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ABSTRACT
NAJEAH OKASHAH
Selectivity and productivity of GPCR-G protein interactions
(Under the direction of NEVIN LAMBERT)
Hundreds of human G protein-coupled receptors (GPCRs) converge on activation
of four families of heterotrimeric G proteins. Individual receptors select a subset of G
proteins in order to produce appropriate cellular responses. While the precise mechanisms
of coupling selectivity are uncertain, the G subunit carboxy (C) terminus is believed to
be the primary region recognized by GPCRs. We directly assessed coupling between 14
representative GPCRs and 16 G subunits, including one wild-type G subunit from each
of the four families and 12 chimeras with exchanged C termini. We found that Gi-coupled
receptors were relatively selective for Gi1 heterotrimers, while Gs-, Gq-, and G12- coupled
receptors were more promiscuous and always coupled in some measure to Gi1
heterotrimers. Our tests with G subunit chimeras show that the G subunit core and C
terminus both play important roles in selectivity. This suggests that the key G protein
determinants of selectivity vary widely, even for different receptors that couple to the same
G protein.
While promiscuous GPCR-G protein coupling is often observed. These interactions
behave as expected with receptor-G protein coupling and activation being almost
synonymous. Agonist bound GPCRs activate the G protein heterotrimers they interact
with, while ignoring G protein subtypes that they cannot activate. However, we have shown

that GPCRs can form unproductive complexes with G12 heterotrimers. Vasopressin 2
receptor (V2R) forms agonist-dependent complexes with G12 heterotrimers. Unlike V2R
complexes with cognate Gs heterotrimers, V2R-G12 complexes do not dissociate when GDP
or GTP is present. Stimulating V2R with arginine vasopressin (AVP) does not activate
signaling responses downstream of G12 activation. Evaluation of several G12-coupled
receptors demonstrated that agonist induced GPCR-G12 complexes have a wide range
resistance to GDP. Like V2R receptors, formyl peptide 2 receptors (FPR2) and smoothened
receptors (SMOR) formed complexes with G12 heterotrimers that were relatively resistant
to GDP. Our results indicate that several GPCRs can form agonist-dependent unproductive
complexes with G12 heterotrimers that are relatively resistant to GDP. Suggesting that for
some GPCRs agonist-dependent association with G12 heterotrimers is weakly coupled to
nucleotide exchange.

KEY WORDS: G protein coupled receptor (GPCR), G protein selectivity, Gα12 subunits,
Vasopressin 2 receptor (V2R), Ternary complex model
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I.

INTRODUCTION

A. Statement of the Problem
G protein coupled receptors (GPCRs) are important mediators of human physiology,
and represent one-third of FDA approved drugs targets (1). GPCRs transduce signals by
activating Gα subunits (2). Both of the projects outlined here aim to better understand the
interaction between GPCRs and Gα subunits.
Determinants of GPCR-G protein selectivity
There are hundreds of human GPCRs and their signaling converges on 16 Gα subunits
belonging to 4 G protein families Gs, Gi/o, Gq/11, and G12/13 (2, 3). Receptors select from a
subset on one or more of these to mediate intracellular signaling (2, 3). The exact
mechanism by which receptors select for and recognize specific G proteins is not fully
understood. Based on the results mutagenesis studies the Gα subunit C-terminus is believed
to be the primary region recognized by GPCRs (4-6). However, these studies relied on
second messenger assays which prevents comparison across different G protein families
and produces a non-linear output. Recent crystal structure and modeling studies have
suggested that there are GPCR-G protein selectivity determining interaction sites outside
of the C terminal tail of the Gα subunit (3, 7). Here were compare the role of the last 10
amino acids (aa) of Gα subunit tail to the remainder of the Gα subunit using chimeric Gα
subunits where the last 10aa are swapped between G proteins. GPCR-G protein coupling
was measured directly using a cell-based bioluminescence resonance energy transfer
(BRET) assay that allowed comparison across different G protein families. This allowed
us to test the hypothesis that Gα subunit regions outside of the C-terminus are important
for GPCR-G protein selectivity.
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Agonist-induced formation of unproductive receptor-G12 complexes
GPCR-G protein coupling can be defined as the allosteric interaction between the
receptor binding site and the nucleotide binding site of the Gα subunits, where the agonistbound receptor promotes a nucleotide-free G protein and vice versa (8, 9). The process of
G protein coupling to an agonist bound receptor almost always leads nucleotide exchange
and Gα subunit activation. Typically active receptors only recruit G proteins families they
can couple to, while ignoring G protein families that they cannot activate (3, 6, 10, 11). We
observed a non-cognate interaction between arginine vasopressin (AVP) stimulated
vasopressin 2 receptors (V2R) and G12 heterotrimers. Surprisingly, this interaction did not
disassociate upon addition of GTP to permeabilized cells and appears to be nucleotide
resistant. When V2R forms complexes with its cognate binding partner Gs heterotrimers,
the complex dissociates in the presence of GTP and goes on to stimulate adenylate cyclase
(12). Since the AVP stimulated V2R-G12 interaction appears to be guanine nucleotide
resistant, we predicted that it would not be able to activate G12. We hypothesized that some
receptors can form stable complexes with G12 heterotrimers that are decoupled from
nucleotide exchange and cannot activate Gα12 subunits. Here we characterized an atypical
GPCR-G protein interaction using cell-based BRET and luminescence assays.
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B. Specific Aims
Determinants of GPCR-G protein Selectivity
Aim 1: To establish the significance of residues proximal to Gα distal helix 5 in
GPCR-G protein coupling selectivity via direct measurement of GPCR-G protein
coupling.
We have constructed and validated a panel of Gα subunits that includes a G protein
from each of the 4 families (Gs-long, Gi1, Gq, and G12), and 12 chimeras where the last 10
amino acids (H5.17-H5.26) of each Gα subunit is exchanged for those of another (e.g. Gsi).
Coupling of Gα subunits and chimeras to a diverse set of 14 class A GPCRs implicated in
human pathophysiology will be measured directly in the presence and absence of both
agonists and nucleotides. Analysis will be conducted in permeabilized HEK293 Gs/q/12
family (3GKO) or Gs/i/q/12 family (4GKO) knockout cells. Coupling will be assessed
using steady state and kinetic BRET. These studies will allow us to determine the relative
importance of each Gα region for coupling to each GPCR.
Aim 2: To determine the functional coupling of interacting GPCR-G protein
chimera pairs.
We predict that GPCRs that interact with G protein chimeras in an agonist- and
nucleotide-dependent manner (Aim 1) will also be able to activate these Gα subunits and
that functional coupling trends will reflect those observed with direct GPCR-G protein
coupling assays. We will test this prediction using second messenger assays.

3

Agonist-induced formation of unproductive receptor-G12 complexes
Aim 1: To demonstrate that GPCRs can form nucleotide resistant interactions
with G12 complexes.
We will verify the formation of nucleotide resistant V2R-G12 interactions using
multiple cell-based BRET and luminescence assays. We will also screen a panel of
receptors to determine if this atypical interaction is observed in other GPCRs.
Aim 2: To determine the impact of unproductive G12 complexes on cellular
signaling.
We predict that stable unproductive GPCR-G12 complexes (Aim 1) will not activate
G12 downstream signaling pathways. These interactions may also interfere with other
receptor mediated pathways by competing with other signaling partners. We plan to test
the signaling effects of the V2R-G12 interaction using second messenger assays,
competition assays, and arrestin recruitment assays.
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C. Background literature
There are hundreds of human GPCRs, and this class of receptors plays a critical role in
human physiology, with one-third of FDA approved drugs targeting GPCRs (1). GPCRs
mediate many of their physiological effects through the activation of G protein
heterotrimers (1, 2). Improving our understanding of the interaction between GPCRs and
G proteins helps further our understanding of cellular signaling processes and can
eventually be applied to drug design. Here we study GPCR-G protein coupling primarily
using bioluminescence resonance energy transfer (BRET) based cellular assays.
1. GPCR signaling
G protein coupled receptors (GPCRs) mediate important physiological activities and
exert much of their physiological effects through activation of G proteins (Fig. 1). Agonist
binding to a receptor triggers G protein heterotrimer recruitment, nucleotide exchange, and
G protein activation (2, 3). Activated Gα subunits regulate second messenger activity.
There are four families of Gα subunits. The Gs family stimulates adenylate cyclase, the Gi/o
family inhibits adenylate cyclase, the Gq/11 family mediates PIP2 hydrolysis and calcium
release, and the G12/13 family regulates cytoskeletal remodeling through the Rho and Rac
pathways (2). Free Gβγ subunits also act on downstream effectors, activating inwardly
rectifying K+ channels (GIRKs) and regulating phospholipase C (PLC) and adenylate
cyclase. This leads to crosstalk between Gα and Gβγ subunits (13). Free Gβγ subunits are
critical to the recruitment of G protein receptor kinases (GRKs) to phosphorylate receptors
(13). Activation and phosphorylation of a receptor recruits arrestin to it, and leads to
receptor internalization and desensitization. Arrestin also acts as scaffolding protein and
can mediate PI3K/Akt signaling and the MAP kinase pathway (14). Arrestin can take on
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multiple distinct conformations that differentially regulate signaling. The pattern of
receptor C terminus phosphorylation by GRK helps regulates which conformations arrestin
takes on, along with arrestin interaction with the receptor-ligand complex and posttranslational modifications to the receptor and arrestin (14-16). These concepts are
incorporated together in the “signaling barcode” hypothesis of how arrestin signaling
regulation (14-16).
Signaling pathways can also be regulated by ligand bias, which allows preferential
activation of specific signaling pathways (17). Arrestin biased ligands increase the efficacy
or potency of arrestin signaling pathways relative to G protein signaling, whereas G protein
biased ligands increase the efficacy or potency of G protein signaling pathways (17). Drugs
designed to be biased could potentially reduce side effects while maintaining therapeutic
efficacy, and biased ligands are currently being developed targeting the μ opioid receptor
(MOR) and the angiotensin II type 1 receptor (AT1R) (18-22). Signaling bias can also exist
between G proteins. Many receptors couple promiscuously to multiple G proteins in the
same family or in different families, and ligands can hypothetically bias signaling to a
specific G protein pathway.

6

Figure 1: GPCR signaling pathways. Agonist binding to a receptor recruits GDP bound G protein
heterotrimers to the active receptor. The active receptor acts as guanine exchange factor (GEF) and initiates
GDP release from the G protein heterotrimer. The Gα subunit then binds to GTP, and the heterotrimer
dissociates from the receptor. The active GTP-bound Gα subunit dissociates from the Gβγ dimer, and they
each go on to help mediate downstream signaling. Free Gβγ subunits recruit GRK to the C terminal tail of
the receptor. GRK then phosphorylates that C terminus of the receptor. The phosphorylated receptor recruits
arrestin, which then mediates receptor internalization and desensitization. The active Gα subunits regulate
downstream signaling, with Gα subunit family having different effects. The Gs family activates adenylate
cyclase to increase cAMP and Gi/o family inhibits adenylate cyclase to decrease cAMP. The G q/11 family
activates phospholipase C to mediate PIP2 hydrolysis to IP3 and DAG and this process leads to Ca2+ ions
from the ER. The G12 family mediates cytoskeletal remodeling and actin fiber formation by activation the
Rho and Rac signaling pathways (2).
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2. GPCR-G protein selectivity
There are hundreds of human GPCRs and their signaling converges onto 16 Gα
subunits belonging to four G protein families the Gs, Gi/o, Gq/11, and G12/13 families. Each
family acts on different downstream effectors to regulate cellular signaling (23, 24). Cells
normally express many G protein subtypes at once, and receptors select for and activate a
subset of these proteins. Most GPCRs have a clear preference for one of the four Gα subunit
families but promiscuous coupling to multiple G protein is also fairly common (25, 26).
The mechanism of selectivity for specific Gα subunit families is not fully understood, but
analysis of the increasing number of GPCR-G protein structures has provided some clues
(7, 27-34).
From the perspective of the receptor, structures and modeling have revealed that the
transmembrane helix 3 (TM3), TM5, TM6, and intracellular loop 3 (ICL3) regions interact
with the Gα subunit and these regions may play a role in selectivity (7, 11, 26-34). A study
profiling coupling selectivity of GPCRs analyzed the sequences of the GPCRs and grouped
them based on their cognate G protein coupling partners, this analysis is consistent with
structural data and suggests that residues in ICL3, TM5, and TM6 play a role in selectivity
(11). This analysis also suggests that many of the selectivity determining residues in
GPCRs are not in direct contact with the G protein heterotrimer, with these residues playing
a role in determining the overall conformation of the receptor. These larger structural
features have been hypothesized to play a role in determining the selectivity between Gs and
Gi/o coupling. Crystal structures of Gi-coupled receptors show that these receptors a
relatively smaller binding pocket for the Gα subunit C terminal tail than GS-coupled
receptors because TM6 has limited ability to move outwards in Gi-coupled receptors. It is
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hypothesized that this smaller binding pocket restricts coupling the Gi/o family because it
has a relatively less bulky C-terminal tail compared to Gs and Gq/11 family proteins (30-33,
35, 36). While structure and sequence analysis has helped determine some of the selectivity
determining regions for G proteins on the receptor, there are no clear conserved sequence
patterns or consensus sets of residues that have been found to consistently predict
selectivity (3).
From the perspective of the G protein, the Gα subunit C terminus has long been known
to play a key role in the activation of the Gα subunit by the receptor and is thought to be
the primary determinant of GPCR-G protein selectivity (4, 5, 37-40). When a GPCR is
activated and recruits a G protein, the distal part of the C-terminal alpha helix (helix 5; H5)
of the Gα subunit fits into a binding pocket between the transmembrane domains of the
receptor (7). Several studies using Gα subunits with mutations in the distal helix 5 region
have demonstrated that GPCRs can couple to non-cognate heterotrimer with mutations in
this region (4, 5, 41-43). A few other studies have demonstrated that regions outside of H5
are important for selectivity (10, 44, 45). Alignment and comparison of Gα subunit
sequences and structures of GPCR-G protein complexes have also suggested that regions
outside of distal H5 are important for selectivity (3, 7, 27-34). In structures of GPCR-G
protein complexes distal H5 of the Gα subunit represents a large proportion of GPCR-G
protein contacts. Contacts are also found outside this region at the locations such as the Nterminus and the helix4strand6 junction (H4S6) of the Gα subunit (Fig. 2). However, the
Gα subunit C terminus is generally considered to be the most important structural
determinant of GPCR-G protein selectivity (4, 5, 9, 43). Here we compared the contribution
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to GPCR-G protein selectivity of the Gα subunit C terminus to the remainder of the G
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Figure 2: GPCR-G protein contact sites. Receptor-G protein contact sites are distributed throughout the
Gα subunit. The number of receptor structures known to interact with each Gα subunit residue is plotted.
There are structures for four distinct Gs-coupled receptors, seven Gi-coupled receptors, and for one Gqcoupled receptor. The asterisks indicate Gα subunit residues that are conserved across Gα subunit families
and contribute to basic function rather than selectivity (9). The GPCR-G protein complex structure data
plotted here is publicly accessible at GPCRdb (26).
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4. Atypical GPCR-G protein complexes
GPCR activation of G proteins relies on the allosteric interaction between the
receptor ligand binding pocket the Gα subunit nucleotide binding pocket. In
conventional coupling, ligand-free receptors are poor recruiters and activators of G
proteins. When bound by an agonist, a GPCR takes on an active conformation that more
effectively recruits G proteins. Once a receptor couples to a G protein, it initiates Gα
subunit nucleotide exchange and activation (2, 9). Under this model, GPCR-G protein
complex formation is synonymous with Gα subunit activation. Receptors couple to and
activate cognate G proteins and do not appreciably couple to non-cognate G proteins. We
have studied the effects of agonists and nucleotides on receptor-G protein association using
bioluminescence resonance energy transfer (BRET) and luminesce cell-based assays, and
have found that most receptor-G protein interactions conform to this conventional model
(46). However, in some cases the GPCR-G protein complex can become decoupled from
nucleotide exchange if the GPCR-G protein complex is unable to bind GTP, or release
GDP. Certain Gα subunit mutations are known to decouple GPCR-G protein complexes
from nucleotide exchange; for example the insertion of four alanine residues into H5
between Gln333 and Phe334 of Gαi1 creates heterotrimers that can couple to the GPCRs but
are unable to be activated by the receptor, similar effects are observed when the equivalent
insertion is made in other Gα subunits (47). The Gαs S54N and G226A mutations were
both reported to have reduced affinity for guanine nucleotides and to be unable to mediate
receptor dependent activation of adenylate cyclase (48-52). These mutants are both thought
to act as dominant negative Gα subunits that limit normal signaling of Gs-coupled receptors
by stabilizing nucleotide free heterotrimer complexes with the receptor and by sequestering
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Gβγ subunits (48-52).While the previously described mutations were all produced
using molecular techniques, the Gαi3 S47R mutation has been associated with auriculocondylar syndrome. The Gαi3 S47R heterotrimer cannot be activated upon coupling to
the endothelin A receptor (ETA) or the adenosine A1 receptor (A1R) by reducing the
ability of the Gα subunit to effectively bind and hydrolyze GTP (53). However, no wild
type Gα subunits have been reported to stably interact with GPCRs in a manner that is
decoupled from nucleotide exchange and activation. Here we report on the existence
of unproductive GPCR-G12 interactions, most notably the interaction between the
vasopressin V2 receptor and the G12 heterotrimer. We believe that these unproductive
GPCR-G12 interactions represent examples of GPCR-G protein pairs that have become
decoupled G protein activation.
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II.

MATERIALS AND METHODS

A. Materials
Trypsin, DPBS, PBS, HBSS, FBS, MEM, DMEM, penicillin/streptomycin and Lglutamine were from GIBCO (ThermoFisher Scientific, Waltham, MA, USA). PEI MAX
was purchased from Polysciences Inc. (Warrington, PA, USA). Some receptor ligands, Dluciferin and forskolin were purchased from Cayman Chemical (Ann Arbor, MI, USA).
The remaining receptor ligands, digitonin, apyrase, protease inhibitor, GDP, GTP, GDPβS,
and GTPγS were purchased from MilliporeSigma (St. Louis, MO, USA). All detergents
were purchased from Anaspec (Fremont, CA, USA). Coelenterazine h was purchased from
Nanolight Technologies (Pinetop, AZ, USA). Nano-Luc Luciferase was purchased from
Promega (Madison, WI, USA).
B. Plasmid DNA constructs
Several different GPCR-luciferase constructs were made by appending either the
Renilla luciferase variant Rluc8 or NanoLuc (Nluc) directly to the receptor C terminus
either by QuikChange PCR or by subcloning into pRluc8-N1 or pNluc-N1 vectors. In some
cases, a short GGSG linker was inserted between the GPCR and luciferase. The V2R-Rluc8
plasmid was received as a gift from Kevin Pfleger (Harry Perkins Institute of Medical
Research, Nedlands, Western Australia). Untagged GPCR sequences were obtained either
from cdna.org (Bloomsburg University, Bloomsburg, PA), as a gift from Jonathan Javitch
(Columbia University, New York, NY, USA), as gift from David Clouthier (University of
Colorado Anschutz Medical Campus, Aurora, CO, USA), or as a gift from Bryan Roth
(PRESTO-Tango Kit - #1000000068, Addgene, Watertown, MA, USA). The V2R-SmBit
13

and ETA-SmBit constructs were generated by polymerase chain reaction (PCR)
amplification of the GPCR; the PCR fragment and the SmBit vector were then digested
with EcoRI and NotI and ligated.
Plasmids encoding G subunits, Gβ1, and Gγ2 were purchased from cdna.org. To
generate chimeric G subunits and Gαs Q227L10delct we used the polymerase chain reaction
(PCR), reverse primers incorporating alternative C-terminal sequences and wild-type G
templates to amplify full-length G subunit sequences that were ligated into pcDNA3.1(+)
using KpnI and XhoI. The G12-Rluc8-136 construct was generated by sub-cloning an
amplified Rluc8 fragment into a Gα12 subunit. To generate p115RhoGEF-Rluc8, the
sequence encoding p115RhoGEF was amplified using PCR from p115RhoGEF-GFP and
ligated into an Rluc8-N1 vector with BglII and AgeI. To generate Gα12 subunit C terminal
deletion mutants and C terminal point mutants, we used PCR with reverse primers
incorporating alternative C-terminal sequences and a wild-type G12 forward primer
templates to amplify full-length G subunit sequences that were ligated into pcDNA3.1(+)
using KpnI and XhoI.
Plasmids encoding masGRKct-Rluc8, Venus-Kras, Venus-1-155-G2 and Venus-155239-G1 have been described previously (54, 55). A plasmid encoding the S1 subunit of
pertussis toxin (PTX-S1) was kindly provided by Stephen R. Ikeda (NIAAA, Rockville,
MD, USA). The Glosesnor-22F cAMP plasmid (#E2301) was obtained from Promega
(Madison, WI, USA). The Nluc-EPAC-VV plasmid was provided by Kirill Martemyanov
(Scripps Research Institute, Jupiter, FL, USA). The pT7-CalfluxVTN plasmid (#83926)
was obtained from Addgene. The p115RhoGEF-GFP construct was received as a gift from
Phil Wedegaertner (Thomas Jefferson College, Philadelphia, PA). The SRE-Luc, NFκB14

Luc, and GRK2-Venus constructs were received as gifts from Jonathan Javitch (Columbia
University, New York, NY). The rGFP-CAAX, PDZ-RhoGEF-RlucII, V2R-RlucII, and
rGFP-FYVE plasmids were constructed by Michel Bouvier’s lab (Universite de Montreal,
Montreal, QC, Canada). All plasmid constructs were verified by Sanger sequencing.
C. Cell culture and transfection
HEK 293 cells (ATCC, Manassas, VA, USA) were propagated in plastic flasks and on
6-well plates according to the supplier’s protocol. HEK 293 cells with targeted deletion of
GNAS and GNAL (GSKO), HEK 293 cells with additional targeted deletion of GNAS,
GNAL, GNAQ, GNA11, GNA12 and GNA13 that are G protein three family knockouts
(3GKO), and HEK 293 cells with additional targeted deletions to the 3GKO cells of
GNAI1, GNAI2, GNAI3, GNAT1, GNAT2, GNAZ and GNAO1 that are G protein four
family knockouts (4GKO) were derived, authenticated and propagated as previously
described (11, 56, 57). Cells were transiently transfected in growth medium using linear
polyethyleneimine MAX (PEI MAX; MW 40,000) at an N/P ratio of 20 and were used for
experiments 12-48 hours later. Up to 3.0 g of plasmid DNA was transfected in each well
of a 6-well plate.
D. BRET and luminescence assays
Validation of G subunit ability to form heterotrimers: HEK 293 cells were transiently
transfected with masGRKct-Rluc8, Venus-1-155-G2, Venus-155-239-G1, pcDNA3.1(+)
and a Gα subunit in a (1:1:1:5:0) ratio or a (1:1:1:4:1) ratio or a (1:1:1:0:5) ratio. After a
24-hour incubation, cells were washed twice with 1X DPBS, harvested by trituration, and
transferred to opaque black 96-well plates.

15

Measurement of coupling between receptor and G protein in nucleotide depleted cells:
3GKO or 4GKO cells were transiently transfected with a GPCR-Rluc8 and G subunit
pair, Venus-1-155-G2, Venus-155-239-G1, and pcDNA3.1(+) or PTX-S1 in a (1:3:1:1:1)
ratio. Experiments with Gi C termini were conducted in 4GKO cells for Gi cognate
receptors, and in 3GKO cells for all other receptors. Experiments with Gi C-termini were
conducted without PTX-S1, all other G subunits were co-transfected with PTX-S1. After
a 48-hour incubation, cells were washed twice with permeabilization buffer (KPS)
containing 140 mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.1 mM KEGTA, 20 mM NaHEPES
(pH 7.2), harvested by trituration, permeabilized in KPS buffer containing 10 g ml-1 high
purity digitonin, and transferred to opaque black 96-well plate. Measurements were made
from permeabilized cells supplemented either with 0.5 mM GDP or 2U ml-1 apyrase, in
both cases with or without agonist.
CalfluxVTN calcium assay: 3GKO cells were transiently transfected with a GPCR and
G subunit pair, G2, G1, CalfluxVTN and pcDNA3.1(+) or PTX-S1 in a (2:1.2:1:1:1.2:2)
ratio. Experiments with Gi C termini were conducted without PTX-S1, all other G
subunits were co-transfected with PTX-S1. After a 24-hour incubation, cells were washed
twice with 1X PBS containing 0.5 mM EDTA, cells were incubated in the PBS/EDTA
buffer until they detached, were harvested by trituration, and transferred to opaque white
96-well plates.
Glosensor cAMP assay: For assessing activation of adenylate cyclase, GSKO or 3GKO
cells were transiently transfected with a GPCR, Gα subunit, G2, Gβ1, Glosensor 22F, and
either pcDNA3.1(+) or PTX-S1 in a (1:1:1:1:4:1) ratio. Experiments with Gsi were
conducted without PTX-S1, all other G subunits were co-transfected with PTX-S1. For
16

assessing inhibition of adenylate cyclase 4GKO cells were transiently transfected with a
GPCR, Gαi1, G2, G1, Gαs Q227L10delct, Glosensor 22F, and either pcDNA3.1(+) or PTX-S1
in a (6:4:3:3:1:10:3) ratio. Gαs Q227L10delct lacked 10 amino acids at the Gαs C terminus and
could not be activated by GPCRs, but was constitutively active and increased baseline
cAMP in cells lacking endogenous Gαs subunits. This was necessary as a Gi-mediated
decrease in cAMP could not be measured in such cells without first raising low baseline
levels of cAMP, and direct activation of adenylate cyclase with forskolin was ineffective
in cells lacking Gs heterotrimers. After a 24-hour incubation, cells were washed twice with
DPBS, treated with trypsin-EDTA (0.05%), and equilibrated in buffer containing 1X
HBSS, 20 mM NaHEPES (pH 7.5), and 10% FBS by volume (equilibration buffer).
Detached cells were harvested and centrifuged at 250g for 5 minutes, and the cell pellet
was re-suspended in equilibration buffer containing 2 mM D-luciferin. Cells were
incubated at room temperature for 1 hour and then distributed to opaque white 96-well
plates. Luminescence measurements were made from cells treated with vehicle, agonist, or
100 M forskolin.
Translocation of p115RhoGEF: 3GKO cells were transiently transfected with a GPCR,
G, G2, G1, p115RhoGEF-Rluc8, Venus-Kras, and PTX-S1 in a (2:2:1:1:1:1.5:1) ratio.
After a 24-hour incubation, cells were washed twice with DPBS, were harvested by
trituration, and transferred to opaque black 96-well plates.
Luciferase complementation: 3GKO cells were transiently transfected with a GPCRSmBit, G, LgBit-G2, G1, and pcDNA3.1(+) or PTX-S1 in a (1.5:4:1:2.5:3) ratio. After
a 24-hour incubation, cells were washed twice with DPBS, were harvested by trituration,
and transferred to opaque white 96-well plates.
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GPCR competition assays: 3GKO cells were transiently transfected with a GPCR or
pcDNA3.1(+), GPCR-Rluc8, G, Venus-1-155-G2, Venus-155-239-G1, and PTX-S1 in
a (10:1:2:2:4) ratio. After a 48-hour incubation, cells were washed twice with DPBS, were
harvested by trituration, and transferred to opaque black or white 96-well plates.
G protein conformational biosensor: HEK 293 cells were transiently transfected with
a GPCR, G12-Rluc8, Venus-1-155-G2 and Venus-155-239-G1 in a (15:1:4:4) ratio. After
a 48-hour incubation, cells were washed twice with DPBS, were harvested by trituration,
and transferred to opaque black or white 96-well plates.
Translocation of p115RhoGEF: 3GKO cells were transiently transfected with a GPCR,
G, G2, G1, p115RhoGEF-Rluc8, Venus-Kras, and PTX-S1 in a (2:12:4:4:1:6:2) ratio.
After a 48-hour incubation, cells were washed twice with DPBS, were harvested by
trituration, and transferred to opaque black 96-well plates.
SRE transcriptional reporter assay: 3GKO cells were transiently transfected with a
GPCR, G subunit, SRE-Luc and PTX-S1 in a (10:1:100:25) ratio. Media was exchanged
to serum free 2 hours after transfection. After a 24-hour incubation, cells were treated with
or without agonist for five hours. To harvest cells were washed twice with DPBS, were
harvested by trituration, centrifuged at 500g for 3 minutes, the supernatant was aspirated
cells were re re-suspended in equilibration buffer (1X HBSS, 20mM NaHEPES-pH7.5)
supplemented with 10% FBS by volume, and 2mM D‐luciferin. Cells then equilibrated in
this solution at room temperature for 30 minutes and transferred to opaque white 96-well
plates.
Nluc-EPAC-VV cAMP assay: For assessing activation of adenylate cyclase, 3GKO
cells were transiently transfected with a pcDNA3.1(+), a GPCR, Gαs subunit, Gα subunit
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or pcDNA3.1(+), G2, Gβ1, and Nluc-EPAC-VV in a (59:15:5:15:10:10:1) ratio. After a
24-hour incubation, cells were washed twice with DPBS, were harvested by trituration, and
transferred to opaque black or white 96-well plates.
Arrestin recruitment: HEK 293 cells were transiently transfected with a GPCR-Rluc8,
G, G2, G1, and P3VEA3 in a (1:2:1:1:1) ratio. After a 24-hour incubation, cells were
washed twice with DPBS, were harvested by trituration, and transferred to opaque black
96-well plates.
NFKB transcriptional reporter assays: Experiments were completed by the Javitch lab
using a previously reported procedure (58).
BRET and luminescence measurements: Steady-state BRET and luminescence
measurements were made using a Mithras LB940 photon-counting plate reader (Berthold
Technologies GmbH, Bad Wildbad, Germany). Kinetic BRET and luminescence time
course measurements were made using a Polarstar Optima plate reader (BMG Labtech,
Offenburg, Germany). Coelenterazine h (5 µM; Nanolight, Pinetop, AZ, USA) or
furimazine (NanoGlo; 1:1000, Promega) were added to all wells immediately prior to
making measurements with Rluc8 and Nluc, respectively. Raw BRET signals were
calculated as the emission intensity at 520-545 nm divided by the emission intensity at 475495 nm.
E. Data processing
Net BRET was calculated as the raw BRET ratio minus the same ratio measured from
cells expressing only the BRET donor. Heat maps represent BRETmax (Fig. 7; BRET in
the presence of agonist and apyrase minus BRET in the presence of GDP alone),
BRETGDP (Fig. 8; BRET in the presence of apyrase alone minus BRET in the presence
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of GDP alone), and BRETag or BRET agonist (GDP) (Fig. 9; BRET in the presence of agonist
and GDP minus BRET in the presence of GDP alone). Background BRET (presumably
due to endogenous G subunits remaining in 3GKO and 4GKO cells) measured from
control cells not expressing exogenous G subunits was routinely subtracted. Control cells
expressed PTX-S1 for experiments with non-Gi C termini. Normalized BRET values
were obtained by dividing the BRET observed for each chimera in a heat map by the
highest value observed for each receptor. The values for GDP resistance (RGDP) were
calculated as BRET agonist (GDP) divided by BRETmax (Fig. 34).
For the Glosensor assays measuring increases in cAMP vehicle-subtracted
luminescence changes in response to agonist were normalized to vehicle-subtracted
luminescence changes in response to forskolin. For Glosensor assays measuring decreases
in cAMP the percent change in luminescence was given as agonist induced change in
luminescence over baseline luminescence. For the Calflux assay BRETHA and BRETAch
were calculated from the kinetic experiments by subtracting the average of the time points
before agonist addition from the average of the final five time points after agonist addition.
F. G subunit immunoprecipitation.
HEK 293 cells were transfected with a G subunit or a pcDNA3.1(+) vector control,
Venus-155-239-G1 and Venus-1-155-G2 in a (2:1:1) ratio. After 24 hours cells were
washed twice with DPBS (1x), re-suspended in DPBS, pelleted for 5 minutes at 500g,
and re-suspended in lysis buffer (20 mM HEPES, pH 8.0, 150 mM NaCl, 2mM MgCl2, 10
M GDP, 1% DDM, 0.6% CHAPS, 0.12% CHS, cOmpleteTM EDTA-free protease
inhibitor cocktail). Lysates were rotated for 1 hour at 4°C, and non-solubilized material
was removed by ultracentrifugation for 40 minutes at 20,000g. The supernatant was
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mixed with GFP-Trap_MA beads (ChromoTek; Planegg, Germany) and rotated for 1 hour
at 4°C, then beads were washed, added to sample buffer, and boiled for 5 minutes. Beads
were removed by magnetic separation, and the remaining sample was loaded and run on
10% SDS-PAGE gels. After overnight fixation gels were stained using the ProteoSilver
Plus Silver Stain Kit (MilliporeSigma; St. Louis, MO, USA).
G. Structural modeling and molecular dynamics (MD) simulations
Structural models: A structural model of the D1R was generated using homology model
method MODELLER (59) using the fully active state structure of the α2AR (PDB ID:
3SN6) (7). Residues 20-234, and 264-347 were also modeled using MODELLER, omitting
intracellular loop 3 (ICL3). Dopamine was inserted into the ligand binding site by aligning
the catecholamine to the 2AR-bound epinephrine (PDB ID: 4LDO) (60). The ligand
binding site was then optimized using the same procedure outlined above. The sidechain
residues within 5 Å of the dopamine ligand were allowed to freely minimize, while
backbone atoms were fixed with a 200 kcal mol-1 Å-2 force constant. The D1R model was
then aligned to the 2AR (3SN6) and the Gs protein coordinates were copied to the D1R
coordinate file. The Gs protein was modified to remove the “alpha-helical domain”
residues 59-207 but contained residues 9-58, 208-254, and 263-394. A similar
minimization scheme was used for the D1R: Gs interface. All sidechains within 5 Å of the
interface were allowed to freely minimize while the corresponding backbone atoms were
fixed with a 200 kcal mol-1 Å-2 force constant. For chimeric Gsi, Gsq and Gs12 proteins, the
terminal 10 residues of the Gs protein were mutated individually with Maestro by picking
the sidechain rotamer of the mutant amino acid that most resembled the original amino acid
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rotamer in the Gs protein. The D1R: chimera interfaces were then minimized again using
the same scheme as before.
Molecular dynamics simulations: D1R models with four different G protein chimeras
were solvated in explicit lipid (palmitoyloleoylphosphatidylcholine, POPC) bilayer and
water using the inflategro.pl script (61) in GROMACS. The topology for dopamine was
obtained using the PRODRG web server (62). We used RESP atomic charges for the two
ligands from Jaguar (63). The total system is made up of ~126,333 atoms in a periodic box
of 100110150 Å. We then added sodium and chloride counter-ions for keeping the salt
concentration of the system 150 mM. We used the software GROMACS (version 2016.4)
(64) in combination with the united atom GROMOS-53A6 (65) force field for carrying out
all the MD simulations in this study. MD simulations were performed at 310 K in this
study. Solvent and the protein-lipid complex were independently coupled to a temperature
bath with a relaxation time of 0.1 ps. Pressure was calculated using molecular virial and
held constant by weak coupling to a pressure bath with a relaxation time of 0.5 ps. Each
system was first subjected to a 5000 step steepest descent (66) energy minimization for
removing bad contacts. The systems were heated for 100 ps for attaining the desired
temperature under constant temperature-volume ensemble (NVT). Equilibrium bond
length and geometry of water molecules were constrained using the SHAKE algorithm
(67). The Newtonian equations of motion were integrated using the Verlet leap-frog
algorithm (68) with a time step of 2 fs. Center of mass motion was removed every 20 fs.
The short range electrostatic and van der Waals (VDW) interactions were estimated per
time step using a charge group pair list with cut-off radius of 8 Å between the centers of
geometry of the charged groups. Long-range VDW interactions were calculated using a
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cut-off of 12 Å and long-range electrostatic interactions were treated using the particle
mesh Ewald (PME) method (69). Temperature was kept constant by applying the NoseHoover thermostat (70). Parrinello-Rahman barostat (71) with a pressure relaxation time
of 2 ps was used to attain the desired pressure. The simulation trajectories were saved each
200 ps for analysis. The protein atoms were position restrained using a harmonic force
constant of 1000 kJ mol-1 nm-2 during the NVT equilibration stage while the lipid and water
molecules were allowed to repack around the protein. The system was further equilibrated
at NPT by reducing the force constant on protein atoms from 1000 kJ mol-1 nm-2 to zero in
a stepwise manner for 5 ns each while having the pressure coupling on. We also performed
an additional 15 ns of unrestrained simulation before starting the actual production run.
This accounted for a total 45 ns of NPT equilibration prior to the production run. Specific
groups or residues of interest were tagged as energy groups before starting individual
production runs. We performed five productions runs each 200 ns long starting from five
independent sets of initial velocities and the last 100 ns from each run was used for
analyzing each system.
Calculation of Interaction Energies: The interaction energy between each residue in
the G protein and the entire GPCR was calculated using the gmx energy module of
GROMACS after indexing the receptor and every residue located on the G protein
separately. The total Coulombic and VDW energy of interaction (within 12 Å) of each G
protein residue with all residues of the GPCR was calculated every 1000 snapshots of the
simulation, and these values were summed to obtain the total non-bond interaction energy
for each G protein residue. We took the absolute values of these energies (in kcal mol-1)
and inserted them into the b-factor column for each residue in the pdb format file of the
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starting structure of each system. The per residue interaction energies were rendered as
colored heat maps using PYMOL (72).
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III.

RESULTS

Coupling can be defined as an allosteric interaction where agonist binding to the
receptor mediates Gα subunit nucleotide exchange in a process that is both agonist and
nucleotide sensitive (8, 73) (Fig. 3A). In order to quantify GPCR-G protein coupling, we
used a bioluminescence resonance energy transfer (BRET) based assay (74). Assays that
use BRET are frequently used to measure protein-protein interactions in live cells. BRET
assays are proximity-based and rely on energy transfer from a bioluminescent donor to a
fluorescent acceptor within 10nm of the donor. BRET based methods avoid some of the
drawbacks associated with traditional fluorescence based by removing the need for an
excitation laser and minimizing photo-toxicity and auto-fluorescence, while still allowing
sensitive measurements over time (75). In our assay, the GPCR is fused to a Renilla
luciferase (Rluc8) donor. The Gβ1 and Gγ2 subunits are fused to complementary fragments
of a Venus acceptor (Fig.3A). To minimize interference from the BRET donor and acceptor
on the receptor-G protein interaction these labels were positioned far away from regions
determined to be important for coupling by functional and structural studies.
The fluorescently labelled proteins and the unlabeled Gα subunit were transfected into
HEK 293 cells where the Gs, Gq/11, and G12/13 families have been knocked out with
CRISPR/Cas9 editing (3GKO cells) or all four G protein families have been knocked out
(4GKO cells) (11, 57). When the 3GKO cell line was used the pertussis toxin S1 subunit
(PTX-S1) was overexpressed to inhibit receptor coupling to endogenous Gi/o family
subunits, except in cases where the G protein of interest was sensitive to PTX-S1. The use
of the Gα subunit knockout cell lines minimized background interactions from
endogenously present Gα subunits. The cells were permeabilized using digitonin and
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supplemented with GDP or treated with apyrase to remove residual nucleotides. Normally,
GPCR-G protein complexes are transient, lasting milliseconds at the nucleotide
concentrations found in the cytosol of intact cells. The addition of GDP stabilizes the
inactive form of the G protein heterotrimer, whereas apyrase supplementation depletes
nucleotides, stabilizing the receptor-G protein complex in the empty state (27). Nucleotide
depletion of the cell prevents G protein heterotrimer from cycling on and off of the receptor
prolonging the duration of the receptor G protein interaction and improving signal (Fig.
3B). These assay conditions allowed direct measurement of GPCR-G protein coupling
across G protein families with minimal background from endogenous G proteins and with
enough sensitivity to detect secondary coupling. The maximum change in BRET was found
to be the difference between BRET observed when GDP is present and agonist is absent
(least stable receptor-G protein complexes) and when BRET observed when nucleotides
are absent and agonist is present (most stable receptor-G protein complexes) (Fig. 3C). We
defined this difference as ΔBRETmax, and used as an index to compare coupling between
receptor-G protein pairs.
With our assay we observed an unexpectedly large amount of promiscuous coupling to
wild-type G proteins; for example, we observed strong secondary coupling to Gi
heterotrimers, and weak coupling to Gs heterotrimer for the Gq-coupled H1 histamine
receptor (H1R) (Fig. 3D) (25). The EC50 values for Gq and Gi heterotrimer coupling to H1R
were similar (Fig. 3E), and this suggests that H1R activation of Gi heterotrimers maybe
physiologically significant, as suggested by other studies (76).
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Figure 3: Coupling to wild-type G protein heterotrimers in permeabilized, nucleotide-depleted cells.
(A), receptors were fused to Renilla luciferase (Rluc8), and G dimers were fused to Venus. (B), time course
of BRET between H1R-Rluc8 and Gi1-Venus in response to 100 M histamine (HA) in permeabilized
cells in the presence (GDP) and absence (apyrase) of nucleotides. (C, D), H1R couples to Gs, Gi1, and Gq
heterotrimers; **P=0.0011, ****P<0.0001, one-way ANOVA, Sidak’s multiple comparisons. Pertussis toxin
S1 subunit (PTX) was co-expressed in experiments with Gs, Gq and G12. (E), similar potency of
histamine-induced coupling to Gi1 (EC50=258 nM; n=4) and Gq (EC50=245 nM; n=7) heterotrimers.
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A. Promiscuous coupling to wild-type G proteins
We measured receptor interactions with wild type G proteins, with one representative
Gα subunit for each of the four G protein families, Gs long, Gi1, Gq, and G12. We tested a
panel of 19 receptors, five of which are Gs-coupled receptors, seven of which are Gicoupled, and five of which are Gq-coupled as reported in the IUPHAR/BPS Guide to
Pharmacology (25). The final 2 receptors are unclassified orphan receptors that signal
through G12/13 proteins (77, 78). We observed that Gs-, Gq-, and G12-coupled receptors all
coupled promiscuously to at least one other G protein type. Interestingly, all of these
receptors coupled to Gi heterotrimers. In contrast to the other receptors, Gi-coupled
receptors were highly selective for Gi heterotrimers and showed little interaction with other
Gα subunit families (Fig. 4, 5). These experiments may not reflect all of the factors needed
for G protein signaling under physiological conditions, and some of the promiscuous
coupling observed with our assay may not be physiologically significant.
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Figure 4: Gi-coupled receptors are relatively selective. Normalized ΔBRETmax for a panel of Gs-, Gi-, Gqand G12-coupled receptors. Each value represents the mean ΔBRET max (normalized to the value obtained
using the presumed cognate G protein) from n=3-6 independent experiments. Individual data points for each
receptor are shown in Figure 5, and receptor ligands are in Table 1.
Table 1: Screening of GPCR coupling to wild-type G proteins. All receptors were human; cognate G
subunits as indicated in the IUPHAR/BPS Guide to Pharmacology (guidetopharmacology.org), with the
exception of P2RY10 and GPR35, which are not yet classified in this database.
Receptor
5HT4R
2AR
V2R
H2R
D1R
5HT1BR
H3R
2AR
M4R
A1R
D2R
MOR
5HT2BR
AT1R
M3R
H1R
ETA
P2RY10
GPR35

Gene
HTR4
ADRB2
AVPR2
HRH2
DRD1
HTR1B
HRH3
ADRA2A
CHRM4
ADORA1
DRD2
OPRM1
HTR2B
AGTR1
CHRM3
HRH1
EDNRA
P2RY10
GPR35

Cognate G
Gs
Gs
Gs
Gs
Gs
Gi
Gi
Gi
Gi
Gi
Gi
Gi
Gq
Gq
Gq
Gq
Gq
G12
G12
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Agonist
Serotonin
Norepinephrine
Arginine-Vasopressin
Amthamine
Dopamine
Serotonin
Histamine
Norepinephrine
Acetylcholine
Adenosine
Dopamine
DAMGO
Serotonin
Angiotensin II
Acetylcholine
Histamine
Endothelin-1
Lyso Ps 18:1
Zaprinast

Concentration
100 M
100 M
1 M
100 M
100 M
100 M
100 M
100 M
500 M
100 M
100 M
10 M
100 M
1 M
500 M
100 M
100 nM
10 M
10 M

Figure 5: Wild-type coupling selectivity for a panel of GPCRs. Normalized ΔBRETmax values for a panel
of Gs-, Gi-, Gq- and G12-coupled receptors. Each data point represents a single independent experiment; bars
indicate mean  SD.
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B. Coupling to G protein C-terminal chimeras
We originally hypothesized that the Gα subunit core plays a role in determining GPCRG protein selectivity. In order to measure the effect of the C terminus of the Gα subunit on
selectivity we constructed a panel of twelve G chimeras and four wild type Gα subunits,
one for each of the G protein families. The representative wild type G proteins were Gs
(long isoform), Gi1, Gq, or G12. Each chimera consists of the main G subunit core
(HN.1-H5.16), as numbered using the common G protein numbering (CGN) system of one
G protein and the final 10 amino acids (H5.17-26) of another Gα subunit, e.g. Gsi, Gsq, and
Gs12. The last 10 amino acids of the Gα subunit extend out from the core of the protein, and
are relatively mobile in G protein structures (9). This means that this region can be freely
exchanged or mutated without causing mis-folding or other structural issues. Since the Gα
subunit C terminal tail extends out from the main body of the protein it is able to extend in
between the transmembrane (TM) domains of the receptor as shown in receptor-G protein
complex structures (2, 7, 9, 29-34). The 10 aa at the C terminus of the Gα subunit mediates
much of the direct contact between GPCRs and G proteins (9). Mutagenesis studies of
selectivity have mainly targeted in this region to modify coupling selectivity (4, 5). To
validate our G subunit chimeras, we tested their ability to form heterotrimers by
overexpressing them and monitoring their sequestration of overexpressed G dimers (54).
We found that the G subunit chimeras sequestered G dimers as effectively as wild-type
G subunits. Relative expression levels of the chimeras were found to be comparable as
indicated by immunoprecipitation (Fig. 6).
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Figure 6: C terminal G subunit chimeras form heterotrimers and express at comparable levels. (A),
BRET between masGRKct-Rluc8 and free G-Venus decreases as heterotrimer formation sequesters free
G-Venus dimers. G subunit chimeras sequester G-Venus as well as wild-type G subunits. G: GVenus refers to the ratio of plasmid DNA transfected. Mean  SEM; n=5-6. (B), exogenous G subunits
express at levels that exceed endogenous G expression in HEK 293 cells, and C-terminal chimeras express
as well as wild-type G subunits. Heterotrimers consisting of endogenous (-) or overexpressed G subunits
and G-Venus dimers were immunoprecipitated with anti-GFP beads, separated by SDS-PAGE and
visualized by silver stain. Each panel is representative of two independent experiments.
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We took 14 GPCRs from our earlier wild-type screening and generated coupling
profiles for each of the receptors. Each coupling profile was plotted as a heat map that plots
coupling to four wild-type Gα subunits and 12 chimeras. The plotted results represent
ΔBRETmax (Fig.7). Heat maps were also generated for GDP-sensitive BRET in the absence
of agonist (BRETGDP; Fig. 8), a measure that is an approximation of constitutive receptor
activity, and for agonist-induced BRET in the presence of GDP (BRETag; Fig. 9).
We found that Gi-coupled receptors were more selective for chimeras than Gs-, Gq- and
G12-coupled receptors, which is consistent with our wild type coupling profiles (Fig. 4).
The dopamine D2 receptor effectively demonstrates this trend as it couples to few chimeras,
and the highest BRETmax value reached by these chimeras was only half of that that
reached half of that reached for Gi1. The Gs-, Gq- and G12-coupled receptors coupled
relatively promiscuously with chimeras, and coupled well to several chimeras in addition
to multiple wild-type G proteins. In some cases the BRETmax values for the chimeras were
equivalent to or greater than those of the wild type G proteins, e.g. V2R to Gsi (Fig. 7). We
observed earlier that the Gi heterotrimers are relatively promiscuous and couple to most of
the receptors in our panel. The Gi chimeras are also fairly promiscuous, particularly the Gi
core chimeras. In contrast, G12 heterotrimers coupled to fairly few receptors in our panel,
and it appears that the G12 core was non-permissive for coupling especially for Gi- and Gqcoupled receptors. Although the correct C terminus could occasionally overcome this
effect, as observed for adenosine A1 receptor (A1R) and histamine H2 receptor (H1R) (Fig.
7). The G12 C terminus was relatively permissive, and all of the receptors could couple to
some extent to chimeras with the correct cognate core and the with G12 C terminus. These
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observations suggest that to select against G12 heterotrimers receptors recognize and reject
the G12 core.
The endothelin A receptor (ETA) was the most promiscuous receptor studied and
couples to Gi, Gq, and G12, and to most of the chimeras with the notable exception of wildtype Gαs, and chimeras with the Gαs C terminus (Fig. 7). This suggests that selection against
Gs heterotrimers for this receptor relies on recognition of the Gαs subunit C terminus.
Measurements of constitutive coupling demonstrated that constitutive activity was
relatively selective for wild-type G proteins, with the exceptions of vasopressin V2
receptors (V2R), angiotensin II receptor (AGTR1) coupling to Gsi, and purinergic receptor
P2Y (P2RY10) coupling to Gi12 (Fig. 8). Measurements of agonist induced activity in the
GDP supplemented permeabilized cells showed little change for most receptors, with the
notable exceptions of V2R and ETA, which couple almost as well in GDP as they do in
nucleotide depleted cells (Fig. 9). This observation is discussed in further detail with as
part of our studies on unproductive GPCR-G12 interactions.
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Figure 7: Coupling to heterotrimers with C terminal G subunit chimeras. Heat maps of ΔBRETmax
(normalized to the largest value) for Gs-coupled (top row), Gi-coupled (second row), Gq-coupled (third row),
and G12-coupled (bottom row) receptors. Maps are arranged from left to right depending on coupling that is
determined more (e.g. H1R) or less (e.g. D1R) by the G C terminus (H5.17-H5.26). Each value represents
the mean normalized ΔBRETmax from n=3-6 independent experiments.
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Figure 8: Constitutive coupling to nucleotide-free G proteins. GDP-induced decreases in BRET in the
absence of agonist (ΔBRETGDP), presumably reflecting dissociation of receptor: nucleotide-free G protein
complexes that form due to constitutive receptor activation. With a few exceptions (e.g. V 2R and AT1R)
constitutive coupling to G proteins qualitatively mirrored ΔBRETmax (Fig. 3), although constitutive coupling
was more strictly limited to preferred G proteins than agonist-induced coupling in the absence of nucleotides.
In general, ΔBRETGDP was quite small compared to BRETmax, and therefore should be interpreted with
caution.
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Figure 9: Agonist-induced coupling in the presence of nucleotides. Agonist-induced increases in BRET
in the presence of GDP (ΔBRETag), presumably reflecting rapid formation and dissociation of transient
agonist:receptor:G protein complexes as G proteins lose and rebind GDP. For a few receptor-G protein
combinations ΔBRETag was surprisingly robust, and approached ΔBRETmax. This was most evident for ETA
and V2R coupling to G12 heterotrimers, and suggests that some agonist-induced interactions between GPCRs
and G proteins might not be linked to nucleotide exchange. In general, ΔBRET ag was quite small compared
to BRETmax, and therefore should be interpreted with caution.
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We expected that chimeras with cognate Gα subunit C termini would couple well to
GPCRs, based on the results of previous mutagenesis studies on selectivity. Some receptors
fit this expectation fairly well with H1R, GPR35, and P2RY10 selectivity being dependent
on presence of a cognate Gα subunit C terminus. However, some receptors, e.g. D1R and
M3R, surprisingly coupled well to chimeras with non-cognate Gα subunit C-termini,
regardless of which C terminus was present. These receptors recognized the cognate Gα
subunit core to determine selectivity. Most receptors tested relied on both the Gα subunit
C-terminus and to core to determine selectivity, e.g. H2R and A1R (Fig 8). Overall, GPCR
coupling to cognate wild-type G proteins was almost always more effective than coupling
to chimeras (Fig. 10).
We expected that the presence of a non-cognate Gα C terminus would impair coupling,
and this was the case for all 42 receptor-chimera pairs with non-cognate Gα C-termini.
However, the level of impairment was highly variable, and ranged from 10-100%
reductions in coupling (Fig. 10A). Gi-coupled receptors were the most sensitive to noncognate Gα C termini, especially the M4 acetylcholine receptor (M4R) and D2R. Cognate
Gα subunit C termini would have been expected to able to switch selectivity effectively,
and with less impairment of coupling (6). Adding a cognate Gα C terminus to a noncognate Gα core did improve signaling in some cases, e.g. V2R to Gis, H1R to Giq, and
GPR35 to Gq12. However, it appears that the presence of non-cognate Gα cores can be just
as deleterious as non-cognate Gα subunit C termini, and completely impaired signaling in
some cases. (Fig. 10B). The role of the Gα subunit C terminus is highly variable, and rarely
results in the complete switches in selectivity. It appear that both the Gα subunit C terminus
and core regions play a role in determining GPCR-G protein selectivity.
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Figure 10: Loss of coupling by G subunit chimeras. (A), chimeras with a cognate Gα core and noncognate C terminus invariably lost function relative to the corresponding wild-type cognate G subunits.
Each pair of data points represents normalized ΔBRET max observed with the wild-type cognate G subunit
and the indicated chimera. (B), chimeras with a cognate C terminus and non-cognate G core usually lost
function relative to the corresponding wild-type cognate G subunits. Each pair of data points represents
normalized ΔBRETmax observed with the wild-type cognate G subunit and the indicated chimera.
ΔBRETmax was normalized to the largest value observed, which in some cases was not that observed with the
wild-type cognate G protein.
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Concentration response curves for D1R and M3R confirmed the selectivity trends
observed for these receptors with saturating doses of agonists. The potency for chimeras
with cognate G protein cores was higher that the potency for the chimeras with cognate Gα
subunit C termini. The potency for the chimeras coupled to H1R demonstrate the opposite
trend, emphasizing the importance of the Gα subunit C terminus in its selectivity. (Fig. 11,
Table 2).

Figure 11: Concentration-dependence of coupling to G subunit chimeras with cognate and noncognate C termini. Agonist-induced BRET between (A) D1R-Rluc8, (B), M3R-Rluc8 and (C) H1R-Rluc8
and chimeras with cognate G cores and non-cognate C termini, or chimeras with non-cognate G cores and
cognate C termini. For D1R-Rluc8 and M3R-Rluc8 coupling potency and efficacy were greater for chimeras
with cognate G cores, whereas for H1R-Rluc8 potency and efficacy were greater for chimeras with cognate
C termini. Mean  SEM; n=4-8.
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Table 2: Log EC50 values for D1R, M3R, and H1R coupling to their cognate G subunits and G
subunit chimeras.
Receptor
D1R
M3R
H1R

Cognate G
Gs
-9.2
Gq
-6.8
-6.6

Cognate c terminus
Gis
Gqs
-8.2
-7.7
Gsq
Giq
-5.4
-5.4
-6.3
-6.2

G12s
-7.9
G12q
-5.2
-6.4

Cognate G core
Gsi
Gsq
-9.0
-9.0
Gqs
Gqi
-5.8
-6.2
-5.4
-6.5

Gs12
-9.0
Gq12
-5.8
-4.9

Some receptors coupled surprisingly well to chimeras with non-cognate C termini.
This suggests that for these receptors the correct C terminus is not necessary for selectivity
or stability of the complex if the cognate Gα subunit core is present. To better understand
the mechanism involved in GPCR coupling to chimeric G proteins we used molecular
dynamics (MD) simulations to model D1R coupling to Gsi, Gsq, and Gs12. Based on the
simulations, D1R interactions with the C terminus of the Gα subunit contributed roughly
one third of the energy in the complex, and this number stayed relatively constant
regardless of which terminal tail was present (Fig. 12). This indicates that D1R interaction
with the Gα subunit is stabilized by its contacts with C terminus, but that the C terminus is
not a key determinant of selectivity for D1R. The simulations also identified several
GPCR-G protein contact sites that could be the selectivity determining regions of the Gαs
subunit core, including HN, the hns1, s2s3 and h4s6 linkers and N-terminal residues of H5
of the Gα subunit (Fig. 12). These regions have been found to be GPCR-G protein
interactions sites structures as well (7, 27-34) (Fig. 2).
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Figure 12: Molecular dynamics simulations of D1R complexes with Gs and chimeras with the Gs
core and non-cognate C termini. (A), Heat-mapped structures highlighting regions of each G subunit that
contribute to the interaction energy of the final complex. In each structure the 10 amino acid C terminus
(indicated in each structure by a colored bar) contributes substantial interaction energy, as do shared regions
of the Gs core (e.g. the h4s6 linker, indicated by blue arrowheads). (B), summed interaction energies for the
Gs core (circles) and each C terminus (squares) with D1R. This receptor accommodates non-cognate C
termini with little energetic penalty. Each data point represents a separate 200 ns simulation run, and the
horizontal bar represents the mean of all runs.
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If receptors coupled to chimeras with non-cognate C termini in an agonist and
nucleotide sensitive manner as observed in our assays, they should be able to activate the
chimeric G proteins and regulate downstream signaling pathways. We found that dopamine
stimulation of D1R through Gs, Gsi, Gsq and Gs12 heterotrimers led to increased production
of cAMP upon reintroduction of the Gα subunits to 3GKO cells (Fig. 13A, 14A).
Acetylcholine stimulation of M3R demonstrated similar results and wild type Gq, Gqi, Gqs
and Gq12 all release calcium from intracellular stores (Fig. 13B, 14B). In contrast, H1R
relied on the Gq C terminus for selectivity, and coupled poorly to chimeras with noncognate C termini. Histamine stimulation of H1R released calcium from intracellular stores
most effectively with wild type Gq, and with decreasing effectiveness from Gqi to Gqs to
Gq12 (Fig. 13C). This matches the rank order for H1R direct coupling to these chimeras, and
for H1R coupling to wild-type G proteins (Fig. 3).
D1R and M3R only activated their cognate G proteins and did not demonstrate signaling
through any secondary wild type G protein pathways (Fig.15). This is notable since both
D1R and M3R coupled Gi1 heterotrimers in the direct coupling assay (Fig.5, 7), but did not
effectively inhibit cAMP as would be expected with Gi activation (Fig. 15). These results
suggest that receptors can couple to non-cognate heterotrimers in an agonist and nucleotide
dependent manner, but in this case fail to do so effectively enough to activate a signaling
pathway even if overexpressed. Receptor coupling to G proteins does not always correlate
to effective activation of downstream signaling. Overall, our results demonstrate that some
GPCRs can effectively couple to heterotrimers with non-cognate C termini. This indicates
that the Gα subunit core region plays an important role in selectivity for some receptors.

43

Figure 13. Activation of G subunit chimeras with non-cognate C termini. (A), Gsi, Gsq and Gs12 chimeras
fully restored cAMP accumulation in response to D 1R stimulation (10 M SKF 81297) in cells lacking
endogenous Gs family subunits (n=4). (B), Gqs, Gqi and Gq12 chimeras fully restored calcium release in
response to M3R stimulation (100 M acetylcholine) in cells lacking endogenous Gq subunits (n=6). (C),
Gqi but not Gqs and Gq12 chimeras fully restored calcium release in response to H1R stimulation (100 M
histamine) in cells lacking endogenous Gq family subunits (n=4). Traces are averages of several
experiments, and data points represent independent experiments. Pertussis toxin S1 subunit (PTX) was coexpressed as indicated.
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Figure 14: Concentration-dependence of signaling mediated by D1R and M3R coupling to G subunit
chimeras with non-cognate C termini. (A) cAMP increases in response to the D1R agonist SKF 81297 in
cells expressing the indicated G subunits or no G subunit (control). Mean  SEM; n=6. (B), intracellular
calcium signals in response to the M3R agonist acetylcholine in cells expressing the indicated G subunits
or no G subunit (control). Mean  SEM; n=6. Log EC50 values are shown in parentheses.
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Figure 15: Activation of signaling pathways downstream of wild-type G proteins by D1R and M3R in
cells lacking endogenous G subunits. (A) Activation of D1R but not M3R increases cAMP in cells
expressing Gs; control cells (-) expressed no G subunit. (B) Activation of M4R but not D1R or M3R
decreases cAMP in cells expressing Gi1. All cells expressed Gi1 together with (PTX) or without (-)
pertussis toxin. (C) Activation of M3R but not D1R releases calcium from intracellular stores in cells
expressing Gq; control cells (-) expressed no G subunit. (D) activation of ETA but not D1R or M3R recruits
p115RhoGEF to the plasma membrane in cells expressing G12; control cells (-) expressed no G subunit.
In all panels each data point represents an independent experiment.
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C. Vasopressin 2 Receptor (V2R) interactions with G12 heterotrimers
We initially screened the coupling of wild-type Gα subunits to GPCRs as part of a prior
study on GPCR-G protein coupling determinants. The receptors were fused to Rluc8 and
the Gβγ subunits were fused to Venus. The experiments were done in permeabilized 3GKO
cells supplemented with GDP or apyrase (to nucleotide deplete cells), and with or without
agonist (Fig. 16A). When V2R coupling to Gα subunits was measured, it was found to
recruit Gs, Gi1, Gq, and G12 as measured by BRETmax. (Fig. 16B). The V2R receptor
primarily signals through the Gs pathway and our observations replicated this finding (12).
We observed weak secondary coupling to Gi1 and Gq heterotrimers. Secondary signaling
through Gq has been reported previously with second messenger assays and conformational
biosensors (79, 80). The V2R interaction with G12 heterotrimers was almost as robust as the
Gs heterotrimer response. When the AVP induced recruitment of Gs and G12 heterotrimers
to V2R in nucleotide depleted cells was measured over time the two Gα subunits had
markedly different responses to GTP injection. Normally, GTP injection would lead to
heterotrimer disassociation and a decrease in signal as observed for the Gs heterotrimer, but
the G12 heterotrimer remained associated with the receptor (Fig. 16C). The results of AVP
concentration response curves demonstrated a guanine nucleotide resistance for the V2RG12 interaction with no significant differences in potency in nucleotide depleted or
supplemented cells. (Fig. 16D). Agonist stimulation of V2R in the presence of absence of
GDP, demonstrates that V2R-Gs complexes are stabilized by nucleotide depletion as would
normally be expected, whereas the V2R-G12 complex recruits equally well when GDP is
present or absent (Fig. 16E).
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Figure 16: V2R forms agonist
induced complexes with G12.
(A) Receptors were fused to
Renilla luciferase (Rluc8), and
Gβγ dimers were fused to Venus.
(B) V2R couples to Gs, Gq, and
G12 heterotrimers upon 1μM
AVP stimulation; *P = 0.0113,
*P=0.0445, ****P < 0.0001,
ANOVA,

one-way

Sidak’s

multiple comparisons. (C) Time
course of BRET between V2RRluc8

and

Gαβγ-Venus

in

response to 1μM AVP injection
at 10s and 100μM GTP injection
at 72.5s in permeabilized cells
treated

with

apyrase

(apy,

2U/mL) to deplete nucleotides;
Mean±SEM,
Inhibition

(n=4-6).
of

(D)

AVP-induced

coupling to Gs in permeabilized cells treated with GDP (10μM) or GTP (100μM). In nucleotide depleted cells
the potency of coupling is measurable for Gs (EC50=175nm). Similar potency of AVP-induced coupling to
G12 in permeabilized cells treated with apyrase (EC50=35nm), GDP (EC50=43nm), or GTP (EC50=33nm);
Mean±SEM, (n=3). (E) Dotted lines are set at the BRET value for agonist added in the presence of GDP.
BRET between V2R, ETA, and TP-Rluc8 and Gαβγ-Venus in response to 1μM AVP, 100nm endothelin-1
(ET1), and 10μm U-46619 (U46), respectively, in permeabilized cells the presence (GDP, 10μM) and
absence (apyrase, 2U/mL) of nucleotides. Responses in the presence of nucleotide were reduced when
compared to the nucleotide depleted state for all pairings except V2R-G12.
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Stimulation of V2R with the agonist oxytocin produced nucleotide resistant responses
to AVP, indicating that the lack of nucleotide sensitivity observed in the V2R-G12
interaction is not AVP specific (Fig.17A-B). The AVP induced recruitment of Gs and G12
heterotrimers was blocked by the presence of the antagonist mozavaptan (moz) (Fig. 17C).

Figure 17: Oxytocin (Oxy) stimulation of V2R recruits G12 heterotrimers to the receptor in the presence
and absence of nucleotides. Inverse agonist mozavapatan (Moz) antagonizes heterotrimer recruitment
to V2R. (A) V2R stimulated with 10μM Oxy couples to Gs and G12 heterotrimers in nucleotide depleted 3GKO
cells, and to G12 heterotrimers in the presence of GDP. (B) BRET between V2R-Rluc8 and Gαβγ-Venus in
response to 1μM AVP, in permeabilized cells the presence (GDP, 10μM) and absence (apyrase, 2U/mL) of
nucleotides. (C) Addition of 1μM Moz antagonizes V2R heterotrimer recruitment in nucleotide depleted
3GKO cells; Mean±SEM, (n=3).
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Substituting Gγ2 subunit for the Gγ1 subunit in the Gαβγ-Venus labelled heterotrimer
yielded similar results to those observed in Figure 16E, indicating that the nucleotide
resistance observed in the V2R-G12 interaction is not Gγ2 specific. (Fig. 18). Stimulation
of the G12-coupled receptors endothelin A receptor (ETA) and the thromboxane A2 receptor
(TP) with their respective agonists endothelin-1 (ET1) and U-44619 (U46) recruits Gq and
G12 to the receptors (25). The agonist mediated recruitment of Gq heterotrimers to both
receptors is drastically improved by nucleotide depletion. In contrast, the agonist mediated
recruitment of G12 heterotrimers to both receptors is fairly robust in the presence of GDP,
but is still improved by nucleotide depletion indication some measure of nucleotide
exchange. (Fig. 16E). This suggests that the GDP bound G12 heterotrimer may have
relatively stable interactions with GPCRs when compared to other Gα subunits, although
the extent of the effect appears to be receptor dependent. When aggregated, the results from
these experiments indicate that agonist stimulated V2R recruits the G12 heterotrimer and
either fails to release GDP or to pick up GTP preventing complex disassociation. This
suggests that the AVP induced V2R-G12 interaction is insensitive to nucleotides and
possibly decoupled from nucleotide exchange.
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Figure 18: AVP stimulation of V2R weakly recruits G12 heterotrimers in a nucleotide resistant manner
with Gγ1 or Gγ2. (A) V2R and ETA recruit G12 heterotrimers Gγ1 or Gγ2 subunits; (B) BRET between V2R,
ETA-Rluc8 and Gαβγ-Venus in response to 1μM AVP and 100nM ET1, respectively, in permeabilized 3GKO
cells the presence (GDP, 10μM) and absence (apyrase, 2U/mL) of nucleotides.
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Typically receptors that are able to couple one member of a Gα subunit family are able
to couple to other Gα subunits in the same family in a similar manner. However, when G13
coupling to V2R was measured the interaction was fairly weak when compared to G12
heterotrimers. The G13 heterotrimer demonstrates a response that is more resistant to
nucleotides than Gs heterotrimers but less resistant to GDP than G12 heterotrimers (Fig.19).
The ETA receptor showed a preference for G12 over G13, while the TP receptor showed a
preference for G13 over G12, but both receptors were able to couple fairly well to G12 and
G13. Some coupling for G12 and G13 heterotrimers was observed in the presence of GDP,
with G13 coupling being less resistant to the addition of GDP than G12 (Fig.19). This
suggests some shared features between the G12 and G13 heterotrimers that make them less
sensitive to guanine nucleotides than other Gα subunit families with GDP resistance being
more pronounced for G12 heterotrimers.
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Figure 19: AVP stimulation of V2R weakly recruits G13. (A) V2R, ETA, and TP couple to G12 and G13
heterotrimers; (B) BRET between V2R, ETA, TP-Rluc8 and Gαβγ-Venus in response to 1μM AVP, 100nM
ET1, and 10μM U46, respectively, in permeabilized 3GKO cells the presence (GDP, 10μM) and absence
(apyrase, 2U/mL) of nucleotides.
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After observing the unusual properties of the AVP stimulated V2R-G12 in the initial
assay we were concerned that our initial results may have been artifact of the assay used.
We reconfirmed our initial observation using multiple assays platforms and conditions.
Measuring the AVP induced V2R-G12 interaction using a luciferase complementation assay
in intact 3GKO cells assay indicated that the interaction was not an artifact of cellular
permeabilization or protein proximity since luciferase complementation relies on
biochemical interactions (Fig.20).

Figure 20:

AVP stimulation of V2R recruits G12 in intact cells as observed by a luciferase

complementation assay. (A) Receptors were fused to the small bit (SmBit) of NanoLuc (Nluc) of and the
Gγ2 subunits were fused to the large bit (LgBit) of Nluc to form a luciferase complementation assay in 3GKO
cells. (B) AVP stimulation of V2R recruits G12 heterotrimers and ET1 stimulation of ETA recruits Gq and G12
heterotrimers.
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The initial assays used did not label the G12 subunit. If V2R recruits G12 heterotrimers
we would expect that G12 coupled receptors such as ETA would compete for the G12
heterotrimer and blunt V2R responses. In a competition assay stimulation of ETA with ET1
blunted recruitment of Gα12βγ-Venus to V2R-Rluc8 (Fig.21A). The off-rate of the G12
heterotrimer from V2R when ETA was overexpressed was measured and found to be
significantly slower than the on-rate of G12 onto ETA. This indicates the V2R-G12
interaction is relatively stable as G12 off-rate from V2R was not rate limited by ETA
recruitment of G12 (Fig.21B).
ET1

Figure 21: ET1 stimulated ETA can compete the G12 heterotrimer away from V2R, blunting the AVP
induced interaction between V2R-G12. (A) ETA or pcDNA3.1(+) vector was overexpressed in the presence
of V2R-Rluc8, and Gα12βγ-Venus, with the V2R-Rluc8 and ETA receptors competing for coupling to the G12
heterotrimer in 3GKO cells. AVP stimulated BRET between V 2R and the G12 heterotrimer was blunted by
ET1 stimulation of the ETA receptor; n.s. not significant, **P=0.0074, paired t-test. (B) Time course of ETARluc8 recruitment of the G12 heterotrimer (τ=15.32s), and ETA recruitment of the G12 heterotrimer away from
1μM AVP stimulated V2R-Rluc8 (τ=56.98s). Samples were stimulated 100nM ET1 injected at 15s;
Mean±SEM, (n=8-9).
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Finally, we inserted Rluc8 into the G12 subunit at the 136 position and measured
conformational changes between it and Gβγ-Venus. Insertion of fluorescent tags at this
position for G13 has been tested by other groups and found to have minimal effect on protein
function (81). These measurement were done in either intact 3GKO cells or in
permeabilized cells nucleotide depleted with apyrase and supplemented with the nonhydrolysable nucleotides GDPβS or GTPγS, to create cellular environments with only the
nucleotide of interest. With a typical GPCR we would expect agonist stimulation to cause
a decrease in BRET in intact cells as G protein activation causes the heterotrimer to
dissociate. In an environment with only GDBβS, heterotrimers favor the inactive state, and
we would expect to observe little agonist induced change. In an environment with only
GTPγS, heterotrimers should already be disassociated, and we would expect to observe
little agonist induced change. ET1 stimulated ETA and U46 stimulated TP both induce a
decrease in BRET in intact cells, which most likely reflects Gβγ release. Neither of the
receptors show a robust response when in guanine nucleotide supplemented cells as would
be expected of a conventionally functioning receptor. In contrast to this, AVP stimulated
V2R induced an increase in BRET between G12-Rluc8 and Gβγ-Venus in intact cells and
in cells supplemented with guanine nucleotides reflecting a conformational change in the
heterotrimer (Fig.22). This indicates that conformational changes in the V2R interacting
G12 heterotrimer are independent of the Gα subunit nucleotide binding status, and suggests
that the V2R is capable of recruiting both GDPβS and GTPγS, bound G12.
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Figure 22: AVP induces conformational changes in the V2R bound G12 heterotrimer that are consistent
regardless of which nucleotides are present. For the conformational sensor, the G12 subunit was fused to
Renilla luciferase (Rluc8), and Gβγ dimers were fused to Venus. V2R, ETA, and TP were stimulated with
AVP (1μM), ET1 (100nM), and U46 (10μM), respectively, in intact HEK cells or in permeabilized cells
nucleotide depleted with apyrase (2U/mL) and then supplemented with GDP βS (10μM) or GTPγS (100μM).
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D. Nucleotide resistance suggests V2R does not activate G12
Since AVP stimulated V2R forms a relatively stable complex with the G12 heterotrimer
that does not dissociate in the presence of nucleotides this suggests that the complex does
not activate the G12 subunit. G12 activation stimulates RhoGEF proteins that regulate
RhoGTPases and actin stress fiber formation (82-84). The G12 coupled receptors ETA and
TP effectively activate G12 heterotrimers and stimulate p115RhoGEF translocation to the
cell membrane (Fig.23A). Stimulation of V2R has the opposite effect and suppresses basal
p115RhoGEF translocation, and inhibits PDZ-RhoGEF translocation in a dose-dependent
manner (Fig.23A-B). Activation of G12 subunits also upregulates serum response element
(SRE) and nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB)
transcription (85, 86). The G12 coupled receptors we tested upregulated SRE and NFκB
transcription upon agonist stimulation, but AVP stimulation of V2R had no effect on the
transcription of either of these proteins (Fig.23C and Fig. 24). The ability of V2R to recruit
G12 without activating it further reinforces the idea that the V2R-G12 interaction is
decoupled from nucleotide exchange.
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Figure 23: AVP stimulation of V2R does not activate G12 signaling pathways. (A) AVP (1μM) stimulation
of V2R-G12 inhibits p115RhoGEF-Rluc8 translocation to membrane marker Venus-Kras. ET1 (100nM)
stimulation of ETA-G12 and U46 (10μM) stimulation of TP-G12 mediate p115RhoGEF translocation in 3GKO
cells. (B) AVP stimulation of V2R inhibits basal PDZ-RhoGEF-RlucII translocation to membrane marker
rGFP-CAAX in a dose dependent manner in ARRBKO cells; Mean±SEM, (n=3). (C) AVP (1μM)
stimulation of V2R-G12 does not stimulate SRE transcription. ET1 (100nM) stimulation of ET A-G12 and U46
(10μM) stimulation of TP-G12 mediate SRE transcription in 3GKO cells transfected with PTX.

Figure 24: AVP (1μM) stimulation of V2R-G12 does not stimulate NFκB transcription. ET1 (100nM)
stimulation of ETA-G12 which stimulates NFKB transcription in 3GKO cells transfected with PTX.
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E. Effects of the V2R-G12 interaction on signaling
The stability of the V2R-G12 interaction and its ability to act as a dominant negative on
basal levels of RhoGEF translocation suggest that the interaction can act as a dominant
negative on other aspects of G12 or V2R signaling. We first tested how the V2R-G12
interaction would impact G12 coupled receptors and if it could compete with these receptors
for the intracellular pool of G12 heterotrimers. We found that AVP stimulation of V2R can
compete away G12 heterotrimers from the ETA, TP, and Smoothened (Smo) receptors,
blunting the agonist induced recruitment of G12 heterotrimers for ETA

and

TP and

constitutive recruitment of G12 heterotrimers for Smo (Fig.25, 26). V2R stimulation was
able to blunt ETA mediated p115RhoGEF translocation and decrease its G12 signaling
response (Fig.25C).

Figure 25: AVP stimulated V2R can compete the G12 heterotrimer away from ETA blunting the agonist
induced recruitment of G12 heterotrimers to these receptors. (A) V2R or pcDNA3.1(+) vector was
overexpressed in the presence of ETA-Rluc8, and Gα12βγ-Venus, with the Rluc8 fused receptors and V2R
competing for coupling to the G12 heterotrimer. (B) Agonist stimulated BRET between G12 heterotrimers and
ETA treated with 100nM ET1 was blunted by 1μM AVP stimulation of V 2R in permeabilized 3GKO cells
treated with 10μM GDP.; n.s. not significant, **P = 0.0015, paired t-test. (C) p115-RhoGEF translocation in
response to 100nM ET1 stimulation of ETA mediated was blunted by 1μM AVP stimulation of V2R in 3GKO
cells; n.s. not significant, **P = 0.0042; paired t-test.
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Figure 26: AVP stimulated V2R can compete the G12 heterotrimer away from TP and the Smo blunting
the agonist induced recruitment of G12 heterotrimers to these receptors. V2R or pcDNA3.1(+) vector
was overexpressed in the presence of TP or Smo-Rluc8, and Gα12βγ-Venus, with the Rluc8 fused receptors
and V2R competing for coupling to the G12 heterotrimer.

Agonist stimulated BRET between G 12

heterotrimers and TP treated with 10μM U46 was blunted by 1μM AVP stimulation of V2R in permeabilized
3GKO cells nucleotide depleted with apyrase 2U/mL.; *P=0.0406 and *P=0.0161, paired t-test. BRET
between G12 heterotrimers and Smo was blunted by 1μM AVP stimulation of V 2R in 3GKO cells; ns=not
significant and ***P=0.0003, paired t-test.

61

The V2R receptor canonically signals through the Gs heterotrimer, stimulating
adenylate cyclase and increasing cAMP (12). Theoretically if a receptor can couple to
multiple G proteins subtypes, the different G protein families should compete for the same
binding site on the receptor. However, we were surprised to find that V2R-G12 interactions
does not inhibit V2R-Gs mediated cAMP increases when measured with either Glosensor
or an EPAC based sensor (Fig.27, 28). Overexpression of G12 also had no impact on the
β2AR-Gs mediated cAMP increases, but it does decrease basal cAMP levels as measured
by the EPAC sensor increasing the dynamic range of the response with the Epac sensor
when G12 is overexpressed ( Fig.28).

Figure 27: Overexpression of the G12 heterotrimer does not inhibit V2R activation of Gs heterotrimers.
(A) cAMP increases measured using an Epac sensor in response to the V 2R agonist AVP in HEK cells with
or without overexpressed Gq and G12 heterotrimers; Mean±SEM, (n=6). (B) cAMP increases measured using
an Epac sensor in response to injection of 1μm AVP in GsKO cells with or without overexpressed Gq and G12
heterotrimers; Mean±SEM, (n=6).
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Figure 28: Overexpression of the G12 heterotrimer does not inhibit V2R or β2AR activation of Gs
heterotrimers. (A) cAMP increases measured using Glosensor in response to the V2R agonist AVP or β2AR
agonist isoproterenol in HEK cells with or without overexpressed G q and G12 heterotrimers; Mean±SEM,
(n=3). (B) cAMP increases measured using an EPAC sensor in response to the V2R agonist AVP or β2AR
agonist isoproterenol in GsKO cells transfected with Gs heterotrimers with or without overexpressed Gq and
G12 heterotrimers; Mean±SEM, (n=3-6).
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Finally, we assessed the impact of the V2R-G12 interaction on arrestin recruitment to
V2R. V2R has a well-documented robust interaction with arrestin (15, 87, 88). Arrestin
regulates receptor internalization and endocytosis (14, 15). The C terminal tail of V2R has
multiple serine/threonine phosphorylation sites that G protein receptor kinase (GRK)
proteins can act upon, and this phosphorylation increases the affinity of the receptor for
arrestin (15, 16). When G12 heterotrimers are overexpressed it reduces agonist induced
arrestin recruitment to the V2R receptor (Fig.29A-B). Overexpression of the G12
heterotrimer does not reduce arrestin expression (Fig.30A). Overexpression of G13
heterotrimers does little to blunt arrestin recruitment (Fig.30B). Overexpression of G12
heterotrimers has little to no impact on arrestin recruitment to Gs-coupled β2AR, G12coupled ETA, or to Gq-coupled AGTR1, which has a similarly rich serine/threonine
phosphorylation site pattern in its c-terminal tail, and indicates that observed effect of G12
on V2R recruitment of arrestin is receptor specific (Fig.30C) (15, 16). The blunting of
arrestin recruitment to V2R when G12 is overexpressed also effects processes regulated by
arrestin. Arrestin mediated receptor internalization and endocytosis of V2R is slowed when
G12 is overexpressed (Fig.29C-D).

This represents the possibility that the V2R-G12

interaction may effect regulation of the number of V2R receptors present at the membrane
and their duration there. We currently hypothesize that arrestin recruitment to V2R is
reduced when G12 heterotrimers are overexpressed because they interferes with GRK2
recruitment to and phosphorylation of the V2R C terminal tail.
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Figure 29: Overexpression of G12 blunts arrestin recruitment to V2R and receptor internalization in
HEK cells. (A) Time course of BRET between V2R-Rluc8 and β-arrestin2-Venus in response to 1μM AVP
injection at 15s; Mean±SEM, (n=3). (B) Potency of arrestin recruitment is reduced when G12 is overexpressed
(EC50=35nm), unlike when a pcDNA3.1 vector (EC 50=35nm) or Gs (EC50=35nm) is overexpressed;
Mean±SEM, (n=3). (C) V2R-RlucII colocalization with membrane marker hrGFP-CAAX demonstrated
reduced receptor internalization when G12 was overexpressed; Mean±SEM, (n=8). (D) The V2R-RlucII
colocalization with vesicle marker hrGFP-FYVE demonstrated reduced receptor internalization when G12
was overexpressed; Mean±SEM, (n=6-7).
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Figure 30: G12 heterotrimer mediated blunting of arrestin recruitment is specific to the V 2R-G12
interaction in HEK cells. (A) Recruitment of β-arrestin2-Venus to V2R-Rluc8 stimulated with 1μM AVP is
blunted when G12 is overexpressed, and the expression level of β-arrestin2-Venus is not reduced by G12
heterotrimer overexpression. (B) Overexpression of G13 heterotrimers does not blunt arrestin recruitment as
effectively as G12 heterotrimer overexpression. (C) β-arrestin2-Venus recruitment to β2AR, AT1R, and ETARluc8 stimulated with 10μM Iso, 1μM angiotensin II (AngII), and 100nM ET1, respectively, is not inhibited
by G12 heterotrimer overexpression.

66

F. Role of the Gα12 subunit C terminus in the V2R-G12 interaction
To better understand how V2R is able to interact with G12 heterotrimers, we began
assessing the role of Gα12 subunit C terminus in its interaction with V2R. The C terminus
of helix (H5) of the Gα subunit fits in between the transmembrane domains of a GPCR and
represents one of the largest direct contact sites between the receptor and the G protein (9).
If this region is deleted it prevents the G protein heterotrimer from forming a complex with
the receptor (89). If the V2R-G12 interaction relies on the Gα12 C terminus to form an
interaction we would expect that by progressively deleting amino acids from the C terminus
we would decrease the interaction magnitude. We generated Gα12 subunit chimeras with
progressive deletions from the C terminus, with 1-4 amino acids deleted. We found that as
more amino acids from the C terminus were deleted, the interaction between V2R and G12
decreased (Fig.31A). It should be noted that deleting more than one amino acids from the
Gα12 subunit, deletes part of the interaction site for Ric8a, a chaperone protein (90, 91).
This leads to reduced protein expression and mis-folding. When we use an assay where
GRK2-Rluc8 competes with the Gα subunit for binding to Gβγ-Venus, we observe reduced
competition for Gβγ from the G12Δ2-4, indicating that these proteins have reduced
expression or are misfolded (Fig. 31C). This in part explains the reduced coupling observed
in (Fig. 31A), for G12Δ2-4. Since one of the unique properties of the V2R-G12 interaction is
its resistance to dissociation in the presence of GDP, we wanted to compare the effect of
the G12 C terminal deletions on the GDP resistance of the V2R-G12 interaction. In order to
assess the nucleotide resistance of a receptor-G protein pair we measured RGDP, which we
defined as the ratio of agonist stimulated responses in the presence of GDP (BRET agonist
in GDP)

to BRETmax in permeabilized cells. A ratio of 0 represents no complexes formed
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the presence of GDP, and a ratio of 1 representing an equally high number of complex in
the presence of absence of GDP, suggesting that the R-Gempty complex is less than or
equally stable complex compared to the R-GGDP complex, and that nucleotide exchange is
limited. We found that GDP resistance was reduced for the G12Δ1 and G12Δ2 deletions
(Fig.31B). This suggests that both of these mutants are capable of exchanging nucleotides
and that they may be able to mediate G12 downstream signaling pathways. There was too
little coupling between V2R and G12Δ3 and G12Δ4 to calculate RGDP for these Gα subunits.
When we tested the ability of the G12 deletion proteins to activate G12 signaling pathways
using a RhoGEF translocation assay we found that AVP stimulation of V2R was able to
activate G12Δ1 to mediate RhoGEF translocation (Fig.31D). This demonstrates that
reducing the GDP resistance below one with the deletion of one amino acid creates enough
of a change that V2R activation was able activate the Gα12 subunit.
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Figure 31: Deletion of one amino acid from the Gα12 subunit C terminus allows AVP stimulation of
V2R to activate G12 signaling pathways. (A) The interaction between AVP (1μM) stimulated V2R and G12
heterotrimers decreases as an increasing number of amino acids is deleted from the C terminus in 3GKO
cells. (B) The G12Δ1 and G12Δ2 heterotrimer interactions with V2R have less resistance to GDP than observed
for wild-type G12 heterotrimers; **P = 0.0032, *P=0.0447, n.s.=not significant, one-way ANOVA, Sidak’s
multiple comparisons. (C) BRET between masGRKct-Rluc8 and free G-Venus decreases as heterotrimer
formation sequesters free G-Venus dimers. G12Δ1 sequester G-Venus almost well as wild-type G
subunits, but G12Δ2-4 do not sequester G-Venus effectively. G: G refers to the ratio of plasmid DNA
transfected. Mean  SEM; n=5. (D) AVP (1μM) stimulation of V2R inhibits p115RhoGEF-Rluc8
translocation to membrane marker Venus-Kras when wild type G12 heterotrimers were over expressed, AVP
stimulation of V2R was able to mediate p115RhoGEF-Rluc8 translocation when G12Δ1 was overexpressed;
*P=0.0108, **P = 0.0072, n.s.=not significant, one-way ANOVA, Sidak’s multiple comparisons.
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We further evaluated the role of the C terminus in the V2R-G12 interaction by
comparing wild-type Gs and G12 heterotrimers to Gs12 and G12s chimera heterotrimers,
where the core of the Gα subunit is from one protein and the last 10 amino acids are from
another. The wild-type Gs and G12 heterotrimers are recruited to V2R upon agonist
stimulation with similar efficacy, and the Gs12 and G12s chimeras are recruited with about
half the efficacy as the wild-type G proteins (Fig. 32A). The V2R-G12 interaction has a high
amount of GDP resistance, as does the V2R-Gs12 complex. However, the V2R-Gs12 complex
has an RGDP value less than one suggesting it can exchange nucleotides and can stimulate
adenylate cyclase. This prediction was verified by an experiment measuring cAMP
increases in 3GKO cells using an EPAC sensor. Transfection of Gs and Gs12 heterotrimers
into the 3GKO cells restores cAMP production upon AVP stimulation; however, Gs12
subunits are less efficacious at increasing cAMP (Fig 32C). Both Gs and G12s heterotrimers
have very little to resistance to nucleotides and RGDP values near zero (Fig. 32B). This
suggests that G12s subunits should be able to mediate RhoGEF translocation after AVP
stimulation of V2R, and this is observed in our RhoGEF translocation assays (Fig. 32D).
The results of this experiment suggest that the C terminal 10 amino acids of G12 are what
confer the majority of its nucleotide resistance in its interaction with V2R, as the presence
of the G12 C terminus increases nucleotide resistance for the Gs core and the presence of
the Gs C terminus reduces the nucleotide resistance of the G12 core.
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Figure 32: The C terminus of the Gα subunit regulates the GDP resistance and productivity of G
protein heterotrimer interactions with V2R. (A) The interaction between AVP (1μM) stimulated V2R and
G protein heterotrimers in 3GKO cells. (B) The G12 and Gs12 heterotrimers interactions with V2R the have
high RGDP and Gs and G12s interactions with V2R that have low RGDP; ***P = 0.005, **P=0.0022, ***P=0.005,
one-way ANOVA, Sidak’s multiple comparisons. (C) Increases in cAMP measured using an EPAC sensor
in response to the V2R agonist AVP (1μM) in 3GKO cells. Transfection of Gs and Gs12 heterotrimers led to
increased cAMP upon AVP stimulation of the cells; **P=0.0100, *P=0.0375, one-way ANOVA, Sidak’s
multiple comparisons. (D) AVP (1μM) stimulation of V2R was able to mediate p115RhoGEF-Rluc8
translocation when G12s was overexpressed; *P=0.0162, ***P=0.0004, one-way ANOVA, Sidak’s multiple
comparisons.
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The experiments with G12 subunit C terminal deletions and Gα subunit chimeras
demonstrated that the C terminus of G12 is important for the recruitment and regulation of
the V2R-G12 interaction. We wanted to try and pinpoint precisely which residues in this
region are important for regulating allostery in the V2R-G12 interaction. We generated two
G12 subunit point mutations I378Y and Q381L. We chose these two targets based on
sequence comparison of the last 10 amino acids of Gs and G12 subunits, noting differences
between the two sequences that affected amino acid type and known receptor-G protein
interaction sites. When testing the recruitment of these mutants to V2R we found that the
G12I378Y heterotrimer was recruited at level similar to wild-type G12 heterotrimer, and the
G12Q381L was recruited more poorly with less than half signal change (Fig. 33A). The
nucleotide resistance for G12I378Y was reduced to barely below one, which suggests that
while this heterotrimer interaction with V2R is highly resistant to GDP, there is still some
nucleotide exchange and was able to weakly mediate RhoGEF translocation (Fig. 33B-C).
Surprisingly, the G12Q381L heterotrimer had slightly increased nucleotide resistance, since
deleting this amino acid position reduced RGDP (Fig. 33B). We hypothesize that most
terminal amino acid of G12 may act as a stabilizing interaction that helps hold the V2R G12
interaction together. The G12Q381L mutant inhibited basal RhoGEF translocation in a
manner similar to wild-type G12 heterotrimers (Fig. 33C). Taken together, our data with
various Gα12 subunit mutants indicates that while the V2R-G12 interaction is atypical in its
unproductive behavior, its broken allostery to the nucleotide binding pocket can be restored
with changes to a single amino acid as in Figures 31D and 33D.
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Figure 33: Mutation of one amino acid from the Gα12 subunit C terminus, G12I378Y, allows AVP
stimulation of V2R to activate G12 signaling pathways. (A) The interaction between AVP (1μM) stimulated
V2R and G12 heterotrimers in 3GKO cells. (B) The G12I37 heterotrimer has an interaction with V2R that has
an RGDP less than one, and both G12 and G12Q381L heterotrimers have interaction with V2R are completely
nucleotide resistant; *P = 0.0427, one-way ANOVA, Sidak’s multiple comparisons. (C) AVP (1μM)
stimulation of V2R inhibits p115RhoGEF-Rluc8 translocation to membrane marker Venus-Kras when wild
type G12 and G12Q381L heterotrimers were over expressed, AVP stimulation of V 2R was able to mediate
p115RhoGEF-Rluc8 translocation when G12I378 heterotrimers were overexpressed; ****P<0.0001,
***P=0.0006, ***P=0.0001, one-way ANOVA, Sidak’s multiple comparisons.
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G. Characterization of receptor-G12 interactions
After observing the high GDP resistance in the AVP stimulated V2R-G12 interaction we
hypothesized that the observed phenomenon may occur in other receptor-G protein pairs,
particularly those coupled to G12. The G12 subunit has a very slow rate basal rate of
nucleotide exchange compared to other Gα subunit types (92). The G12 subunit also has a
relatively high affinity for GDP (92). These factors are both likely contribute to the ability
of G12 heterotrimers to form non-productive, GDP resistant interactions with receptors. To
screen GDP resistance we assessed coupling of 18 GPCRs to their cognate Gα subunits
and to G12heterotrimers. We found that receptor interactions with G12 demonstrated a wide
range of resistance to GDP. In contrast, receptor interactions with Gs, Gi1, and Gq had little
resistance to GDP, even for the receptors that have very high GDP resistance when coupled
to G12 (Fig.34A). As a result of our screening, we found that the WKYMVm (WKY)
induced FPR2-G12 interaction and the cyclopamine inhibited Smo-G12 interaction were
both highly resistant to guanine nucleotides. The interaction with Gi, the cognate signaling
partner for both of these receptors, showed little GDP resistance (Fig.34B). When FPR2
signaling with G12 was assessed, we found that it could not initiate G12 signaling responses
(Fig.35). Based on our results, it appears that the interaction of several receptors with G12
heterotrimers is relatively resistant to guanine nucleotides and that this phenomenon is
more common previously realized.
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Figure 34: Receptor interactions with G12 heterotrimers demonstrate a wide range of resistance to
GDP. (A) The GDP resistance of a panel of GPCRs fused to Rluc8 and their interactions with cognate GαβγVenus heterotrimers in permeabilized 3GKO cells; Mean, (n=3-6). (B) BRET between Gαβγ-Venus
heterotrimers and FPR2 stimulated by its agonist WKYMVm (WKY, 0.5μM) and Smo inhibited by its
antagonist cyclopamine (CPA, 10μM) in permeabilized 3GKO cells the presence (GDP, 10μM) and absence
(apyrase, 2U/mL) of nucleotides. The receptors used in this screen are listed in Table 3.
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Table 3: Screening of the GDP resistance (RGDP) of GPCR-G protein coupling. Panel of receptors and
ligands used in Fig. 34A All receptors were human; cognate G subunits as indicated in the IUPHAR/BPS
Guide to Pharmacology (guidetopharmacology.org), with the exception of P2RY10 and GPR35, which are
not yet classified in this database.
Receptor
2AR
V2R
H2R
D1R
2AR
M4R
A1R
D2R
MOR
FPR2
AT1R
M3R
H1R
ETA
ETB
TP
P2RY10
GPR35

Gene
ADRB2
AVPR2
HRH2
DRD1
ADRA2A
CHRM4
ADORA1
DRD2
OPRM1
FPR2/ALX
AGTR1
CHRM3
HRH1
EDNRA
EDNRB
TBXA2R
P2RY10
GPR35

Cognate G
Gs
Gs
Gs
Gs
Gi
Gi
Gi
Gi
Gi
Gi
Gq
Gq
Gq
Gq
Gq
Gq
G12
G12
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Agonist
Norepinephrine
Arginine-Vasopressin
Amthamine
Dopamine
Norepinephrine
Acetylcholine
Adenosine
Dopamine
DAMGO
WKYMVM
Angiotensin Ii
Acetylcholine
Histamine
Endothelin-1
Endothelin-1
U46619
Lyso Ps 18:1
Zaprinast

Concentration
100 M
1 M
100 M
100 M
100 M
500 M
100 M
100 M
10 M
500nm
1 M
500 M
100 M
100 nM
100 nM
10μm
10 M
10 M

Supplemental Figure 35: WKYMVm stimulation of FPR2 does not activate G 12 signaling. (A) FPR2
couples to Gi and G12 heterotrimers upon 500nM WKY stimulation; ****P < 0.0001, ***P < 0.0002, oneway ANOVA, Sidak’s multiple comparisons. Pertussis toxin S1 subunit (PTX) was co-expressed in
experiments with Gαs, Gαq, and Gα12. (B) Time course of BRET between FPR2-Rluc8 and Gαβγ-Venus in
response to 500nM WKY injection at 5s and 100μM GTP injection at 50s in permeabilized cells treated with
apyrase (2U/mL) to deplete nucleotides; Mean±SEM, (n=3). (C) WKYMVm (500nM) stimulation of FPR2
does not stimulate p115RhoGEF-Rluc8 translocation to membrane marker Venus-Kras, unlike ET1 (100nM)
stimulation of ETA. (D) WKYMVm (500nM) stimulation of V2R-G12 does not stimulate SRE transcription.
ET1 (100nM) stimulation of ETA-G12 mediates SRE transcription. All experiments were conducted in 3GKO
cells.
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IV.

DISCUSSION

Here we studied the selectivity and productivity GPCR-G protein coupling. In order to
conduct the studies outlined here we used live cell-based bioluminescence resonance
energy transfer (BRET) and luminescence assays. We developed a BRET based assay that
allowed us to measure GPCR-G protein coupling. Permeabilization of the cells allowed us
to control both agonist and nucleotide binding site occupancy. Cells lines where the Gα
subunits have been removed with CRISPR out were used throughout this study to restrict
coupling to defined wild-type and chimeric G subunits. The methodology used allowed
us to measure coupling in a sensitive manner and compare results across G protein families
independent of second messenger assays. This assay provided an easily reproducible and
robust method to study GPCR-G protein coupling.
A. GPCR-G protein coupling selectivity to wild-type G proteins
We screened the coupling of 19 GPCRs to a panel of four wild-type G proteins, Gs-long,
Gi1, Gq, and G12, one for each of the four G protein families. We found that the receptors
tested coupled more promiscuously than expected. The Gi1 heterotrimer coupled to some
extent to every receptor we tested. The Gs-, Gq-, and G12 coupled families coupled
relatively promiscuously, and coupled to at least two G protein families. The Gs-coupled
receptors all coupled to Gq and Gi1 heterotrimers in addition to Gs heterotrimers. The Gicoupled receptors were relatively selective, and had minimal coupling to other G protein
families. In annotated databased of coupling selectivity it is difficult to observe the trends
reported here, in part because many of the studies reported in these databases rely on
second messenger assays. The studies reporting selectivity also use large variety of
methods that prevents direct comparison across studies and across G protein families (25,
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26). A study profiling GPCR-G protein coupling using a TGFβ-shedding assay and Gqx
subunit chimeras, with a Gαq subunit core and the C terminal seven amino acids of another
G protein, was published shortly after our results were published. The data from this study
is publicly available at GPCRdb (11, 26). We compiled this data in Figure 36, and focused
the results for Gs-long, Gi1, Gq, and G12. Receptors were grouped according to their cognate
G protein family coupling as reported in IUPHAR, with the ratio of receptors coupling to
non-cognate versus cognate G proteins being reported. The results of this study replicate
our findings with GPCRs coupling promiscuously to multiple G protein families, and Gicoupled receptors coupling the most selectively (Fig.36)
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Figure 36: Gi-coupled receptors are relatively selective for Gi family proteins. Receptors
that are Gs-, Gq-, and G12-coupled are relatively promiscuously coupled, and have many secondary couplings
with other G protein families. Data was obtained from GPCRdb compilation of Inoue et al., Cell 2019
screening of GPCR-G protein couplings (11,

26).
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Our results demonstrated the Gi-coupled receptors are relatively selective for Gi
heterotrimers. Recent computational and structural studies have suggested that selectivity
for Gi-coupled receptors is determined by angle of displacement of transmembrane domain
6 (TM6) in these GPCRs. For Gi-coupled receptors the outward displacement of TM6 is
restricted compared to Gs-coupled receptors, which limits the size of the pocket in between
the receptor transmembrane domains (30-33, 35, 36). This finding has led to the hypothesis
that the relatively smaller pocket on the cytoplasmic surface of the receptor can only
accommodate the relatively less bulky Gαi subunit C terminal tail and rejects the relatively
larger C termini of the other Gα subunits. (30-33, 35, 36) Whereas Gs and Gq-coupled
receptors would have relatively larger pockets that could accommodate Gi C termini,
potentially explaining the promiscuous coupling of Gi heterotrimers. The relatively narrow
bonding pocket of Gi-coupled receptors contributes to the high selectivity for Gi
heterotrimers and rejection of Gs and Gq heterotrimers that we observe in our experiments.
Displacement of TM6 does not seem to be the only factor regulating selectivity for Gicoupled receptors as experiments with G chimeras demonstrate that some Gi-coupled
receptors (e.g. 2AR and A1R) can couple to some extent to chimeras with non-cognate C
termini. This suggests that for these receptors the Gi subunit core region also determines
selectivity.
Direct measurement of GPCR-G protein coupling with a single assay allows a more
accurate profiling of receptor selectivity than comparison across multiple second
messenger or gene expression assays that all have different amplification levels. We
observed a particularly large number of couplings to Gi heterotrimers that are not reported
in coupling databases (25, 26). We believe that the sensitivity of our assay, which detects
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GPCR-G protein complexes in their most stable state with an agonist bound receptor
coupled to an empty G protein, allowed detection of weak secondary couplings that may
not be detected with second messenger assays. These secondary coupling interactions
maybe too inefficient to cause physiologically significant G protein activation, e.g. D1R
and M3R both couple to Gi1 heterotrimers but do not decrease cAMP levels upon agonist
stimulation as would be Gαi1 subunit activation (Fig. 15). Another possibility is that weak
secondary interactions need specific circumstances to be physiologically relevant, as
reported for 2AR activation of Gi heterotrimers (93, 94). There are some receptors where
secondary couplings are fairly strong and are known to play an important physiological
roles, e.g. thromboxane A2 receptor (TP) and parathyroid hormone 1 receptor (PTH1R)
(95-97). Overall, it appears that secondary coupling has a range of efficiency and the factors
that determine physiological relevance are probably combination of coupling efficacy and
cellular environment.
B. Selectivity determinants of GPCR-G protein coupling
We tested the role of the Gα subunit C terminus in determining GPCR-G protein
selectivity by profiling the coupling of 14 GPCRs to a panel of four representative wildtype G subunits (Gs, Gi1, Gq, and G12) and twelve G subunit chimeras with the C
terminus of one G subunit and the G core region of another. We measured coupling
using a sensitive BRET assay that allowed us to directly compare the coupling of different
G protein heterotrimers to a receptor. We observed that the receptors tested coupled more
promiscuously than expected to both wild-type G proteins and chimeras. Our results
support previous reports that the Gα subunit C terminus is an important determinant of
selectivity for some receptors (4-6). However, we also observed that the Gα subunit core
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is an equally important determinant of selectivity, and acts as the primary selectivity
determinant for some receptors. This consistent with crystal structure data, computational
studies, and other prior reports the have found selectivity determinants and receptor-G
protein contacts sites outside of the distal C terminus (10, 44, 45). Overall, our results
indicate that receptors recognize widely-distributed structural features of the Gα subunit.
The receptors tested relied on different regions to determine selectivity, with some being
heavily reliant of the Gα subunit C terminus, while other were highly reliant on other
regions. This demonstrates that the selectivity determining regions recognized on the Gα
subunit vary significantly from receptor to receptor, and that the broad functional diversity
of GPCRs applies to their selectivity mechanisms as well (3).
C. Unproductive receptor-G12 interactions represent a decoupling of the
receptor-G protein interaction from nucleotide exchange
AVP bound vasopressin 2 receptor (V2R) normally activates Gs heterotrimers to
stimulate adenylate cyclase (12, 98, 99). We observed that V2R was also able to couple to
G12 heterotrimers in a nucleotide resistant manner in addition to coupling to Gs
heterotrimers. We studied the interaction between V2R and G12 heterotrimers using BRET
and luminescence assays in living cells. Our results demonstrated that the V2R-G12
interaction is agonist dependent but does not dissociate upon introduction of guanine
nucleotides to permeabilized cells.

In contrast to most stable receptor-G protein

complexes, agonist stimulation of V2R does not stimulate G12 signaling pathways,
indicating the complex is unproductive. Our results suggest that the V2R-G12 interaction is
decoupled from the nucleotide exchange process. GPCR-G protein coupling is typically
defined as the allostery between the receptor ligand binding site and the G protein
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nucleotide binding pocket, with G protein coupling to a receptor leading to activation of
the G protein heterotrimer and its disassociation from the receptor. The process of coupling
is essentially synonymous with activation in these cases. A receptor-G protein interaction
that is unproductive and decoupled from nucleotide exchange like the V2R-G12 interaction
is highly atypical and contradicts expected behavior.
The decoupling from nucleotide exchange observed in the V2R-G12 interaction suggests
that the allosteric connection between the receptor agonist binding site and the G protein
nucleotide binding pocket is broken somewhere. Experiments conducted on Gα12 subunits
with C terminal deletions indicated the C-terminus of the Gα12 subunit was key for
stabilizing the interaction between V2R and G12 heterotrimers. Additional experiments with
Gα12 subunit chimeras suggested that the Gα12 subunit C terminus contributed significantly
to the high GDP-resistance observed in the V2R-G12 interaction. Point mutations in the
Gα12 subunit C terminus (I378Y and Q381del) were able to lower GDP resistance enough
to allow the V2R-G12 interaction to become productive and activate G12. Taken together
these experiments suggest that the allosteric disconnect in the V2R-G12 interaction most
likely occurs in the C-terminus of the Gα12 subunit. This is consistent with the known
allosteric mechanism for G protein activation. Normally, when a G protein heterotrimer
binds to an active receptor the once disordered C terminus (helix 5, H5) of the Gα subunit
becomes relatively ordered. This conformational change in H5 of the Gα subunit
disconnects it from helix 1 (H1) of the Gα subunit. Helix 1 when it is bound to H5 interacts
with GDP and stabilizes the nucleotide binding site. When this connection is broken the
Gα subunit releases GDP (9, 100). We hypothesize that when V2R binds to G12, H5 takes
on an orientation that does not break the connection between H5 and H1, preventing GDP
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release. If this hypothesis is correct, the exchange of the Gα12 subunit C terminus with that
of Gαs in the G12s chimera, and the G12 I378Y and G12 Q381del mutations were able change
the orientation of H5 enough to help break its connection to H1 and allow GDP release.
Another possible explanation for the lack of productivity observed for the V2R-G12
interaction is that V2R is able to initiate GDP release from the G12 heterotrimer but the
V2R-G12 interaction is unable to bind to or has a very low affinity for GTP. However, this
explanation is inconsistent with our Gα12 mutant experiments, since these experiments
indicate an important role for H5 of the Gα subunit in the nucleotide resistance of this
interaction, and H5 has not been implicated in GTP binding (9, 101). It is unlikely that the
empty Gα12 subunit is able to take one a conformation that completely prevents GTP
binding, but we cannot rule this possibility with our current experimental methods.
Evaluation of several G12-coupled receptors demonstrated that agonist induced GPCRG12 complexes have a wide range resistance to GDP. The interaction of SMO and FPR2
with G12 heterotrimers is relatively resistant to guanine nucleotides, indicating that in these
cases the receptor-G12 interaction is poorly coupled to nucleotide exchange. The G12
subunit has a low basal rate of nucleotide exchange compared to Gα subunits from other G
protein families and does not release nucleotides easily (92). Receptors may have evolved
stronger protein-protein interactions with G12 heterotrimers in order to overcome their high
affinity for GDP. This may explain why receptor interactions with G12 heterotrimers
display such a wide range of nucleotide exchange efficiency, from highly efficient
interactions to completely non-productive ones. Some receptors are highly efficient
guanine exchange factors (GEFs) for G12 heterotrimers and in these cases we observe little
GDP resistance. Whereas for receptors that are poor GEFs for G12 would expect to observe
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lower nucleotide exchange rates and nucleotide sensitivity. These receptors would be the
ones that would need to develop stronger less transient receptor-G protein interactions to
compensate for poor GEF activity. In some cases, receptors may even develop strong
protein-protein interaction, but be unable to activate the G protein they interact with as we
observe with V2R recruitment of G12 heterotrimers. In these cases, the receptor-G protein
complex is most likely unable to overcome structural or energetic barriers needed to go
through the correct conformational changes for activation. This decouples activation of the
receptor and recruitment of G proteins from G protein nucleotide exchange. As we noted,
the V2R-G12 complex is not the only receptor-G protein complex that appears to be
decoupled from nucleotide exchange, FPR2-G12 and Smo-G12 also appear be decoupled
from nucleotide exchange. Our ability to so easily find multiple receptors with seemingly
non-productive interactions indicates that these interactions may more common than we
expected. These complexes require further study, and future work may find similar
complexes with other Gα subunits types. The non-productive complexes observed in this
study provide evidence that the allosteric interaction between agonist binding, receptor-G
protein association, and G protein activation appears to be more variable than previously
appreciated.
D. The V2R-G12 interaction can inhibit some signaling pathways in-vitro
Our results indicate the V2R recruits G12 heterotrimers in an agonist dependent manner
that is resistant to GDP. Since V2R forms an unproductive complex with G12, this complex
can act as dominant negative on other signaling pathways by sequestering G12
heterotrimers or by blocking interaction signaling partners with V2R. Sequestration of G12
heterotrimers upon AVP stimulation of V2R inhibits basal RhoGEF translocation. The
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V2R-G12 interaction also competes away G12 heterotrimers from G12-coupled receptors
under certain conditions. The dominant negative effect the V2R-G12 interaction on Rho
activity may contribute to the physiological activity of V2R. AVP stimulation of V2R
activates Gs heterotrimers, increasing cAMP and transporting aquaporin to the membrane
of kidney collecting ducts cells (80, 98, 99). Rho is reported to act as an inhibitor of the
aquaporin transport process (102). The ability of the AVP stimulation of V2R to suppress
G12 downstream signaling pathways such as Rho, may play a role in mediating aquaporin
transport. We found that overexpression of G12 blunts arrestin recruitment to the V2R and
reduces receptor internalization. We hypothesize the mechanism of reduced arrestin
recruitment is that G12 is inhibition GRK recruitment to V2R bound to G12 heterotrimers.
The inhibitory effect of the V2R-G12 interaction on arrestin recruitment may regulate
receptor internalization and contribute to sustaining V2R signaling. Surprisingly, the V2RG12 interaction does not inhibit V2R mediated cAMP increases. This could possibly be
because Gs heterotrimers have a higher affinity for V2R than G12 heterotrimers. This would
allow Gs heterotrimers to displace G12 heterotrimers interacting with V2R. It should be
noted that all of our observations were made in-vitro in cell lines overexpressing the
proteins of interest. This limits our ability to extrapolate physiological activity. The
possible physiological effects of the V2R-G12 interaction are unknown and are worth further
investigation. Our results have given us a starting point, but the next steps would require
further experimentation in a more translational model.

86

V.

SUMMARY

1. G protein coupled receptor (GPCR)-G protein selectivity and unproductive GPCR-G
protein interactions were both studied using cell based bioluminescence resonance
energy transfer (BRET) and luminescence assays.
2. The use of apyrase to nucleotide deplete permeabilized cells stabilized GPCR-G
proteins interactions in the empty state. This greatly improved the sensitivity of
measurements of GPCR-G protein interactions while retaining fidelity to selectivity
patterns.
3. Gi-coupled receptors are relatively selective for Gi family subunits. Gs-, Gq-, and G12coupled receptors are relatively promiscuous and couple to at least one other Gα
subunit family. Interactions with Gαi1 subunits were found to be present to some extent
for almost every receptor tested.
4. GPCR-G protein selectivity relies on the C terminal 10 amino acids of the Gα subunit
and on the Gα ore. The relative importance of these two regions is receptor dependent.
Some receptors rely almost entirely on the Gα subunit core to recognize cognate Gα
subunits, while other receptors rely primarily on the C terminus or a mix of the two
regions.
5. Patterns of selectivity that are observed via direct GPCR-G protein coupling assays are
reproducibly observed in second messenger signaling assays. This confirms the role of
the Gα subunit core in functional GPCR-G protein selectivity.
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6. The vasopressin 2 receptor (V2R) couples to Gs and G12 heterotrimers. Stimulation of
V2R with the agonist arginine vasopressin (AVP) stimulates coupling to the Gs
heterotrimer. This coupling is stabilized by nucleotide depletion and destabilized in the
presence of guanine nucleotides, conforming to expected GPCR-G protein complex
behavior, where coupling to the receptor leads to G protein activation. The AVP
stimulated interaction between V2R and the G12 heterotrimer is equally robust in the
absence or presence of guanine nucleotides in permeabilized cells, and has a high
resistance to GDP. This suggests a lack of nucleotide exchange for the V2R-G12
interaction.
7. Agonist stimulation of V2R does not stimulate G12 downstream signaling pathways,
consistent with an unproductive interaction that does not exchange nucleotides.
8. When measured in vitro the interaction between V2R and G12 heterotrimers has a
dominant negative effect on G12 signaling, V2R arrestin recruitment, and V2R
internalization, but does not negatively impact V2R mediated cAMP production.
9. Mutations in the Gα12 subunit C terminus allow V2R downstream signaling through
pathways downstream of G12, indicating that changes in the C terminus can restore the
allosteric connection between the receptor ligand binding site and the G protein
nucleotide binding site.
10. The formyl peptide 2 receptor (FPR2) forms agonist stimulated interactions with G 12
heterotrimers that are highly resistant to GDP and that do not activate downstream
signaling.
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11. Receptor interactions with G12 heterotrimers demonstrate a wide range of GDP
resistance. The complexes formed between of GPCRs and Gs, Gi1, or Gq heterotrimers
are all have relatively low resistance to GDP.
12. The ability of GPCRs to form agonist-dependent unproductive complexes with G12
heterotrimers suggests that for some GPCRs agonist-dependent association with G12
heterotrimers is weakly coupled to or completely decoupled from nucleotide exchange.
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