bioRxiv preprint doi: https://doi.org/10.1101/2021.02.05.429900; this version posted February 6, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

preprint - Schihada et al. 2021

Title: Quantitative assessment of constitutive G protein-coupled receptor activity
with BRET-based G protein biosensors

Authors: Hannes Schihada'*, Rawan Shekhani!, Gunnar Schulte'*
Affiliations:

!'Section for Receptor Biology and Signaling, Department of Physiology and Pharmacology,
Karolinska Institutet, Biomedicum, Solnavigen 9, SE-17165 Stockholm, Sweden.

*To whom correspondence should be addressed:

Prof. Gunnar Schulte, Karolinska Institutet, Dept. Physiology & Pharmacology, Sec. Receptor
Biology & Signaling, S-171 77 Stockholm, Sweden; e-mail: gunnar.schulte@ki.se

Dr. Hannes Schihada, Karolinska Institutet, Dept. Physiology & Pharmacology, Sec. Receptor
Biology & Signaling, S-171 77 Stockholm, Sweden; e-mail: hannes.schihada@ki.se.

One Sentence Summary: This Resource article describes the validation of a biophysical
approach to directly assess the constitutive signaling activity of G protein-coupled receptors
through heterotrimeric G proteins in living cells using optical biosensors.

Abstract: Heterotrimeric G proteins constitute the primary transducers of G protein-coupled
receptor (GPCR) signaling. Besides mediating ligand-induced GPCR activation, G proteins
transduce basal levels of activity in various physiological and pathophysiological settings evoked
by constitutively active, native GPCRs or disease-related receptor mutants. Several generations
of optical biosensors were developed and optimized to monitor GPCR ligand-induced G protein
activation, however, quantitative approaches to detect constitutively active GPCRs are not
available. Here, we designed and validated a set of eight bioluminescence-resonance-energy-
transfer (BRET)-based G protein sensors, covering all four major families of G proteins, and
established a protocol to identify constitutive GPCR/G protein signaling in living cells. These
sensors rely on the encoding of all three G protein subunits on a single plasmid, enabling their
cellular expression at desired relative levels and resulting in reduced signal variability in
mammalian cells. Based on this sensor platform, we further present here an experimental
protocol to quantify constitutive signaling of native and mutated GPCRs through these
heterotrimeric transducers. This approach will aid in the characterization of constitutively active
GPCRs and the exploration of their role in health and disease.

Introduction

Heterotrimeric G proteins represent the prime intracellular transducer proteins of G
protein-coupled receptors (GPCRs), which constitute the largest family of membrane targets for
approved drugs (/). G proteins are plasma membrane-anchored complexes composed of three
distinct subunits, named in order of their respective molar masses Ga, Gp and Gy, and grouped
into four major families, Gs, Gij, Gq/11 and Gi2/13, based on the signaling pathways promoted by
the Go subunit (2). These three subunits form inactive heterotrimeric holoenzymes with
guanosine diphosphate (GDP) bound to Ge. Ligand-induced GPCR activation and subsequent
GPCR/G protein interaction catalyzes GDP exchange for guanosine triphosphate (GTP) and
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complex dissociation into active Go and Ggy molecules, further relaying the signal to a plethora
of cellular effectors (2-4). However, the concept of Ga-Gpy dissociation as a consequence of G

protein activation has been challenged by previous studies (5-8) and remains a matter of debate
(9-11).

In addition to agonist-induced receptor/G protein activation, numerous GPCRs exert
tissue-specific, constitutive (i.e., agonist-independent) G protein activation. Moreover, excessive
signal transduction through gain-of-function mutations in GPCR genes is implicated in various
human disorders (/2-16). Since the late 80s, investigating constitutive GPCR activity has mostly
relied on either (i) laborious biochemical quantification of GTPase activity or (ii) measurements
of downstream effector activity (e.g. adenylyl cyclases (AC) activated and inhibited by Gs and
Gijo, respectively), intracellular second-messenger levels (e.g. cyclic adenosine monophosphate,
cAMP, downstream of Gas and Gai/o and inositol phosphates, IP1/2/3, downstream of Gag/11
signaling) and other integrated cellular responses even further downstream of receptor/G protein
interactions (/7-27). However, assessment of constitutive activity of GPCR/G protein complexes
based on intracellular second messenger levels is limited to subtypes of the Gs and Gg/11 families,
does not reveal functional selectivity within the same G protein family (e.g. Gq vs. Gis), and
often requires control experiments with inverse agonists, which are not available for many
GPCRs. For these reasons, more proximal, direct and generalizable methods, applicable to all G
protein families with subtype-specific resolution are required to accelerate the exploration of
constitutive GPCR/G protein signaling and to allow for a comprehensive screening of basal
GPCR activity for drug discovery.

Several generations of fluorescence- and bioluminescence-resonance-energy-transfer
(FRET and BRET)-based G protein biosensors were developed since their initial description in
the early 2000s (3, 28-36) and seminal work in identifying optimal labeling sites in individual G
protein subunits, in particular in Go (8, 37), has been done. The great majority of these sensors is
based on tagging Go with a FRET or BRET donor and either Gp or Gy with an appropriate
fluorescent protein serving as an energy acceptor. Building on these efforts in G protein
biosensor developments, a more recent large-scale comparison of BRET donor (i) insertion sites
within Go and (ii) Go/Gp/Gy combinations resulted in a toolbox of sensitive G protein biosensors
named TRUPATH (37). Despite the improved sensitivity of these biosensors in head-to-head
comparisons with previous G protein BRET probes, measuring G protein activity still requires
simultaneous host cell transfection with three plasmids, each encoding one of the synthetic G
protein subunits. This limitation leads to inter-cell varying expression levels of the G protein
subunits, which has a substantial impact on the assay’s sensitivity when submaximal effects,
such as those arising from GPCR constitutive activity, are under investigation. Moreover, the
necessity to co-transfect a mammalian cell population with three individual plasmids cannot
ensure a balanced expression ratio of the three subunits, artificially changing the BRET signal of
these intermolecular sensors and, ultimately, disguising the BRET responses induced by co-
expression of a constitutively active GPCR.

For these reasons, we aimed to develop a novel set of BRET-based G protein activity sensors,
that rely on the seminal developments of optical G protein probes, and overcome the limitations
arising from multi plasmid co-transfection. This novel set of BRET sensors encoded on
tricistronic plasmids exhibits improved sensitivity compared to their three-plasmid-based
counterparts and allowed us to establish an experimental setup to assess the constitutive activity
profiles of native receptors and disease-related GPCR mutants.
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Results
Design of G protein activity sensors

To generate BRET-based biosensors that detect G protein activity upon GPCR-mediated Go-Gpy
dissociation (Fig. 1A), we (i) tagged Go and Gy with suitable energy transfer partners, and (ii)
encoded these labeled constructs along with native Gg on a single plasmid (Fig. 1B). We took
advantage of the seminal work in identifying optimal insertion sites in Go proteins (33, 37) and
tagged eight distinct Gu subunits, covering all four major G protein families, with the small and
bright luciferase NanoLuciferase (Nluc) (38) at the recommended sites. Gy subunits were N-
terminally labeled with circularly permuted Venus (cpVenus'”?) since this fluorescent protein has
served as a sensitive energy acceptor in previous FRET and BRET biosensors (33, 39, 40). The
genes encoding these engineered G protein subunits were then combined on a single plasmid
(Fig. 1C). Gp and Gy cDNA were encoded as a single transcript, linking the subunits with an 18
amino acid viral T2A peptide sequence that is self-cleaved post-translationally in intact cells
(41). Co-expression of Nluc-Go was facilitated by an upstream internal ribosome entry site
(IRES) (41), as employed previously for Gii-3 and G13 FRET sensors (37, 33) in order to reduce
expression level variability upon transfection into mammalian host cells.

Functional validation of G protein BRET sensors

First, we confirmed efficient co-expression of labeled G protein subunits upon
transfection of these tricistronic plasmids in HEK293A cells by recording the luminescence
emission spectra upon addition of the Nluc substrate furimazine (Fig. S1). Transfection with all
eight biosensors resulted in luminescence spectra with a characteristic Nluc emission peak at ~
450 nm and the cpVenus-related peak at ~ 530 nm, confirming (i) the successful co-expression
of tagged G protein subunits upon transfection with a single plasmid and (ii) basal Nluc-to-
cpVenus resonance energy transfer in each biosensor.

In order to verify the functionality of these biosensors to dynamically report G protein activity in
living cells, we next co-transfected previously validated GPCRs along with the BRET sensors for
their cognate G proteins (histamine Hj3 receptor (H3R) / Gi1, Giz, Gi3, Go1; B2-adrenergic receptor
(B2AR) / Gg; thromboxane A2 receptor (TBXA2R) / Gg, Gis, Gi3) (42). Agonist-induced
activation of all eight receptor / G protein pairs resulted in significant time- and concentration-
dependent BRET reductions, revealing activated receptor-mediated dissociation of Nluc-tagged
Ga and cpVenus-tagged Gpy subunits (Fig. 2A-H). The amplitude of the BRET response ranged
from ~ -10% for Gs and G5 to ~ -35 % with Gi3, indicating distinct sensitivities of these
biosensors and/or Ga-specific underlying mechanisms following GPCR activation. The
concentration-response curves of these BRET signals revealed ligand potencies that were in good
agreement with values obtained with other receptor-specific readouts (Fig. 2I-P) (28, 42, 43),
further confirming the reliability of this novel sensor platform to detect ligand- and GPCR-
dependent signaling through individual effector proteins.

Superior sensitivity of the tricistronic sensor design

After confirming that these tagged G protein subunits are mutually expressed and report agonist-
induced GPCR/G protein activation, we aimed to assess whether the tricistronic sensor design
yields higher assay sensitivity compared to parallel transfection with three separate G protein
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subunits. We co-expressed the thromboxane A2 receptor (TBXA2R) along with either all three
plasmids separately encoding the G13 sensor subunits (pcDNA-Gui13-Nluc + pcDNA-Ggp3 +
pcDNA-cpVenus-Gy) (Fig. 3A, Fig. S2A, B), or with the tricistronic Gi3 sensor plasmid (Fig.
3B, Fig. S2C, D) and treated the cells with vehicle control or the TBXA2R agonist U-46619 (1
uM) to calculate the resulting Z-factor (44). These experiments revealed a substantially higher
average Z-factor and lower coefficient of variation (below 10%) with the tricistronic transfection
system and demonstrate its improved, even high-throughput screening amenable, assay
sensitivity, robustness and reproducibility (Fig. 3C).

Luminescence/BRET correlation

The superior sensitivity of these novel G protein biosensors tempted us to explore
whether these optical tools are able to detect dissociation of heterotrimeric G proteins upon co-
expression of a constitutively active GPCR, i.e. without the addition of a cognate GPCR agonist.

In theory, co-expression of a constitutively active receptor would result in a reduced G
protein BRET ratio compared to empty vector-transfected control cells, independently from the
G protein sensor’s expression level (model in Fig. 4A). However, both technical and biological
factors can contribute to increasing or decreasing BRET ratios over varying absolute G protein
sensor emission intensities within the same biological sample (model in Fig. 4B). The former
include emission wavelength-dependent sensitivities of photon-collecting, -counting and -
converting (into electrical signals) optical detectors in commercially available luminescence
plate readers (45). For instance, a higher sensitivity in detecting increases in emission intensity in
the cpVenus channel would artificially elevate the sensor’s BRET ratio over increasing relative
luminescence units (e.g. resulting from varying sensor expression levels or cell densities). On the
other hand, biological factors affecting G protein sensor activity (and therefore its BRET ratio)
include relative expression levels of the overexpressed G proteins to endogenously expressed
interaction partners (such as constitutively active GPCRs, native G protein subunits associating
with exogenous labeled sensor molecules, non-GPCR activators of G protein signaling or
GTPase-activating proteins, e.g. regulators of G protein signaling, RGS; (46, 47)). Furthermore,
a high density of overexpressed G protein sensors can result in BRET from one Nluc molecule to
multiple BRET acceptors and the relative G protein sensor / GPCR expression levels will
presumably affect the calculated BRET ratio (i.e. the higher the G protein excess, the smaller the
BRET reduction due to const. GPCR activity) (model in Fig. 4C). These underlying confounders
would hamper a direct comparison of G protein BRET ratios in GPCR- vs. control-transfected
samples for the assessment of constitutive GPCR activity (see blue encircled data points in Fig.
4B, C).

To overcome these obstacles, we set out to first evaluate experimentally how BRET changes
over varying G protein sensor luminescence intensities (Fig. SA-H). As expected, BRET was not
stable over the tested range of emission intensities and resulted in a direct linear correlation
between relative Nluc light units (representing the absolute G protein sensor levels per well) and
the corresponding BRET ratio (assessed through runs test for linearity, Table S1). Of note,
technical settings of the luminescence measurement (e.g. channel bandwidth and photon number
multiplicators “gain”) determine the parameters of this linear BRET/Nluc correlation.

Assessment of constitutive GPCR signaling through heterotrimeric G proteins

In order to evaluate the fidelity of the G protein biosensors to detect constitutively active
GPCRs, we co-transfected four previously confirmed, constitutively active GPCR/G protein
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pairs in HEK293A cells: H3R with Gi; (48-52), the Cannabinoid receptor 1 (CB1) with Gi3 (53-
56), B2AR with Gs (57-60), and TBXA2R with Gq (67-63). By plotting the BRET ratios of co-
transfected samples as a function of the sensors’ relative light units (in the Nluc emission
channel), we determined the Y-intercept of each fit. This extrapolated BRET value, henceforth
referred to as ‘BRET(’, allows us to correct for varying luminescence intensities and to compare
G protein activity at a fixed (virtual) sensor expression level (Fig. 6A-D). This biophysical
approach confirmed constitutive signaling of all four GPCRs through their cognate G proteins
(Fig. 6E — H), underlining the reliability of our method to detect constitutively active GPCRs. In
contrast, comparing the BRET ratios of receptor- vs. pcDNA-transfected samples without
correction for distinct sensor emission intensities would not reveal the constitutive signaling
activity of H3R and B2AR (Fig. S3). In addition to these findings with known constitutively
active GPCRs, experiments with the Gio-coupled aza-adrenergic receptor (a2aAR) exhibited a
significantly reduced BRET, value only with Go1 but not with any other G protein biosensor
(Fig. 61, Fig. S4). These data resemble the findings of a previous study where coaAR signaled
constitutively through co-transfected Gao (64), and highlight the specificity of this method in
detecting constitutively active GPCRs with a low number of false-positive results. To further
confirm our results of constitutive activity GPCR/G protein activity, we applied the CB receptor
inverse agonist rimonabant to CB; receptor/Gis-transfected cells and recorded a rapid,
concentration-dependent increase in BRET, confirming the re-assembly of a pre-activated
heterotrimer upon GPCR de-activation (Fig. S5).

Next, to employ and validate our approach with another set of constitutively active
receptors, we investigated the G protein activity profile of a cluster of orphan class A GPCRs:
GPR3, GPR6 and GPR12 (65). Expression of these receptors elevates the basal levels of cAMP
(20, 66, 67), arguing for constitutive signaling through G and adenylyl cyclases (ACs). In
addition, GPR6 and GPR12 have indirectly (i.e. through pharmacological Gi. inhibition) been
linked to constitutive activation of Gi, family proteins (68). However, evidence for direct
activation of Gs and Gy, proteins by GPR3/6/12, as well as a comprehensive evaluation of
(constitutive) coupling of these orphan GPCRs to other G protein families is currently lacking.
By determining the luminescence/BRET correlation of each control and GPR3/6 or 12-
transfected sample (Fig. S6), we assessed constitutive coupling of these orphan GPCRs to eight
distinct G proteins (Fig. 7A-H). These data confirmed the constitutive activation of Gs by all
three orphan GPCRs (Fig. 7e), leading to the previously reported induction of the AC/cAMP
pathway. Furthermore, we found constitutive activation of Go1 by GPR12 (Fig. 7D) but no basal
signaling activity in any other GPR/G protein pair. In contrast to these results, comparison of raw
BRET values without correction for distinct luminescence intensities failed to reveal the
constitutive activity of Gs and revealed several putative false-positive GPR/G protein pairs (Fig.
S7).

After confirming that our approach reveals constitutive activity of wildtype GPCRs, we
ultimately aimed to screen the activity profile of disease-related receptor mutants. As a model,
we chose the class B parathyroid hormone receptor 1 (PTHR1) since this receptor activates both
Gs and Gg/11 family members upon binding of its endogenous agonist parathyroid hormone
(PTH) (42). Furthermore, biochemical studies in the late 90s linked three distinct Jansen-type
metaphyseal chondrodysplasia-related PTHR1 point mutants (H>*°R, T%*?P and I"*°R) to
enhanced basal levels of cAMP but not of IP123 (69-72). We introduced these point mutations
into N-terminally HA-tagged PTHR1 and confirmed the functional expression of these receptors
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at the cell surface (Fig. S8). Surprisingly, the G protein BRET experiments with wildtype and
mutated PTHR1 indicated a rather promiscuous constitutive signaling profile of the three
receptor point mutants (Fig. 8, Fig. S9). Besides constitutive activation of Gs by H**’R and I"°°R
(but not T®4?P), all three mutants also exhibited ligand-independent signaling through the other
three major G protein families.

Discussion

GPCR signaling through heterotrimeric G proteins constitutes the central event in a
plethora of physiological and pathological processes. A number of native and disease-related
mutant GPCRs exert tissue- and expression level-dependent constitutive activity resulting in
ligand-independent activation of G protein-mediated signaling cascades. Due to a lack of
sensitive, robust and generalizable techniques to assess GPCR/G protein activity at a proximal
level, most studies on constitutive GPCR activity rely on the quantification of second messengers
which, themselves, are involved in various (including GPCR- and G protein-independent)
cellular pathways, hampering their direct correlation to basal receptor activity.

Here, we addressed this limitation by validating a new cell-based approach relying on
optical G protein biosensors that show higher degrees of activity upon co-expression of
constitutively active GPCRs. These sensors were obtained by fine-tuning the sensitivity and
robustness of previously described FRET- and BRET-based G protein biosensors and by
encoding all three sensor subunits on a single tricistronic plasmid. This design resulted in a
substantially improved assay sensitivity, which allowed us to establish a new experimental
approach to investigate constitutive activity of GPCRs. Furthermore, this plasmid design
simplifies the generation of stably expressing cell lines for the purpose of compound screening
and hit validation.

The fidelity of our approach to assess constitutive GPCR/G protein activity relies on the
correction for varying sensor emission intensities (which artificially affect the BRET ratio, Fig.
5) by comparing BRET values at maximum receptor excess (‘BRET(’), derived from linear
regression of total luminescence and corresponding BRET ratios (Fig. 6). This normalization
procedure can also be used to correct BRET or FRET signals obtained with other signaling
readouts. These include, for instance, the direct assessment of GPCR/Gq coupling (73) or
GPCR/B-arrestin interaction and signaling (74, 75), the relative quantification of intracellular
second messenger levels, or the measurement of pathway activity in GPCR-dependent bystander
BRET assays (76). However, the approach is limited to compare only data collected with the
very same reading parameters since technical settings (e.g. emission channel widths,
luminescence integration time, pre-set gain multiplication factors or the color of the microtiter
plates) affect the total number of detected photons and their conversion into electrical currents,
thereby shaping the best-fit parameters of linear luminescence/BRET correlations.

On the other hand, the need to overexpress engineered G proteins along with the receptor
of interest limits the reliability of our approach as physiologically irrelevant receptor/effector
expression ratios can be obtained. Stable expression of these G protein biosensors at
physiological levels would benefit the fidelity of this method and labelling of endogenous G
protein subunits by gene-editing technologies could enable translation of these findings to in-
vivo model systems. Furthermore, it is important to note that these biosensors report on the
spatial separation of Go and Gpy subunits but do not directly reveal GDP/GTP exchange in Ga
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subunits as obtained with Go-GTP-targeted BRET reporters (77). Likewise, unproductive
coupling of receptors to heterotrimeric G proteins is not detected by these optical tools as these
pairings, by definition, do not result in G protein activation (78).

With the considerations discussed above, our sensor toolbox combined with the new analysis
scheme provides an advanced biophysical platform to screen for constitutively active GPCRs in
living cells with subtype-specific resolution. In contrast to previously employed techniques used
to investigate basal GPCR/G protein activity, no application of radiochemical tracers (e.g.
[**S]GTPYS) or cell lysis is required, and the readout is less amplified or prone to distortion by
signaling crosstalk as compared to second messenger-based technologies (e.g. cAMP and IP1/213).

From a biological perspective, our data obtained with the orphan class A GPCRs and disease-
related PTHR1 mutants might be of high relevance for future (orphan) GPCR-directed screening
campaigns and for the development of PTHR 1-targeting, personalized medication. While our
results resembled previous reports on constitutive signaling of GPR3, GPR6 and GPR12 through
Gs and Go1, some of our PTHRI results contrast the outcome of earlier biochemical
investigations. For instance, PTHR1 T®**P did not mediate constitutive Gs activity in our setup
(in HEK293 cells) despite (partially) elevating cAMP in COS-7 cells (69, 72). Furthermore, the
significant BRET) signals of PTHR1 H**°R/Gq, PTHR1 H?**°R/Gs and PTHR1 I"*R/Gs are
not consistent with the lack of IP1/2/3 elevation (70-72). These discrepancies can be due to
diminished signal amplification in our G protein-based assay (compared to second-messenger
quantification assays) or reflect the distinct G protein and downstream effector (such as adenylyl
cyclase II activated by Gpy complexes) expression profiles in HEK293 vs. COS-7 cells.

In summary, the application of this technology and its further adjustment for use in
physiologically more relevant samples will help elucidating the basal signaling profiles of
GPCRs and aid in a deeper understanding of GPCR/G protein function in health and disease.

Materials and Methods
Plasmids and molecular cloning

Plasmids encoding N-terminally FLAG-tagged B2AR and HA-tagged PTHR1 were
described previously (39) and used for the generation of HA-tagged PTHR1 point mutants
H?R, T64?P and IR using the Geneart Site-directed Mutagenesis Kit (Thermo Fisher
Scientific). Plasmid encoding wild-type TBXA2R was kindly provided by A. Inoue (Tohoku
University, Sendai, Japan). Wildtype H3R, GPR3, GPR6, GPR12 and G protein subunits were
either purchased from cDNA.org in pcDNA vectors or amplified from previously described G
protein sensors (34). PCDNA-Gao1-Nluc, pcDNA-Ga13-Nluc and pcDNA-Ga15-Nluc were
synthesized by GenScript. The subunits were then fused to cpVenus'” or Nluc at the indicated
positions (Fig. 1¢) and encoded on a tricistronic T2A-IRES vector as described previously (32,
34) using established PCR techniques and restriction enzymes. All constructs were verified by
sequencing (Eurofins genomics).

Reagents

Histamine dihydrochloride was purchased from Tocris Bioscience (Wiesbaden-
Nordenstadt, Germany). Poly-D-lysine (PDL), isoprenaline, ICI118.551 and U-46619 were
obtained from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). The Nluc substrate
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furimazine was from Promega (Madison, WI, USA) and white-wall, white-bottomed 96-well, as
well as flat-bottomed transparent microtiter plates were from Gibco (Waltham, MA, USA).

Cell culture

HEK293A cells were used for transient expression of GPCRs and G protein biosensors
and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 2 mM
glutamine, 10% fetal calf serum, 0.1 mg/mL streptomycin, and 100 units/mL penicillin at 37 °C
with 5% COs.

Transient transfection and plating

Resuspended cells (300,000 cells / mL) were transfected in suspension with a total of 1
pg DNA / mL suspension using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA). For transfection of PTHR1 constructs only, 1 pug of the plasmids were transfected per mL
cell suspension. Titration experiments shown in Fig. 5 were obtained by transfecting 1-100%
sensor DNA in a total of 1 pg DNA per mL cell suspension (added up with pcDNA). For co-
transfection of GPCRs along with tricistronic G protein sensors, 500 ng GPCR and 500 ng G
protein sensor were combined. To transfect TBXA2R along with plasmids separately encoding
the G13 sensor subunits, 500 ng GPCR plasmid were combined with 167 ng pcDNA-Ga13-Nluc,
167 ng pcDNA-Gg; and 167 ng pcDNA-cpVenus'*-Gyo. Cells mixed with the transfection
reagents were seeded onto PDL-pre-coated 96-well plates and grown for 48 hours at 37 °C with
5% COz. White plates were used for the recording of luminescence spectra and BRET
experiments, transparent, flat bottom 96-well plates were used for the assessment of PTHR1
surface levels.

Assessment of PTHR 1 surface expression through live-cell ELISA

For quantification of cell surface receptor expression, HEK293A cells transfected with
pcDNA or N-terminally HA-tagged PTHR1 constructs were grown for 48 hours in transparent
96-well plates and washed once with 0.5% BSA in PBS. Next, cells were incubated with a rabbit
anti-HA-tag antibody (1 pg/ml, cat# ab9110; Abcam) in 1% BSA-PBS for 1 h at 4 °C.
Following incubation, the cells were washed three times with 0.5% BSA—PBS and incubated
with a horseradish peroxidase-conjugated goat anti-rabbit antibody (0.3 pg/ml, cat# 31460;
Thermo Fisher Scientific) in 1% BSA—PBS for 1 h at 4 °C. The cells were washed three times
with 0.5% BSA/PBS, and 50 pul of the peroxidase substrate 3,3',5,5'-tetramethylbenzidine
(T8665; Sigma-Aldrich) was added. Subsequently, the cells were incubated for 20 min and 50 pl
of 2 M HCI was added. The absorbance was read at 450 nm using a BMG Q POLARstar plate
reader.

Recording of G protein luminescence spectra

HEK293A cells were transfected and seeded as described above. Luminescence emission
of the G protein sensors was recorded between 400 nm and 600 nm with 2 nm resolution in
HBSS upon addition of 1:1,000 furimazine dilution. All experiments were conducted using a
CLARIOstar plate reader (BMG, Ortenberg, Germany) and spectra were normalized to the donor
emission peak.

BRET measurements

Transfected cells grown for 48 hours in 96-well plates were washed with HBSS and
incubated with 1/1,000 dilution of furimazine stock solution. After incubation for 3 minutes at 37
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°C, the BRET ratio was measured in two consecutive reads for the assessment of constitutive
receptor activity. To assess GPCR ligand-induced changes in G protein BRET, three basal reads
were followed by addition of ligand solutions or vehicle control and subsequent BRET reads for
to detect ligand-induced changes in BRET. All experiments were conducted at 37 °C with a
CLARIOstar plate reader. Nluc emission intensity was selected using a 450/40 nm
monochromator (Gain: 3600) and cpVenus'”® emission using a 535/30 nm monochromator
(Gain: 4000) with an integration time of 0.3 seconds in both channels.

Data analysis

BRET ratios were defined as acceptor emission/donor emission. The basal BRET ratio
before ligand stimulation (Ratiopasal) was defined as the average of three consecutive BRET
values (respectively nine consecutive basal reads for the data presented in Fig. S5). To quantify
ligand-induced changes, ABRET was calculated for each well as a percent over basal [(Ratiosim—
Ratiopasal)/ Ratiopasal] * 100). Subsequently, the average ABRET of vehicle control was
subtracted. Three consecutive BRET ratios (Ratiosim) were averaged for the generation of
ABRET ligand concentration-response curves and Z-factor analyses. Z-factors were calculated
according to Zhang et al. (44) based on the following equation:

3xo[vehicle] + 3xo[U — 46619])

Z — tor =
factor u[vehicle] — u[U — 46619])

where ¢ and p are the standard deviations and average ABRET values of 10 uM U-46619 and
vehicle control, respectively.

Data were analysed using Prism 5.0 software (GraphPad, San Diego, CA, USA). Data from
BRET and luminescence concentration—response experiments were fitted using a four-parameter
fit. Nluc/BRET plots were fitted using a linear fit and tested for deviation from linear correlation
applying runs test (p < 0.05). BRET, was defined as the Y-intercept with its computed standard
error resulting from the linear fit of BRET values over increasing Nluc intensities. Differences
between BRET) values were tested for significance using either Student’s t-test (Fig. 6) or one-
way ANOVA followed by Dunnett’s multiple comparison (Fig. 7, 8) as indicated in the figure
legends. P values < 0.05 were considered significant.

Supplementary Materials
Fig. S1: Bioluminescence spectra of tricistronic G protein biosensors.
Fig. S2: Z-factor data used to assess assay improvement with the tricistronic sensor design.

Fig. S3: Assessment of constitutive GPCR activity without correction for distinct G protein
sensor emission intensities.

Fig. S4: BRET over Nluc plots for the assessment of constitutive G protein activity profiles in
the orphan class A GPCR cluster GPR3, GPR6 and GPR12.

Fig. S5: Effect of the inverse agonist rimonabant on CB; receptor-mediated Gis sensor activation.

Fig. S6: BRET over Nluc plots for the assessment of constitutive G protein activity profiles in
the orphan class A GPCR cluster GPR3, GPR6 and GPR12.
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Fig. S7: Assessment of constitutive orphan GPCR activity without correction for distinct G
protein sensor emission intensities.

Fig. S8: Surface expression levels of PTHR1 point mutants.

Fig. S9: BRET over Nluc plots for the assessment of constitutive G protein activity profiles
orphan Jansen’s disease-related PTHR 1 mutants.

Table S1. P-values of runs test for deviation from linear correlation in Figure 5.
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Figures and Figure Legends:

Figure 1
A constitutively active or B
inactive GPCR agonist-bound GPCR

self-cleavage site
Nluc cpVenus'”®

ATG start codon TAA stop codon ATG TAA
('_—) G, -chenus-IRES
GRGSLLTCGDVEENPG;P
K A ', «

high BRET

low BRET
c G, subunit Nluc insertion site within G, G, subunit cpVenus-G, subunit
i1 A121/E122 1 2
i2 C112/E115 1 2
i3 A114/E115 1 2
o1 L91/G92 3 9
s(short) N136 / V137 1 1
q F124/E125 8 9
15 E244 / N245 3 9
13 F125/D126 3 9

Fig. 1: Design of BRET-based G protein activity sensors. A) Assay principle. B) Design of the
tricistronic G protein sensor plasmid. C) Composition of tricistronic G protein sensor
plasmids.
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Fig. 2: Functional validation of BRET-based G protein biosensors. A-H) ABRET time-
courses of eight G protein BRET sensors upon GPCR agonist addition. I-P)
Corresponding ABRET ligand concentration-response curves. All experiments were
conducted in HEK293A cells transiently co-transfected with the indicated GPCR/G
protein sensor pair and stimulated with the indicated GPCR ligand (arrow indicates time
point for stimulation). Data show mean + s.e.m. of three to four independent experiments.
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Figure 3
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Fig. 3: Improved assay sensitivity with tricistronic sensor design. A) Representative ABRET
signals of the Gi3 BRET biosensor upon separate co-transfection with the three G protein
subunits and TBXA2R. B) Representative ABRET signals of the Gi13 BRET biosensor
upon transfection of the tricistronic G protein sensor plasmid along with TBXA2R. The
dotted lines in (A) and (B) represent mean + three-fold standard deviation of vehicle- and
TBXAZ2R agonist (1 uM U46619)-induced BRET changes. C) Mean =+ s.e.m. Z-factors of
three independent G135 sensor experiments upon transfection with the separate (left) or
tricistronic (right) sensor plasmids and TBXA2R. All experiments were conducted in
transiently transfected HEK293A cells.
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Figure 4
A stable BRET over varying G protein B bwological and technical factors affect BRET c relative GPCR / G protein sensor levels
SENsor expression levels over varying absolute G profein emission infensities affeciing G protein sensor BRET
HS ¥
8 X =) e 2 3
P e X gl 80
= xR E xR0
w X s e W .- —""X L JURLY
o * ® X 4 e o
o m i ‘_Z(—'x o P
E 8| % 8 | *
¥ empty vector + G protein sensor
* const. active GPCR + G protein sensor
absolute G protein sensor emission absolute G protein sensor emission absolute G protein sensor emission

Fig. 4: Theoretical models for correlation of the measured BRET ratio and G protein
sensor emission. A) Scheme for luminescence intensity-independent BRET behavior
(slopes equal to 0). Co-transfection of constitutively active GPCRs results in a reduced
BRET ratio over the entire range of G protein sensor intensities. B) Direct linear
correlation of G protein sensor emission and the measured BRET ratios due to technical
and biological factors affecting photon detection and conversion, and modulating G
protein activity, respectively. Expression of constitutively active GPCRs results in a
parallel linear correlation with reduced BRET ratios at similar G protein sensor emission
intensities. C) G protein sensor co-transfection with control vs. constitutively active
GPCRs results in linear correlation with distinct slopes. The molecular GPCR:G protein
sensor ratio, which is highest at low G protein sensor intensities, elicits a steeper linear fit
compared to the negative control model.
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Fig. 5: Experimental validation of the correlation between measured BRET ratios and G
protein sensor emission. BRET over Nluc luminescence plots of the indicated G protein
sensors. All experiments were conducted in HEK293A cells transiently transfected with
increasing amounts of the tricistronic G protein sensors. Data show mean =+ s.d. of three
individual experiments and fitted to a linear correlation. Runs test was conducted to
confirm linear correlation between BRET and Nluc emission intensity (see Table S1).
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Fig. 6: Assessment of constitutive GPCR activity using G protein BRET sensors. A-D)
BRET over Nluc luminescence plots of HEK293A cells co-transfected with a tricistronic
G protein sensor along with pcDNA or a constitutively active GPCR. Data show mean =+
s.d. of individual experiments fitted to a linear correlation. E-H) Normalized BRET),
values + s.e.m. resulting from the linear fits in (A-D). I) Normalized BRET, values of
cells co-transfected with the indicated G protein BRET sensor along with either pcDNA
or the the awa-adrenergic receptor (c2aAR). Statistical difference to pcDNA was tested
using Student’s unpaired t-test (p < 0.05). Data show mean =+ s.d. (A-D) or s.e.m (E-I) of

three to four independent experiments conducted in transiently transfected HEK293 A
cells.
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Fig. 7: Constitutive G protein activity profiles of the orphan class A GPCRs GPR3, GPR6
and GPR12. Normalized BRET) values + s.e.m. resulting from the linear fits of BRET
over Nluc luminescence plots in Fig. S5 (five to six independent experiments). Statistical
difference to pcDNA was tested using One-way ANOVA followed by Dunnett’s multiple
comparison (p < 0.05). All experiments were conducted in transiently transfected

HEK293A cells.
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Fig. 8: Constitutive G protein activity profiles of Jansen’s disease-related PTHR1 mutants.
Normalized BRET) values + s.e.m. resulting from the linear fits of BRET over Nluc
luminescence plots in Fig. S8 (three independent experiments). Statistical difference to
wildtype PTHR1 was tested using one-way ANOVA followed by Dunnett’s multiple

comparison (p < 0.05). All experiments were conducted in transiently transfected
HEK293A cells.
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