” were processed on DIV 12-16. For each individual measurement, cells were
washed with assay buffer (140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 0.37 mM NaH,PO,4, 20 mM HEPES pH 7.4, 0.1%
glucose) and the corresponding coverslip transferred to a new well containing assay buffer for an equilibration incubation of
10-20 min (for HeLa cells) or 2-10 min (for neurons) at room temperature in assay buffer. Then, coverslips were transferred to white
opaque 96-well plates containing assay buffer and Nano-Glo (final dilution 1:200), and BRET measurements carried out in a
POLARstar OMEGA plate reader (BMG Labtech) at 28°C as described above in the section “Bioluminescence Resonance Energy
Transfer (BRET) measurements in HEK293T and SH-SY5Y cells.” BRET measurements with transiently transfected HelLa cells in sus-
pension shown in Figure S6A were also performed as described for HEK293T and SH-SY5Y cells, except that cells were transfected
with 1 ng of Gai*-BERKY3 plasmid DNA using Lipofectamine LTX reagent and following the manufacturer’s instructions.

Immunofluorescence

SH-SY5Y cells, Hela cells, or primary cortical neurons grown on glass coverslips were fixed with 4% paraformaldehyde diluted in
PBS for 10 min at room temperature. Cells were washed 3 times with PBS, permeabilized for 5 min in PBS containing 0.25% (v/v)
Triton X-100, and incubated in blocking solution (5% (v/v) normal goat serum, 0.1% (v/v) Triton X-100 in PBS) for 1 hour. Cells
were incubated overnight at 4°C with primary antibody diluted in blocking solution (mouse monoclonal GFP antibody, Santa Cruz,
sc-9996, 1:100). Coverslips were washed 3 times with PBS and incubated for 1 hour at room temperature with secondary antibody
diluted in blocking solution (goat anti-mouse Alexa Fluor 488, Invitrogen A11017, 1:400). Coverslips were stained with DAPI (1 ng/mL
in PBS) for 5 min, washed 3 times in PBS and mounted in ProLong Diamond Antifade (Invitrogen P36965). For experiments with HeLa
cells (Figure S6) and SH-SY5Y cells (Figure S7), a Zeiss LSM 700 confocal microscope was used to obtain optical sections of 0.29 um
thickness along the Z axis with a 63X oil-immersion objective (numerical aperture [NA] = 1.4; working distance = 0.19 mm) using the
ZEN software. For experiments with primary cortical neurons (Figure 7), images were obtained with a Zeiss AxioObserver D1 wide-
field microscope with a 100X oil-immersion objective (hnumerical aperture [NA] = 1.4; working distance = 0.17 mm) using the ZEN
software. Images were adjusted for brightness/contrast and assembled for presentation using Imaged, Photoshop and lllustrator
softwares (Adobe).

Protein electrophoresis and immunoblotting

Pellets of HEK293T cells used in BRET or SRE experiments, or HeLa cells used in ERK1/2 phosphorylation experiments, were resus-
pended on ice with lysis buffer (20 mM HEPES, pH 7.2, 5 mM Mg(CH3zCOOQ),, 125 mM K(CH3COO), 0.4% (v:v) Triton X-100, 1 mM
DTT, 10 mM B-glycerophosphate, and 0.5 mM NazVO, supplemented with a protease inhibitor cocktail [SigmaFAST, cat# S8830]).
Lysates were cleared by centrifugation (10 min at 14,000 x g, 4°C) and boiled for 5 minutes in Laemmli sample buffer before protein
separation by SDS-PAGE and electrophoretic transfer to PVDF membranes for 2 h. For in vitro protein-protein binding experiments,
membranes were stained with Ponceau S solution (0.1% w/v Ponceau S in 5% v/v acetic acid) and imaged on a flatbed scanner prior
to further immunoblotting. PVDF membranes were blocked with PBS supplemented with 5% non-fat dry milk (or 5% BSA for ERK1/2
experiments) for 1 hour, and then incubated sequentially with primary and secondary antibodies. Primary antibody dilutions were as
follows: Gai1/2/3, 1:250; pan-Gp, 1:250; a-tubulin, 1:2,500; Nluc, 1:1,000 (Hall et al., 2012); Ga.o, 1:250; Gaqg, 1:1,000; Gass, 1:250; HA,
1:1,000; GFP, 1:1,000; RFP, 1:1,000; Myc, 1:1,000; pERK1/2 (T202/Y204), 1:1,000; and ERK1/2, 1:100. Two different primary anti-
bodies for Gai3 were used as follows: Gai3 (Santa Cruz Biotechnology) was used at 1:250 dilution in Figures 1C and 3B; Gai3 (Aviva
Systems Biology) was used at 1:1,000 dilution in Figures 1E and E, and Figure S2F. Secondary antibodies (goat anti-rabbit conju-
gated to AlexaFluor 680 (Life Technologies) or goat anti-mouse conjugated to IRDye 800 (LI-COR Biosciences)) were used at
1:10,000. Infrared imaging of immunoblots was performed according to manufacturer’s recommendations using an Odyssey infrared
imaging system (LI-COR Biosciences). Images were processed using the ImagedJ software (NIH) and assembled for presentation us-
ing Photoshop and lllustrator software (Adobe).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least three times, as indicated in the figure legends, and, unless otherwise indicated, they are pre-
sented as averages + the standard error of the mean (SEM). For the sake of clarity, in the presentation of kinetic BRET measurements
the SEM is only presented in the positive direction and displayed as bars of a lighter color tone than that of its corresponding data
points. For experiments in Figure 3D, and Figures S2E-S2G to determine G-protein activation kinetics, data were fit either to a one-
phase exponential (“one-component”) or to a two-phase exponential (“two-component”) equation in GraphPad Prism using least-
squares fit. Related parameters (half-times (t1,2), percentage distribution among two components of the fit) and residuals were also
determined in GraphPad Prism. ECsq values were also determined in GraphPad Prism by fitting dose-dependence responses to a
three-parameter sigmoidal curve (assuming a Hill slope of 1). Protein structure images displayed in Figure 5A and Figure S5A
were prepared in ICM (Molsoft LLC., San Diego, CA). The data displayed in the lollipop plot of Figure S5A were obtained through
cBioportal by querying the term GNA13 on December 315!, 2019 in all the datasets classified as Bladder Urothelial Carcinoma.
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Figure S1. Detection of G-protein Activation by Different GPCRs with Gai-GTP or Free GBy Biosensors and Effect of Ric-8A on G«i3-YFP,
Related to Figure 1

(A and B) Agonist dose-dependent Gai-GTP responses using four- or two-component biosensors in HEK293T cells expressing MOR. Naloxone = 100 uM. Mean
+S.EM,n=3.

(C) Loss of Gai-GTP response upon mutation of KB-1753-Nluc in HEK293T cells expressing either four- or two-component biosensors. DAMGO = 10 uM;
Naloxone = 100 uM. One representative experiment of at least 3.

(D) Co-expression of Ric-8A modestly increases the expression of Gai3-YFP and enhances BRET signals detected with KB-1753-Nluc with and without GPCR
stimulation. BRET measurements were carried out in HEK293T cells with or without GPCR stimulation (M4R, Carbachol = 100 uM) and with or without Ric-8A co-
expression. Mean + S.E.M, n = 3.

(E) Top: diagram showing the principle for the free GBy biosensor. Upon GPCR stimulation, YFP-tagged Gy is relieved from Ga-mediated sequestration, which
then permits its association with Nluc-tagged GRK3ct and results in the subsequent increase in BRET. Bottom: BRET measurements confirming the release of
GBy from Gai, Gao, Gag or Gas. Cells expressing G-proteins with the indicated cognate GPCRs were agonist-stimulated as follows: Gai3/Gao, 5 uM brimonidine;
Gaq, 100 uM carbachol; Gas, 10 uM isoproterenol. Mean + S.E.M, n = 5.
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Figure S2. Gai*-BERKY3 BRET Reports Endogenous Gi Activation upon Stimulation of Different GPCRs, Related to Figure 3
(A) BRET response upon MOR stimulation in HEK293T cells expressing Gai*-BERKY3 in the absence (“Endogenous”) or presence of Gai3/GBy overexpression.

DAMGO = 10 uM; Naloxone = 100 uM. Mean + S.E.M, n = 5.

Cell

(B) Pertussis toxin (Ptx) treatment (0.2 ug/ml overnight) abolishes Gai*-BERKY3 BRET responses detected in HEK293T cells expressing exogenous Gai3/Gpy or

only endogenous G-proteins upon a24-AR stimulation (brimonidine, 5 uM). Mean + S.E.M, n = 3-5.

(C) Pertussis toxin (Ptx) treatment (0.2 pg/ml overnight) does not diminish Gai*-BERKY3 BRET responses detected in HEK293T cells expressing the Ptx-
insensitive mutant Gai3 C3511 upon a2,-AR stimulation (brimonidine, 5 uM). Mean + S.E.M, n = 3.
(D) BERKY3 biosensors containing the KB-1746 peptide sequence instead of the KB-1753 peptide sequence as detector module fail to detect activation of Gy,
proteins. BERKY biosensor designs with different detector modules are shown on the left, and representative traces comparing side by side BRET responses

(legend continued on next page)
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detected with each biosensor in HEK293T cells expressing the indicated G-proteins and the a2,-AR are shown on the right. Brimonidine = 5 uM; Yohim-
bine = 25 uM.

(E) Endogenous Gui activation kinetics determined by Gai*-BERKY3 BRET are not affected by expression of exogenous GBy. Gai activation kinetics were
determined in HEK293T cells expressing Gai*-BERKY3 in the absence and presence of GBy overexpression (but no Ga) upon GPCR stimulation (224-AR, 5 pM
brimonidine). Data points are mean + SEM and solid lines are fits to one-component exponential curves (n = 3-4). Residual plot of the curve fit is shown in the
middle panel, and a representative immunoblot confirming the expression of different components is shown on the right.

(F) Expression of exogenous Gi3 alters Gei activation kinetics and amplitude in a dose-dependent manner as determined by Gai*-BERKY3 BRET. Gai activation
kinetics were determined in HEK293T cells expressing Gai*-BERKY3 in presence of different amounts of Gai3 (as indicated) and constant GBvy. Data points are
mean + SEM and solid lines are fits to one-component exponential curves (n = 4). Comparison of response amplitude (black) and t;, (red) for different amounts of
Gai3 is shown in the middle panel, and a representative immunoblot confirming the expression of different components is shown on the right.

(G) Formation of Ga-GTP and formation of free GBy proceed with similar kinetics upon GPCR stimulation. Gai*-BERKY3 or Gpy-BERKY3 BRET kinetics were
determined in HEK293T cells expressing only endogenous G proteins upon GPCR stimulation («24-AR, 5 M brimonidine). Data points are mean + SEM and solid
lines are fits to one-component exponential curves (n = 3). Residual plot of the curve fit is shown in the middle panel, and a representative immunoblot confirming
the expression of different components is shown on the right.
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Figure S3. Direct Detection of GTP-Bound Gaq in Cells upon Long-Term Stimulation of the M3R or upon Stimulation of the «15-AR, Related to

Figure 4

(A) Carbachol stimulation of the M3R leads to a sustained Ga.g-GTP BRET response for over 15 minutes. HEK293T cells expressing the M3R and the components
of the Gag-GTP biosensor were stimulated with carbachol (100 uM, black trace) or left unstimulated (gray trace). One representative experiment of two is shown.
(B) HEK293T cells expressing the M3R or the a1,-AR and the components of the Ga.q-GTP biosensor were stimulated with carbachol (100 uM) or phenylephrine
(10 uM), respectively. Immunoblots on the bottom show the expression of the two GPCRs and different components of the biosensor system. Mean + S.E.M,

n=3.
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Figure S4. Direct Detection of GTP-Bound Ga13 in Cells, Related to Figure 4

(A) Ga.13-GTP biosensor design principle and representative traces of BRET measurements in HEK293T cells expressing PRG™M-Nluc along with the indicated
constructs. BRET response in “+Ga13-YFP” condition without exogenous PAR1 expression likely reflects stimulation of endogenous PAR1 receptors, as
previously reported by others with another biosensor of Ga13 activity using the same cell line (PMID: 26628681). TRAP-6 = 30 uM.

(B) PRGR"-Nluc biosensor detects more robust Go.13 BRET responses than p1157H-Nluc in HEK293T cells expressing exogenous PAR1. TRAP-6 = 30 uM. Mean
+S.EM,n=3.

(C) PRGR"-Nluc biosensor detects agonist dose-dependent Ga13-GTP responses in HEK293T cells expressing PAR1. Mean + S.E.M, n = 3.

(D) Ga13-GTP BRET responses are reversible and can be detected similarly with either four- or two-component biosensors. HEK293T cells expressing the PAR1
and the indicated components of PRGF™-Nluc biosensors were stimulated with TRAP-6 (1 tM) and in some cases (blue traces) subsequently treated with the
antagonist SCH-79797 (10 uM). Mean + S.E.M, n = 3-4.

(E) Detection of Ga13-GTP but not Gaq-GTP, Gai3-GTP or Gas-GTP responses by PRGRH-NIuc upon GPCR agonist stimulation. Cells expressing G-proteins
with the indicated cognate GPCRs were agonist-stimulated as follows: Ga13, 10 uM TRAP-6; Ga.g, 100 uM carbachol; Gai3, 10 uM brimonidine; Gas, 10 uM
isoproterenol. Mean + S.E.M, n = 3.
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Figure S5. Characterization of Cancer-Associated G-protein Mutants with a Ga13-GTP Biosensor, Related to Figure 5
(A) Lollipop plot of Ga13 residues mutated in bladder cancer and three dimensional model of Ga13 (PDB: 3AB3) showing the position of selected residues around

the nucleotide binding site.

(B) Cancer-associated Go13 mutants R200K and R200G are constitutively active as determined by the Ga13-GTP biosensor PRG™H-Nluc in HEK293T cells.

Mean + S.E.M, n = 4.

(C) Stimulation of exogenously expressed PAR1 activates Go.13 WT but not Ge:13 mutants R200K and R200G as determined by the Ga13-GTP biosensor PRGR-

Nluc in HEK293T cells. Mean + S.E.M, n = 3.

(D) Cancer-associated Ga.13 mutants R200K and R200G are constitutively active as determined by a luciferase reporter of a modified Serum Response Element

(SRE) in HEK293T cells. Mean + S.E.M, n = 3.
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Figure S6. Gui*-BERKY3 BRET Response in Transiently Transfected HeLa Cells and Cellular Localization of Gai*-BERKY3 and G3y-BERKY3
Biosensors Expressed in HeLa Cells, Related to Figure 7

(A) Transiently transfected Gai*-BERKY3 detects endogenous G-protein activation by endogenous «2-AR in HelLa. HelLa cells were harvested 24 hours after
transfection and rapidly assayed in suspension. Brimonidine = 5 uM; Yohimbine = 25 uM. Mean + S.E.M, n = 3.

(B and C) Hela cell lines stably expressing Gai*-BERKY3 or GBy-BERKY3 biosensors generated as depicted in Figure 7A were imaged by confocal immuno-
fluorescence microscopy. Arrowheads indicate accumulation of signal at the cell periphery, presumably the cell membrane.
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Figure S7. Detection of Endogenous G-protein Activation by Multiple Endogenous GPCRs in SH-SY5Y Cells and Primary Neurons, Related to
Figure 7

(A) Generation of SH-SY5Y cell lines stably expressing Gai*-BERKY3, GBy-BERKY3 or Gaqg*-BERKY3 to monitor G-protein activation upon stimulation of
endogenously expressed MOR, DOR, or M3R.

(B-D) Endogenous Gai-GTP (in (B), free GBy (in (C), or Gag-GTP (in (D) BRET responses detected by BERKY biosensors upon stimulation of endogenous GPCRs
in SH-SY5Y cells. Mean + SEM of the number of experiments (n) indicated in the figures. DAMGO = 1 pM; SNC80 = 10 pM; Naloxone = 100 uM; Carbachol =
1 mM; Atropine = 100 pM; YM-254890 = 10 pM (10 min preincubation). Confocal immunofluorescence images of representative cells expressing BERKY bio-
sensors are shown on the right. Arrowheads indicate accumulation of signal at the cell periphery, presumably the cell membrane.

(E and F) Endogenous Gai-GTP (in (E) or endogenous free Gy (in (F) BRET responses detected upon stimulation of endogenous GPCRs in primary cortical
neurons (DIV 12-16) transduced with Gai*-BERKY1 or GBy-BERKY1, respectively. Responses to #2-AR (brimonidine, 5 uM), GABAgR (baclofen, 100 uM) or
adenosine receptors (adenosine, 10 uM; NECA, 10 uM) are blocked by pertussis toxin (Ptx, 0.2 pg/ml overnight preincubation). Yohimbine = 25 uM; CGP 54626
(CGP) = 10 uM; DPCPX = 1 uM. Mean + S.E.M., n = 3-5.
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