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ABSTRACT

The M3 muscarinic acetylcholine receptor (M3R) is a G protein—
coupled receptor (GPCR) that regulates important physiologic
processes, including vascular tone, bronchoconstriction, and
insulin secretion. It is expressed on a wide variety of cell types,
including pancreatic beta, smooth muscle, neuronal, and im-
mune cells. Agonist binding to the M3R is thought to initiate in-
tracellular signaling events primarily through the heterotrimeric
G protein Gg. However, reports differ on the ability of M3R to
couple to other G proteins beyond Gqg. Using members from
the four primary G protein families (Gq, Gi, Gs, and G13) in ra-
dioligand binding, GTP turnover experiments, and cellular sig-
naling assays, including live cell G protein dissociation and
second messenger assessment of cCAMP and inositol trisphos-
phate, we show that other G protein families, particularly Gi and
Gs, can also interact with the human M3R. We further show that

these interactions are productive as assessed by amplification
of classic second messenger signaling events. Our findings
demonstrate that the M3R is more promiscuous with respect to
G protein interactions than previously appreciated.

SIGNIFICANCE STATEMENT

The study reveals that the human M3 muscarinic acetylcho-
line receptor (M3R), known for its pivotal roles in diverse phys-
iological processes, not only activates intracellular signaling
via Gq as previously known but also functionally interacts
with other G protein families such as Gi and Gs, expanding
our understanding of its versatility in mediating cellular re-
sponses. These findings signify a broader and more complex
regulatory network governed by M3;R and have implications
for therapeutic targeting.

Introduction

G protein—coupled receptors (GPCRs) are membrane-
embedded receptors that regulate nearly every aspect of biology
and are among the most successful therapeutic targets across a
broad range of diseases. GPCRs initiate signaling through four
main families of heterotrimeric G proteins: Gg/11, Gi/o, Gs, and
G12/13 (Glukhova et al., 2018). Activated G proteins exchange
GDP for GTP on the Ga subunit, dissociating « and obligate
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dimer fy subunits. These « and fy subunits subsequently am-
plify second messenger signaling cascades. Although each G
protein family can induce a variety of downstream effects,
the best studied consequences of G protein activation in-
clude Gg/11-induced increase in intracellular calcium levels
via phospholipase C, DAG, and inositol trisphosphate (IP3);
Gs-induced increases in intracellular cAMP; Gi/o-induced
decreases intracellular cAMP; and G13-induced regulation
of actin polymerization and other cytoskeletal effects (Worz-
feld et al., 2008; Newton et al., 2016). Certain GPCRs such as
the M3R are thought to signal primarily through a single Ga
protein family, whereas other GPCRs such as the bradykinin
and neurokinin-1 receptors are appreciated to signal through
multiple G protein families (Liao and Homcy, 1993; Thom
et al., 2021; Harris et al., 2022). The G protein:GPCR contact
sites thought to convey specificity that are best characterized
are the Gu protein C-terminal helical domain interaction
with an activated GPCR cytoplasmic pocket (Oldham and
Hamm, 2008; Flock et al., 2017). Growing evidence demon-
strates that other G protein structural domains as well as the
GPCR C terminus and/or intracellular loop 3 as well as

ABBREVIATIONS: BME, p-mercaptoethanol; BRET, bioluminescence resonance energy transfer; DDM, n-dodecyl-f-D-maltopyranoside;
GPCR, G protein—coupled receptor; HBSS, Hanks’ balanced salt solution; HEK, human embryonic kidney; IP3, inositol trisphosphate; MoR, acetylcholine
M2 muscarinic receptor; MsR, acetylcholine M3 muscarinic receptor; NMS, n-methyl-scopolamine; PTX, pertussis toxin; RA, relative activity;

TCEP, tris(2-carboxyethyl)phosphine.
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membrane phospholipid composition can highly influence G
protein:GPCR coupling (Yen et al., 2018; Okashah et al., 2019;
Strohman et al., 2019; Heng et al., 2023; Sadler et al., 2023).
The relative preference for certain muscarinic receptors for
specific G protein pathways appears to be encoded in part
through the receptor’s second and third intracellular loops
(Wess et al., 1990, 1997, Wong and Ross, 1994; Blin et al,,
1995).

The M3R is a well studied rhodopsin-like GPCR that is of-
ten considered a model receptor to study Gg-selective signal-
ing. The M3R is one of the five muscarinic GPCRs (M1-M5)
to which acetylcholine binds to initiate cellular responses
(Kruse et al., 2014a). For the M3R, physiologic responses in-
clude vasoconstriction, bronchoconstriction, insulin secretion,
visual accommodation, and epidermal differentiation (Dutta-
roy et al., 2004; Kruse et al., 2014b; Duan et al., 2022). The
M;3R is expressed in a wide variety of tissues, including
smooth muscle and pancreatic beta cells, as well as immune
cells such B cells and T cells where their function is not yet
clearly established (Kawashima and Fujii, 2004; Wess, 2004).
Although the M3R interaction with the Gq family of G
proteins is well supported, its interactions with other G
proteins are not firmly established. Certain reports describe
interactions with Gi, others with Gs, and still others with nei-
ther Gs nor Gi (Peralta et al., 1988; Jones et al., 1991; Inoue
et al.,, 2019; Randakova and Jakubik, 2021; Avet et al., 2022;
Sandhu et al., 2022). Prior work has demonstrated incorpora-
tion of the stable GTP analog GTPyS or a P32 GTP analog to
membranes in both pertussis toxin—sensitive and insensitive
manners, strongly suggesting a secondary interaction with Gi
that is pertussis toxin sensitive (Lazareno et al., 1993; Offer-
manns et al., 1994; Akam et al., 2001) However, these and
other studies were often limited by the nature of membrane
preparations that could contain other muscarinic receptor
subtypes, confounding the ability to clearly discern which G
protein families were responsible for the observed effects. A
more recent study ranks the M3R with a comparably lower
promiscuity index relative to the closely related M;R, MR,
and M R muscarinic acetylcholine GPCRs as well as compa-
rably lower promiscuity relative to GPCRs with similar levels
of available signaling data (Sandhu et al., 2022).

Here we examined if the human M3R could interact and
signal through representative members of the four primary
G protein families. We used a variety of methods, including
purified protein recombinant systems as well as cellular re-
porter assays to test our hypothesis. In all, these data demon-
strate productive G protein interactions with multiple G
protein families, uncovering a previously underappreciated
level of promiscuity for this prototypically Gq-coupled GPCR.

Materials and Methods

G Protein Purification. Heterotrimeric G proteins were ex-
pressed using a single baculovirus for each human Ga subunit (Gi,
Gs, Gq and G13) and a second, bicistronic virus for human Gf1 and
Gy2-His-tagged subunits in High-Five insect cells similar to previ-
ously described (Kruse et al., 2013). For G13«, the first 18 amino
acids were replaced with those of Gil. In brief, insect cells were lysed
[10 mM Tris pH 7.5, 10 mM MgCl,, 5 mM f-mercaptoethanol (BME),
10 M GDP with protease inhibitor and Benzonase]. G proteins were
solubilized [20 mM HEPES pH 7.5, 100 mM NaCl, 1% sodium cholate,
0.05% n-dodecyl-$-D-maltopyranoside (DDM), 5 mM MgCly, 5 mM imid-
azole, 5 mM BME, 10 uM GDP with protease inhibitor and Benzonase]
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and eluted from a nickel column (20 mM HEPES pH 7.5, 100 mM
NaCl, 0.1% DDM, 1 mM MgCl,, 5 mM BME, 10 xM GDP, 400 mM im-
idazole). Samples were then dialyzed overnight (20 mM HEPES pH
7.5, 100 mM NaCl, 0.1% DDM, 1 mM MgCly, 5 mM BME, 20 M
GDP). His tags on Gff were removed via overnight 3C protease cleav-
age. Samples were then rerun over a nickel column, and pertinent
fractions were treated with lambda phosphatase, calf intestinal phos-
phatase, and Antarctic phosphatase supplemented with 1 mM man-
ganese chloride for 1 hour on ice. Samples were diluted 1:1 [20 mM
HEPES pH 7.4, 0.1% DDM, 1 mM MgCly, 1 mM tris(2-carboxyethyl)-
phosphine (TCEP), 10 uM GDP] followed by ion exchange chromatog-
raphy and gradient elution (20 mM HEPES pH 7.4, 1 M NacCl, 0.05%
DDM, 1 mM MgCl,, 1 mM TCEP, 10 uM GDP). Samples were then
concentrated and stored in 20% glycerol at —80°C until use.

M;3;R Expression and Purification. N-terminal FLAG-tagged
wild-type human M3R in a pcDNA 3.1 tetracycline/zeocin plasmid
(750 pg/l of culture) was transfected into Expi293 cells with a stably
integrated tetracycline repressor and grown in Expi293 media (Staus
et al., 2018) with FectoPRO (800 /1 of culture) in the presence of at-
ropine (10 uM). Ten millimolar valproic acid and 1% glucose were
added after 18-24 hours. Two days after transfection, cells were in-
duced with 0.4 pg/ml doxycycline and 5 mM sodium butyrate. Cell
pellets were harvested 2026 hours after induction. Frozen cell pellets
were resuspended in room-temperature hypotonic lysis buffer (10 mM
Tris pH 7.4, 2 mM EDTA, 10 mM MgCly, 10 uM atropine), with Ben-
zonase nuclease (Sigma-Aldrich) and Pierce protease inhibitor tablets
(Thermo Scientific). Cells were pelleted (50,000 x g, 20 minutes) and
resuspended in (10 ml/g initial cell pellet) cold solubilization buffer [20
mM HEPES pH 7.4, 750 mM NaCl, 0.5% lauryl maltose neopentyl
glycol (LMNG), 0.05% cholesterol hemisuccinate (CHS), 10 mM MgCl,,
10 M atropine], Benzonase nuclease, Pierce protease inhibitor tablets
(Thermo Scientific) and disrupted with a glass Dounce tissue ho-
mogenizer. Resuspended lysates were stirred for 2 hours at 4°C.
Insoluble material was pelleted by centrifugation (50,000 x g, 30 mi-
nutes). The supernatant was filtered through a glass fiber filter, sup-
plemented with 2 mM CaCl, and passed over M1-oFLAG resin. The
resin was washed with 10 column volumes of wash buffer (20 HEPES
pH 7.4, 500 mM NaCl, 0.01% LMNG, 0.001% CHS, 2 mM CaCls,,
2 M atropine) and eluted with elution buffer (20 mM HEPES pH 7.4,
500 mM NaCl, 0.01% LMNG, 0.001% CHS, 1 uM atropine, 5 mM
EDTA with 0.2 mg/ml FLAG peptide). The receptor was further puri-
fied, and buffer was exchanged by size exclusion chromatography on a
Superdex S200 (10/300) column in 20 mM HEPES pH 7.4, 100 mM
NacCl, 0.01% LMNG, 0.001% CHS, and 1 uM atropine. Fractions con-
taining the M3R as assessed through Coomassie gel were pooled and
rerun through the same size exclusion chromatography protocol as
prior but without atropine. Samples were concentrated and stored at
—80°C until use.

Radioligand Binding. Cell membranes for radioligand binding
experiments were prepared from 50 ml of a tetracycline-inducible
Expi293 cell line as described above and similar to that previously
described for other GPCRs (Ahn et al., 2018; Skiba et al., 2023). Cells
were pelleted and washed with cold PBS. Cells were resuspended in
2.5 ml of 20 mM Tris pH 7.4 per gram of cell pellet with a protease
inhibitor tablet and lysed by Dounce homogenization (100x). Mem-
branes were pelleted by centrifugation at 50,000 x g for 20 minutes
and resuspended in 2.5 ml of 50 mM Tris pH 7.4, 12.5 mM MgCl,,
150 mM NaCl, and 0.2% bovine serum albumin (BSA) + protease in-
hibitor tablet and were Dounce homogenized, flash frozen in liquid
nitrogen, and stored at —80°C. After saturation binding experiments
confirmed the Ky (Supplemental Fig. 1), membranes were incubated
with 1 nM [*H]-N-methyl scopolamine in 50 mM Tris pH 7.4, 12.5 mM
MgCl,, 150 mM NaCl, and 0.2% BSA in a 200-ul reaction volume for
120 minutes at room temperature at varying concentrations of cold ag-
onist and with or without the addition of purified G protein at the in-
dicated concentration. Reactions were harvested on a GF/B filter
soaked in 0.3% polyethylenimine (Sigma-Aldrich) on a 96-well Brandel
harvester and washed three times with cold water. Bound tritium was


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.123.000818/-/DC1

388 Smith et al.

extracted overnight with 5 ml scintillation fluid and quantified using
a liquid scintillation counter. The counts per minute signal of each
block was normalized to the B, of each individual experiment. MsR
levels were calculated at 7.3 pmol/mg protein using saturation binding
experiments and the DC Protein Assay (Bio-Rad) according to manu-
facturer specifications and measuring absorbance at 650 nm.

G Protein Bioluminescence Resonance Energy Transfer
TRUPATH Biosensors. TRUPATH integrated plasmids were a
gift from Justin English. Assays were conducted similarly to those
previously described (Olsen et al., 2020; Eiger et al., 2023). Briefly,
human embryonic kidney (HEK) 293T cells were transfected with a
human N-terminal FLAG-tagged M3R in a pcDNA 3.1 expression
vector and denoted TRUPATH plasmid. Twenty-four hours later,
cells were plated in a 96-well plate in phenol red—free Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 2% FBS, 1%
GlutaMAX, and 1% antibiotic-antimycotic (Sigma). Approximately
48 hours after transfection, media were replaced with assay buffer
[Hanks’ balanced salt solution (HBSS) without calcium or magne-
sium + 20 mM HEPES + 3 uM coelenterazine-400a (NanoLight)]
and bioluminescence resonance energy transfer (BRET) ratios were
obtained using a Promega plate reader.

IP3 Biosensor. IP3 biosensor experiments were conducted simi-
larly to previously described (Inoue et al., 2019). Briefly, HEK293T
cells were transfected with the IP3 biosensor expression vector (gift
of Asuka Inoue) and a human N-terminal FLAG-tagged M3R in a
pcDNA 3.1 expression vector. Twenty-four hours later, cells were
plated in a 96-well plate in phenol red—free DMEM supplemented
with 2% FBS, 1% GlutaMAX, and 1% antibiotic-antimycotic (Sigma).
Approximately 48 hours after transfection, media were replaced with
assay buffer [HBSS without calcium or magnesium + 20 mM HEPES +
3 uM coelenterazine-h (NanoLight)]. Luminescence values were obtained
using a Promega plate reader. A preread prior to treatment was con-
ducted, cells were treated with either vehicle or muscarinic agonist, and
the plate was subsequently read.

GTP Turnover Assay. The GTP turnover assay was conducted
using a modified version of GTPase-Glo assay (Promega), similar to
that previously described (Xu et al., 2023). Briefly, purified heterotri-
meric G protein was incubated in a 384-well plate with assay buffer
consisting of 20 mM HEPES pH 7.4, 0.1% DDM, 100 mM NaCl,
10 mM MgCly, 5 uM GTP, 5 uM GDP, and 100 uM TCEP with or
without 0.125 uM of purified M3R and iperoxo (1 uM) + tiotropium
(2 uM) in a volume of 5 yul, shaking gently at room temperature for
30 minutes. Then, 5 ul of GTPase-Glo reagent (Promega) was added,
mixed, and incubated for another 30 minutes at room temperature to
convert residual GTP to ATP. Then, 10 ul detection reagent (Promega)
was added and incubated for 5-10 minutes, and luminescence was
measured using a Promega plate reader. Data were normalized to G
protein alone conditions, and statistical analyses were conducted by
comparing the effect of M3R and the agonist iperoxo + the muscarinic
antagonist tiotropium.

GloSensor cAMP Sensor. HEK293T cells were transiently
transfected with the human N-terminal FLAG-tagged M3R in a
pcDNA 3.1 expression vector or empty vector control and a modified
firefly luciferase (Promega) and transferred to a 96-well plate 24 hours
after transfection as previously described (Smith et al., 2017). For per-
tussis toxin experiments, cells were treated overnight with pertussis
toxin (PTX) (200 ng/ul). Approximately 48 hours after transfection,
cells were incubated for 2 hours in D-luciferin. Baseline luminescence
was measured using a Promega plate reader. Cells were then treated
with muscarinic agonist for 10 minutes, and luminescence was again
measured.

EPAC cAMP Sensor. HEK293T cells were transiently trans-
fected with the human N-terminal FLAG-tagged M3R in a pcDNA
3.1 expression vector or empty vector control and the EPAC BRET
cAMP biosensor as previously described (Eiger et al., 2022). For per-
tussis toxin experiments, cells were treated overnight with pertussis
toxin (PTX) (200 ng/ul) in plating media. Approximately 48 hours af-
ter transfection, the plating media was replaced with assay buffer

[HBSS without calcium or magnesium + 20 mM HEPES + 3 uM
coelenterazine-h (NanoLight)]. Baseline BRET ratio was measured
using a Promega plate reader. Cells were then treated with muscarinic
agonist for 10 minutes, and luminescence was again measured. For
certain experiments, cells were then treated with isoproterenol
(100 nM) for 5 minutes, and luminescence was measured for a third
time. For PTX experiments, cells were normalized within their respec-
tive baseline conditions (i.e., vehicle or PTX) to account for baseline dif-
ferences in constitutive Gi signaling caused by PTX prior to maximal
signal comparisons.

Bias Factor Calculations. Bias factor calculations were con-
ducted using the intrinsic relative activity model (Rajagopal et al.,
2011) as follows: f§ + Ap, relative activity (RA) = (EmaxgqEC50¢;)/
(EC50g4-Emaxg;) and where ff = 1og10 (RA 4gonist2/RA reference)-
The standard error for this quantity is calculated as follows: ARA =
RA - ((AEmaxge/Emaxgq)? + (AEC506,/EC506,)% + (AEmaxg/
Ernax(}i)2 + (AEC5OG1/EC5OG1)2)y A/j’ = 0-434\5(ARAagnnist2/RAagonist2)2 +
(ARA,cference/ RAreference)’, With Gs interchanged with Gi where
appropriate. A calculator is available at https://biasedcalculator.
shinyapps.io/calc/ (Smith et al., 2018). The reference agonist was cho-
sen to be carbachol as it has the greatest chemical similarity to the en-
dogenous muscarinic agonist acetylcholine of the three agonists tested
throughout this manuscript. Gq was selected as the reference G pro-
tein signaling pathway as it is the prototypical cognate G protein for
the M3R.

Statistical Analyses. Statistical analyses were conducted using
GraphPad Prism 10. Data are shown as mean + S.E.M. unless other-
wise indicated. For IC5 calculations, two log(ICs) site nonlinear re-
gressions were plotted, with ICs, values reported for the high-
affinity state for Gq, Gi, and Gs (G proteins that displayed a left shift
and >10% of estimated pool within the high-affinity state). Condi-
tions without an appreciable high-affinity state were fit with one site
Log(IC5¢) nonlinear regression. Other dose-response curves were cal-
culated by nonlinear regression and three parameter fits (minimum,
maximum, and EC5q) and were baseline corrected. Details of specific
analyses and number of experimental replicates are described within
the pertinent methods sections and figure legends, where applicable.

Results

We first examined if agonist binding to the human M3R was
potentiated by purified G protein from the four primary fami-
lies (Gq, Gi, Gs, and G13) as predicted by the ternary complex
model of cooperativity among agonist, GPCR, and effector (e.g.,
G protein) (De Lean et al., 1980) (Fig. 1A). We performed radio-
ligand competition binding experiments and measured the con-
centration of a muscarinic agonist required to outcompete a
radiolabeled muscarinic antagonist (N-methyl-scopolamine) in
the absence or presence of added purified Gq, Gi, Gs, or G13
heterotrimers. Consistent with a functional interaction, Gq,
Gs, and Gi changed the IC5q and maximal available M3R to
bind antagonist while significantly altering the shape of the
competition binding curve, with a rank order change of
Gqg>Gi>Gs (Fig. 1B; Table 1). Observed curve shifts occurred
in a G protein concentration-dependent manner for Gq
(Fig. 1C), Gi (Fig. 1D), and Gs (Fig. 1E). High concentra-
tions of G13 also were able to slightly change the competi-
tion binding curve, although this effect was not observed
with lower concentrations of purified G13 (Fig. 1F).

We next tested if muscarinic agonists could cause G pro-
tein heterotrimer dissociation of Gq, Gs, Gi, and G13 in live
cells using TRUPATH biosensors, which use BRET ratios to
measure dissociation of Go-RLuc8 and Gy-GFP2 (Olsen et al.,
2020). BRET-based G protein biosensors and bystander as-
says have been used for nearly two decades as a measure of
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Fig. 1. Purified Gq, Gi, and Gs change M3R agonist binding profiles. (A) Effector bound receptor has increased affinity for agonists in the ternary
complex model. (B) Purified heterotrimer Gq, Gi, Gs, and G13 (50 nM) or vehicle were added to Expi293 cell membranes expressing the M3R and
incubated with the radiolabeled muscarinic antagonist n-methyl-scopolamine (*H-NMS) and competed with varying concentrations of the musca-
rinic agonist iperoxo. Varying concentrations of (C) purified Gq, (D) purified Gi, (E) purified Gs, or (F) purified G13 heterotrimer in some instan-
ces left shifted in the ICs5¢ of iperoxo and reduced the available receptor pool available to bind antagonist (lower B.,). N = 3 independent
experiments per condition. Panel A: adapted from (De Lean et al., 1980). Panel B: *P < 0.05, two-way ANOVA, main effect of the indicated G pro-
tein relative to vehicle (null hypothesis is that there is no difference from the vehicle condition). Panels C-F: *P < 0.05, two-way ANOVA, Dun-
net’s post hoc comparison of each respective G protein concentration to vehicle. A, agonist; G, G protein; R, receptor.

G protein activation (Galés et al., 2005, 2006). The absolute
magnitude of dissociation (as assessed by change in BRET
ratio) relies on multiple properties intrinsic to the biosensor,
including expression and relative orientation of the dipole do-
nor to the dipole acceptor, and thus the magnitude of BRET
ratio changes cannot be appropriately compared between G
protein constructs. We treated cells with three different mus-
carinic agonists: iperoxo, oxotremorine-M, and carbachol. Car-
bachol was chosen over the endogenous agonist acetylcholine to
avoid possible acetylcholine degradation by acetylcholinester-
ase. Gq, Gi, and Gs heterotrimers all clearly dissociated after

TABLE 1

ICso values of data show in Fig. 1B for iperoxo to displace *H-NMS
(1 nM) at the M3R in the presence of the indicated G protein hetero-
trimer or vehicle

N = 3 replicates per condition for Gq, Gi, Gs, and G13 conditions;
N = 6 replicates for vehicle condition.

Log(ICs0) Standard Error
Gq -85 1.2
Gi —6.7 0.79
Gs -5.5 0.51
G13 —4.3 0.12
Vehicle —-4.5 0.05

treatment with the three muscarinic agonists in a dose-depen-
dent manner (Fig. 2, A-C; Table 2). Higher concentrations of
iperoxo also caused G13 heterotrimer dissociation (Fig. 2D).
These responses were M3R dependent, as cells not overexpress-
ing the M3R were either minimally able to facilitate TRUPATH
biosensor activation (likely through low levels of endogenous
muscarinic receptors) or unable to produce appreciable TRU-
PATH signal (Supplemental Fig. 2). As expected, a prototypical
Gi-coupled receptor, the MyR, and prototypical Gs-coupled, the
p-2-adrenergic receptor, also activated the respective TRUPATH
biosensors with a greater E, ., than the M3R (Supplemental
Fig. 3).

A critical component of G protein activation is exchange of
GDP for GTP on the G protein o subunit. G protein nucleotide
exchange is expedited by guanine nucleotide exchange factors,
which include GPCRs. Activated G proteins eventually hy-
drolyze GTP independently (in vivo, this is augmented by
GTPases), which terminates canonical G protein activation
and promotes reassociation of the G protein heterotrimer in
the GDP bound state (Dror et al., 2015). We measured nucleo-
tide exchange through the GTP-Glo assay, which measures
GTP hydrolysis, in a recombinant system consisting of purified
G protein in the presence or absence of purified full-length M3
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R in detergent and the agonist iperoxo. Size exclusion chroma-
tography traces (Fig. 3A) with specific radioligand binding to
the purified protein confirmed the functionality of full-length
M;R used in these assays (Fig. 3B). As the intrinsic GTPase
activity differs between G protein families, intrinsic levels of
GTP hydrolysis at each G protein were empirically determined
so that similar levels of basal hydrolysis occurred in the G pro-
tein alone condition (Supplemental Fig. 4). Purified M3R facili-
tated GTP consumption with three of the four families of G
protein, with G13 not statistically different (P = 0.20). Pre-
treatment with the pseudo-irreversible muscarinic antagonist
tiotropium reversed this effect (Fig. 3, C-F).

We then confirmed that the activated Gs, Gi, and Gq facili-
tated M3R second messenger amplification upon agonist treat-
ment. As expected, M3R agonists increased intracellular IP3
levels (Fig. 4, A and B) in biosensor measurements in live cells.
We further examined if the M3R propagates signals through
Gs and Gi by examining intracellular cAMP levels. Using a
previously validated BRET-based EPAC cAMP biosensor
(Fig. 5A), we observed that muscarinic agonist treatment of
cells expressing M3R caused an increase in intracellular cAMP,
consistent with Gs pathway activity (Fig. 5B). Pertussis toxin
pretreatment revealed a further increase in cAMP, suggesting
competing Gi signaling that dampened adenyl cyclase activity
(Fig. 5C). The inhibitory component of M3R-mediated cAMP
signaling was additionally unmasked by treating cells with
the f-adrenergic agonist isoproterenol, which elevated global
cAMP in all conditions but to a lesser degree in conditions

TABLE 2

10 -8 -6 -4
Log [agonist], M

6 -4

treated with M3R agonists (Fig. 5D). We also observed Gs-
and Gi-mediated effects on cAMP levels by the MsR using
the GloSensor assay, an orthogonal approach to measuring
cAMP production. In this assay, pertussis toxin also revealed
both Gs and Gi signaling contributions (Supplemental Fig. 5).
These effects were M3R dependent, as cells transfected with
empty vector as opposed to M3R vector showed no significant
effect of muscarinic agonist (Supplemental Fig. 5).

Discussion

The M3R often serves as a model GPCR for Gg-selective sig-
naling responses. Here, using three muscarinic agonists, we
demonstrate that other G protein families can also functionally
interact with the M3R and activate canonical second messenger
signaling pathways. From the data collected in this study, a
relatively preserved rank order of Gg>>Gi>Gs>G13 across as-
says was observed, although in vivo functional rank order is
likely to be determined by G protein expression differences,
which can vary dramatically between cell and tissue types
(Wilkie et al., 1991; El-Haibi et al., 2013). We demonstrate
functional G protein association to the M3R in a variety of as-
says, including radioligand binding, purified protein, and mul-
tiple signaling assays in live cells.

One of these assays, TRUPATH, relies upon artificial BRET
tags to detect signal. Recent studies by Inoue et al. (2019) and
Avet et al. (2022) use similar biosensor technology to measure
G protein activation, although in the Avet study only Gs alpha

EC5o values of TRUPATH data shown in Fig. 2 for three different M3R agonists

Log(ECs) Standard Error Log(ECj50) Standard Error Log(ECj50) Standard Error
Carbachol Oxotremorine-M Iperoxo
Gq —6.7 0.21 -7.9 0.34 —-8.4 0.34
Gi -5.2 0.10 —6.7 0.14 -7.9 0.08
Gs —6.1 0.43 -7.8 0.64 —-8.2 0.46
G13 —6.2 0.53 Poor fit — -5.9 0.31
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Fig. 3. M3R-facilitated GTP turnover in four G protein families. (A) Size
exclusion chromatography trace of purified M3R. (B) Specific (vehicle-
treated) and nonspecific (atropine-treated) binding of the radiolabeled
muscarinic antagonist n-methyl-scopolamine (*H-NMS) to purified M3R.
Residual GTP normalized to basal intrinsic G protein GTP hydrolysis
with the M3R and (C) purified Gq, (D) purified Gi, (E) purified Gs, or
(F) purified G13. N = 3-5 independent experiments per condition, *P <
0.05, one-way ANOVA with Dunnett’s post hoc comparison with the G
protein without receptor condition. Tio, muscarinic antagonist tiotropium
(2 uM).

required direct G protein subunit labeling. Our TRUPATH
findings (Fig. 2) align with these findings for both Gq and Gi,
and our biochemical data using untagged, purified protein pro-
vides further support to these cellular observations. Similarly,
Ilyaskina and colleagues (2018) observed an approximate 10-
fold difference in M3R interaction with Gq (higher association)
and Go (lower association) using fluorescence resonance energy
transfer (FRET)-based approaches. However, they did not re-
port a notable interaction signal with Gs or G13. Different
muscarinic agonists used and distinct methods likely explain
the differences in Gs activity observations. Our findings build
upon these prior studies by also observing Gs TRUPATH activ-
ity downstream of the M3R, similarly supported by our bio-
chemical assays and cellular second messenger cAMP assays.
Native G proteins in the HEK293 were present in our exper-
imental conditions. Although competition for different G pro-
tein families by a given receptor is expected in the dynamic
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Fig. 4. M3R agonists expectedly increase intracellular IP3 (A) sche-
matic of a previously validated Gq-dependent IP3 biosensor designed
by Inoue and colleagues. (B) IP3 biosensor and the M3R were tran-
siently transfected in HEK293T cells and treated with the indicated
agonist demonstrating an increase in IP3 activity. N = 8 independent
experiments per condition. Panel A created with BioRender.com.

native conditions of a normal cellular environment, it is reas-
suring that Avet and colleagues (2022) reported that competi-
tion with endogenous G proteins did not occur to a notable
extent when compared with similar experiments conducted in
cells lacking the different G protein family members by genetic
deletion. Some prior studies have not necessarily observed the
same level of G protein promiscuity that we report here
(Sandhu et al., 2022). This may be in part because some cur-
rent G protein assays rely on heavily modified G proteins [e.g.,
mini-G proteins (Carpenter et al., 2016) (which often share a
Gs backbone) or assays where only the alpha-5 helix of the G
protein, known to be necessary for GPCR core interactions to
facilitate nucleotide exchange, are altered] (Inoue et al., 2012).
Although these tools have been very useful to the field and fa-
cilitated structural advances and large screening studies, such
alternations may contribute to the seemingly discrepant re-
sults. Comparison of Avet and Inoue’s recent data sets reveal
64% identity of couplings between the effector membrane
translocation assays and Inoue’s 2019 data set, highlighting
the importance of orthogonal experimental approaches that
complement existing studies in determining the GPCR cou-
pling profile of a given receptor (Inoue et al., 2019; Avet
et al., 2022). Currently, the structural features that encode
family selectivity between GPCRs and G proteins are still not
well understood and remain an area of active research; how-
ever, it is appreciated that critical contacts exist between
GPCRs and G proteins beyond the alpha-5 helix and receptor
core (Yen et al., 2018; Okashah et al., 2019; Strohman et al.,
2019; Heng et al., 2023; Sadler et al., 2023). The subcellular
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Fig. 5. Unmasking Gi contribution of M3R agonists. (A) Diagram of BRET EPAC cAMP biosensor. HEK293T cells were transiently transfected
with the cAMP biosensor and the M3R. (B) Cells were treated for 10 minutes with the indicated agonist and measured for cAMP signal. (C) Cells
were pretreated with pertussis toxin and cAMP signal was assessed after treatment with iperoxo, which resulted in a left-shifted EC5q and an in-
creased Ep... (D) After agonist treatment, cells were treated with isoproterenol (100 nM) for 5 minutes, with cells previously treated with an M3R
agonist showing reduced cAMP signal. N = 3 independent experiments per condition. *P < 0.05 by two-way ANOVA, main effect of the indicated
agonist versus vehicle (null hypothesis is that there is no difference from the vehicle condition). Panel A created with BioRender.com.

compartment where a G protein interacts with a GPCR is
known to influence biologic responses (Irannejad et al., 2017,
Eiger et al., 2022; Kwon et al., 2022; Lin et al., 2023) and may
also refine G protein:GPCR pairings.

As different ligands for the same receptor can initiate dis-
tinct intracellular signaling events, a term referred to as bi-
ased signaling, we tested three established agonists in our
signaling assays. The relative rank order of potency of iperoxo-
>oxotremorine-M>carbachol was preserved in both G protein
and second messenger signaling experiments in live cells.
Iperoxo displayed numerical bias for Gi over Gq pathways, al-
though this was not statistically significant (Supplemental
Fig. 6). Further work with these and other muscarinic ago-
nists may uncover preferences for certain agonists for specific
muscarinic secondary G protein pathways. Gq clearly couples
most efficiently to the M3R, as expected. The addition of puri-
fied Gq caused the greatest left shift in ICsy in radioligand
competition binding experiments compared with the more

modest IC5q left shifts caused by the addition of Gi or Gs. Nev-
ertheless, the M3R interacts with Gi and Gs at concentrations
in both purified protein conditions and in live cells that are
reasonably expected to be physiologically relevant, as the rela-
tive distribution of GPCRs and G proteins on the plasma
membrane are not equally distributed and found to be colocal-
ized to ‘hotspots’ (Sungkaworn et al., 2017). In certain experi-
ments, G13 also had evidence of MzR-mediated activity,
although consistent G13 responses across experiments were
not observed.

Given that the relative level of G proteins within cell types
appears to vary considerably depending on the tissue identity
and disease state, nonprimary and lower-affinity receptor
G protein interactions could be biologically relevant in certain
physiologic contexts. Such ‘systems bias,” where signaling
events between cell types differ due to levels of intracellular
effectors like G proteins, could alter the expected effects of a
therapeutic or lead to unintended effects (Smith et al., 2018).
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Thus, it is possible in certain cell types or tissues that non-Gq
G proteins are the principal G protein effectors of the MsR.
Further work is necessary to test this hypothesis.

A limitation of our work in cells is that the experiments
rely on overexpressed conditions or purified M3R. It is possi-
ble that the observed G protein coupling promiscuity is most
pronounced when M3R levels are high or in cells where cer-
tain G proteins are low or absent. Nevertheless, overex-
pressed conditions and purified protein have historically
provided useful models that are often translatable to the true
physiology. Like G proteins, expression of the M3R can vary
substantially between cell types and disease status (Shi et al.,
2004). We do not claim that the MsR predominately signals
through non-Gg-related proteins under all, or even the major-
ity, of conditions. Rather, we report that the M3R, a prototypi-
cal Gqg-coupled receptor, is more promiscuous with respect to
G proteins than widely appreciated. We suspect that other
GPCRs will show similar, more nuanced functional G protein
pairings.
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