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Classical pharmacological models have incorporated an “intrinsic
efficacy” parameter to capture system-independent effects of G
protein—coupled receptor (GPCR) ligands. However, the nonlinear
serial amplification of downstream signaling limits quantitation of
ligand intrinsic efficacy. A recent biophysical study has character-
ized a ligand “molecular efficacy” that quantifies the influence of
ligand-dependent receptor conformation on G protein activation.
Nonetheless, the structural translation of ligand molecular efficacy
into G protein activation remains unclear and forms the focus of
this study. We first establish a robust, accessible, and sensitive
assay to probe GPCR interaction with G protein and the Ga C ter-
minus (G-peptide), an established structural determinant of G pro-
tein selectivity. We circumvent the need for extensive purification
protocols by the single-step incorporation of receptor and G pro-
tein elements into giant plasma membrane vesicles (GPMVs). We
use previously established SPASM FRET sensors to control the stoi-
chiometry and effective concentration of receptor-G protein inter-
actions. We demonstrate that GPMV-incorporated sensors (v-SPASM
sensors) provide enhanced dynamic range, expression-insensitive
readout, and a reagent level assay that yields single point measure-
ments of ligand molecular efficacy. Leveraging this technology, we
establish the receptor-G-peptide interaction as a sufficient struc-
tural determinant of this receptor-level parameter. Combining
v-SPASM measurements with molecular dynamics (MD) simulations,
we elucidate a two-stage receptor activation mechanism, wherein
receptor-G-peptide interactions in an intermediate orientation alter
the receptor conformational landscape to facilitate engagement of a
fully coupled orientation that tunes G protein activation.

G protein-coupled receptors | giant plasma membrane vesicles | FRET
sensors | ligand efficacy | molecular dynamics simulations

Gprotein—coupled receptors (GPCRs) are a superfamily of
over 800 integral membrane proteins that are a major target
of modern drugs (1, 2). GPCRs trigger cellular signaling cascades
through the ligand-dependent activation of G proteins. The C
terminus (last 27 amino acids) of the G protein a-subunit
(G-peptide) is one of the important structural elements in the
selective G protein activation by GPCRs (3, 4). An activated
GPCR engages the G-peptide to relay GDP exchange and con-
sequent G protein activation (5). Swapping residues in the
G-peptide is a long-established strategy to drive promiscuous
GPCR-G protein coupling, attesting to its role in cognate G
protein recognition (6, 7). Despite its established function in
selective G protein activation, the role of the G-peptide in de-
termining agonist efficacy remains poorly understood and forms
the focus of this study.

Spectroscopic studies have highlighted dynamic conforma-
tional ensembles populated by the GPCR in response to ligand
stimulation (8). In turn, single molecule Forster resonance en-
ergy transfer (FRET) studies of p2AR reveal that agonist binding
causes a shift in the GPCR conformational ensemble, with cor-
responding changes in GDP-GTP exchange rates (9). The ki-
netics of conformational changes in the GPCR |and consequent
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G protein activation were used to derive a “molecular efficacy”
that quantifies the intrinsic effect that a ligand imposes directly
onto its target GPCR. However, the structural basis of molecular
efficacy and its association with the G-peptide requires further
elucidation. Furthermore, high-resolution structures of GPCR-
G protein complexes, stabilized by high efficacy agonists, reveal
distinct orientations of the G-peptide bound to the receptor (10,
11). While these structures demonstrate that the transient
GPCR-G protein interactions in cells are indeed dynamic, the
relationship between these static snapshots and agonist molec-
ular efficacy remains unclear.

Delineating the structural dynamics of GPCR-G-peptide in-
teractions is limited by the requirement of high concentrations of
receptors and G proteins purified to homogeneity. To circum-
vent this limitation, we have previously employed GPCR sys-
tematic protein affinity strength modulation (SPASM) sensors to
gain insights into the GPCR-G protein interaction in live cells.
GPCR SPASM sensors contain a GPCR and a G-peptide teth-
ered through an ER/K linker flanked by FRET probes. The ER/
K linker controls the stoichiometry and effective concentration
of the intramolecular interaction in live cells. SPASM sensors are
designed to detect changes in the affinity of interacting proteins/
peptides (12, 13). GPCR SPASM sensors have been extensively
utilized to monitor the interaction strength between GPCR and
G-peptides and have dissected the structural elements that mod-
ulate these interactions (14-16). Using a combination of GPCR
SPASM sensors and molecular dynamics (MD) simulations, we

Significance

An outstanding challenge in GPCR pharmacology is quantifying
the system-independent functional effects of ligand-receptor
interactions. Current efforts to measure ligand efficacy at the
level of the receptor (i.e., molecular efficacy) are limited by the
requirement of extensive purification of receptor and G pro-
teins to homogeneity. In this study, we present an accessible,
scalable technology for the single point measurement of the
molecular efficacy of GPCR ligands. Integrating this technology
with insights from molecular dynamics simulations, we reveal
that the transition of the G protein from an intermediate to a
fully coupled interaction with the GPCR is a structural deter-
minant of ligand molecular efficacy.

Author contributions: K.K. and S.S. designed research; K.K., S.P., F.S., T.M.G., M.R., M.D.,
N.V., and S.S. performed research; K.K., S.P., F.S., TM.G., M.R,, M.D., N.V,, and S.S. ana-
lyzed data; and K.K., S.P., N.V., and S.S. wrote the paper.

Competing interest statement: The University of Minnesota currently has a published
patent application on this technology (US Patent application number 16/769,852; Inven-
tors: K.K. and S.S.).

This article is a PNAS Direct Submission.
Published under the PNAS license.
"To whom correspondence may be addressed. Email: sivaraj@umn.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2017201118/-/DCSupplemental.

Published March 8, 2021.

https://doi.org/10.1073/pnas.2017201118 | 1 of 11

www.manaraa.com

>
]
-]
=
o
]
a =
z3
<3
S
wv

£5
iE
=]
0 U



https://orcid.org/0000-0001-8100-8132
https://orcid.org/0000-0002-9541-6994
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2017201118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:sivaraj@umn.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017201118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017201118/-/DCSupplemental
https://doi.org/10.1073/pnas.2017201118
https://doi.org/10.1073/pnas.2017201118

Downloaded at Palestinian Territory, occupied on December 13, 2021

have successfully gained insights into the structural dynamics of
GPCR-G-peptide interactions (14-16).

While GPCR SPASM sensors have been repeatedly used to
probe the effects of full agonists (14-18), their narrow dynamic
range, combined with the sensitivity of sensor measurements to
live-cell expression levels, have limited reliable measurements
with partial agonists. Here, we overcome these limitations by
vesiculating GPCR SPASM sensors into giant plasma membrane
vesicles (GPMVs) and use this system to probe into the struc-
tural and dynamic basis of agonist efficacy in GPCRs. GPMVs
are large extracellular vesicles that can be generated from a
variety of cell types via chemical vesiculation (19, 20). Isolated
GPMVs that exhibit a size range of 0.1 to ~15 pm are devoid of
any detectable intracellular organelle signatures and are
enriched in plasma membrane-associated proteins (21). GPMVs
have been extensively used to study plasma membrane compo-
sition and architecture and provide a cell-free system to isolate
plasma membrane—integrated proteins from the intracellular
milieu. While GPMVs have been successfully utilized to study
membrane proteins, such as receptors tyrosine kinases and ion
channels (22, 23), their potential to investigate GPCR signaling
remains unexplored.

In the current study, we demonstrate the functional incorpo-
ration of P2AR-Gas-peptide SPASM sensors into GPMVs
(v-p2AR-Spep). The v-p2AR-Spep sensors show over a twofold
increase in ligand-binding capacity and a 3.5-fold increase in
sensor dynamic range compared to live cells. Unlike live cells,
v-p2AR-Spep readout is not sensitive to cellular expression levels
and shows robust reproducibility compared to membranes
(zgpmv = 0.50 to ~0.61 versus z pembrane = —0.22 to ~—1.28).
The v-p2AR-Spep sensors can be frozen or preserved on ice for
at least 12 d without compromising sensor readout. We leveraged
the combined benefits of v-p2AR-Spep over live cell and membrane
assays to profile the nuanced changes in GPCR-G-peptide inter-
actions with 16 adrenergic receptor ligands of varying efficacy. The
FRET intensity changes in v-B2AR-Spep for various agonists do not
correlate with classical pharmacological parameters, including li-
gand binding affinity, half maximal effective concentration (ECs),
maximum response (E.), and transducer ratio (). Instead, we
find that the strength of the GPCR-G-peptide interaction shows
perfect linear correlation between v-p2AR-Spep FRET sensor
readout and both G protein activation and ligand molecular efficacy
as reported using single molecule biophysical measurements (9).
The partial agonists show reduced FRET intensity changes
(AFRET) in v-p2AR-Spep compared to full agonists, revealing that
the S-peptide interactions with partial-agonist-bound p2AR are
weaker than with full-agonist-bound p2AR.

Probing the structural dynamics of the p2AR-Spep interaction
using a combination of computational analysis and v-p2AR-Spep
mutagenesis experiments reveals that f2AR-Spep interactions
unique to an intermediate orientation of the S-peptide (11) are
essential in proceeding toward the fully active orientation. Using
GPMV SPASM sensors not only for p2AR but also for Gas-
coupled Bl adrenergic receptor (B1AR) and dopamine recep-
tor D1R, we demonstrate the broader significance of the inter-
mediate orientation for multiple Gs-coupled GPCRs. While the
intermediate orientation is essential for the receptor-G-peptide
interaction, ligand efficacy correlates with the strength of the
interaction in the fully active orientation. Furthermore, our MD
simulations demonstrate a significantly lower interaction
strength and stability for the intermediate compared to the fully
coupled orientation. This disparity leads to strong allosteric
communication between the ligand and G-peptide-binding sites
only in the presence of full agonists and the fully coupled ori-
entation. Taken together, our study 1) establishes a cell-free
technology platform to profile the molecular efficacy of GPCR
ligands, 2) provides insights into the relationship between agonist
efficacy and strength of GPCR-G-peptide interaction, and 3)
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provides a two-stage model that accentuates the importance of
intermediate conformations that are necessary but not sufficient
for full activation of the GPCR-G protein complex.

Results

Incorporation of Functional GPCR SPASM Sensors into GPMVs. A
prominent feature of receptor-G protein coupling is the inter-
action between the receptor and C-terminal o5 helix of the Ga
subunit (G-peptide) (24, 25). We have previously utilized FRET-
based SPASM sensors to measure the strength of the interaction
between GPCRs and a native peptide encompassing the entire
27-amino-acid oS helix of the G-peptide (16). Multiple studies
have demonstrated the importance of the G-peptide in G protein
selectivity and its structural role in receptor-G protein coupling
(3, 6). Unlike the full G-peptide, G-peptide-based SPASM
sensors are inherently independent of the heterogeneity of G
protein nucleotide states in cells. We focused on the character-
ization of GPCR function in GPMVs with a SPASM sensor that
probes the ligand-dependent interaction between the prototypi-
cal B2AR and the o5 helix of its cognate Gas subunit (P2AR-
Spep, Fig. 14). GPMV formation in human embryonic kidney
293T (HEK293T) cells transiently expressing the p2AR sensors
was induced with a buffer containing N-ethylmaleimide (NEM).
GPMVs were separated from cells and debris using a two-step
centrifugation protocol (Fig. 1B). Preparations of GPMVs using
our optimized protocol average ~4 pm in diameter and show
sensor fluorescence localized to the membrane (Fig. 1C).

Saturation radioligand binding assays of GPMVs derived from
HEK293T cells overexpressing wild-type (WT) p2AR demon-
strate robust I'*-(+)-cyanopindolol binding and competitive
inhibition of radioligand by full agonist isoproterenol (Iso)
(pK; = 5.68, SI Appendix, Fig. S1). To investigate ligand binding
relative to traditional crude membrane preparations, we per-
formed radioligand binding assays in matched membranes and
GPMVs derived from the same batch of cells, transiently over-
expressing B2AR-Spep. GPMVs exhibit a ~2.5-fold increase in
I'®-(+)-cyanopindolol binding compared to crude membrane
extracts (Fig. 24). Furthermore, competitive inhibition of I'*>-
(+)-cyanopindolol binding to GPMYV samples via the adrenergic
receptor agonist Iso displayed pK; values comparable with that of
crude membrane extracts (Fig. 2 B and C). While binding affinity
for the neutral antagonist I'*-(+)-cyanopindolol is similar be-
tween GPMVs containing WT f2AR and B2AR-Spep, the latter
shows significantly tighter binding to the full agonist Iso (~40-
fold). The Ga C terminus is known to enhance agonist binding
affinity (26). We have previously reported ~50-fold enhanced Iso
binding in crude membranes for P2AR-Spep compared to a
B2AR SPASM sensor lacking the G-peptide (27). Likewise, Liu
et al. (11) observe a ~45-fold enhanced Iso binding (ICsy nign/
ICs0 10w) to B2AR upon C-terminal fusion of the last 21 amino
acids of the Gas C terminus.

We next characterized sensor functionality in GPMVs relative
to live cells. GPMV sensor measurements are denoted by prefix
“v” (e.g., v-p2AR-Spep) to distinguish them from live cell mea-
surements. The addition of Iso, an agonist for f2AR, stimulated
an increase in FRET ratio (represented as AFRET) that was
specific for the cognate S-peptide as compared to a no-peptide
control (Fig. 2D and SI Appendix, Fig. S2). In parallel, two
previously reported FRET sensors, p2AR-Gs (17) and p2AR-
intracellular loop 3 (ICL3) (27) demonstrate comparable
AFRET when vesiculated in GPMVs (SI Appendix, Fig. S3 A and
B). This response was found to be dose dependent (black line in
Fig. 2F) and subject to competitive inhibition via ICI 118,551, an
B2AR-selective antagonist (gray line in Fig. 2F). Together, these
results demonstrate the incorporation of functional GPCR
SPASM sensors into GPMVs.
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Fig. 1. GPMVs incorporate GPCR SPASM sensors in their lipid bilayer. (A) Schematic of GPCR SPASM sensors (Right). The GPCR SPASM sensor used in this study
comprises, from N to C terminus, GPCR (light gray), fluorescence acceptor (mCitrine), 10 nm ER/K linker (dark gray), fluorescence donor (mCerulean), and the
C-terminal o5-helix peptide of a G-peptide (red). Protein domains are separated via a (GSG), linker to allow for rotational freedom between domains. Control
sensors (No-pep) do not contain the C-terminal a5-helix peptide. A diagram of the sensors in equilibrium between dissociated (low FRET) and associated (high
FRET) states is shown (Left). Unless stated otherwise, the GPCR utilized in the current study is the prototypical 2AR, and the C-terminal peptide is the a5-helix

peptide of the cognate Gas subunit. (B) Workflow for preparing and isolating GPMVs. (C) Representative fluorescence images of GPMVs expressing the f2AR-
Spep sensors. (Scale bar, 5 um.)

Characterization of Sensor Measurements in GPMVs. Live cell mea-  compared to live cells. We found that GPMVs expressing an
surements require careful monitoring of expression levels and  N-terminally HA-tagged B2AR exhibit twofold greater labeling
sensor localization (16, 17). Low levels of expression cause of the receptor with a fluorescently conjugated HA antibody as
FRET spectra to be dominated by noise from scattering of the ~ compared to live cells (SI Appendix, Fig. S44). Furthermore,
excited light by cells. Overexpression of receptors in live cells can  v-p2AR-Spep vesiculated at 24 h shows a twofold higher FRET
lead to their progressive accumulation within intracellular com-  response compared to live cell measurements (Fig. 34). While
partments that may not be accessible to soluble extracellular li-  longer expression times do enhance sensor expression in live
gands, resulting in the accumulation of sensors that are cells (twofold increase from 24 to 48 h, SI Appendix, Fig. S4B),
unresponsive to stimulation. On the contrary, GPMVs are ve-  they result in substantial internal accumulation of sensor fluo-
siculated almost exclusively from the plasma membrane (21) and  rescence with corresponding diminished sensor response
exhibit a generally uniform distribution of receptors across the  (Fig. 34). In contrast, similar levels of sensors are vesiculated
vesicle lipid bilayer with little to no signs of internalization into GPMVs prepared from cells expressing them for 24 and 48 h
(Fig. 1C). Hence, we hypothesized that GPMVs should have a  (SI Appendix, Fig. S4B). Accordingly, v-p2AR-Spep maintains its
greater population of GPCRs that can access soluble ligands FRET response at 48 h compared to 24 h (Fig. 34), resulting in
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Fig. 2. Vv-p2AR-Spep sensors are functional and responsive to agonist stimulations. (4) Binding of '?I-(+)-cyanopindolol to GPMVs or crude cell membrane
extracts expressing 10 to 20 fmol B2AR-Spep sensors. (8) Competitive inhibition of '?*|-(+)-cyanopindolol (Cya, 500 fM) binding to GPMVs or crude cell
membrane extracts expressing 10 to 20 fmol B2AR-Spep sensors with increasing concentrations of Iso. (C) Table of binding and competitive inhibition pa-
rameters from A and B. (D) Change in AFRET (100 pM Iso treated, buffer control) following Iso stimulation in v-p2AR-No-pep and v-B2AR-Spep sensors. (E)
Dose-dependent changes in AFRET in GPMVs expressing the f2AR-Spep sensor. Stimulation with increasing concentrations of Iso is shown in black. Stimu-
lation with 100 yM Iso combined with increasing concentrations of ICI 118,551 (loglCso = —6.18 + 0.56) is shown in gray. Error bar denotes SEM. Data are
derived from at least three independent experiments (at least three separate GPMV or membrane preparations). A Student’s t test was performed to evaluate
significance between B2AR-Spep and f2AR-no-pep (-) control AFRET. ***P < 0.001.
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Fig. 3. GPMV-incorporated (v-) f2AR-Spep sensors exhibit enhanced stability, response, and reproducibility over live cells and membrane preparations. (A)
Change in AFRET following Iso stimulation of live cells or GPMVs prepared from HEK293T cells expressing the p2AR-Spep sensor. In comparison with live cells,
GPMVs show enhanced AFRET that does not diminish when prepared from HEK293T cells with increased expression time. (B) GPMV sensor readout (100 uM
Iso stimulation) is stable over 12 d on ice or following storage at —80 °C (10% sucrose or 10% glycerol) and —20 °C (50% glycerol). (C) AFRET comparison
between v-p2AR-Spep sensors in HBS or LS. (D) Iso-stimulated (+) and nonstimulated (—) AFRET measurements from three independent GPMVs and membrane
preparations. Error bar denotes SEM. Data are derived from at least three independent experiments (at least three separate GPMV, membrane, or cell
preparations). A Student’s t test was performed to evaluate significance between indicated conditions. *P < 0.05; ****P < 0.0001. n.s., nonsignificant.

an expression invariant twofold increase in sensor response
compared to live cells.

Unlike purified receptor or crude membrane preparations,
live cells are not suitable for long-term storage on ice or freezing
conditions. However, GPMVs containing p2AR-Spep retained
sensitivity to agonist stimulation for 12 d either on ice with 50%
glycerol at —20 °C or following freeze—thaw at —80 °C with 10%
sucrose or glycerol (Fig. 3B). Additionally, live cells require
specific buffer and osmolarity to maintain cell integrity. In con-
trast, because GPMVs are a cell-free system, they should be
more resilient to changes in buffer conditions. We report that
lower salt concentrations (25 mM KClI) increased v-p2AR-Spep
response 2.2-fold (Fig. 3C). Taken together, the inherently
higher sensor response in GPMVs, combined with the increase in
dynamic range in lower salt concentrations, provides a 3.5-fold
higher response compared to live cells. To leverage this higher dy-
namic range, v-B2AR-Spep measurements were performed in low-
salt buffer (LS) from this point onward unless otherwise noted.

GPMVs versus Crude Membrane Preparations. While crude mem-
brane extracts are commonly used for radioligand binding and G
protein activation measurements using *°S-GTPyS, the inherent
heterogeneity in the composition and architecture of these
membranes is likely to impact the reproducibility of sensor
measurements across distinct preparations. By comparison,
GPMVs are vesiculated exclusively from the plasma membrane
and generally exhibit a homogenous spherical architecture with
reproducible size distributions across preparations. To facilitate
a direct comparison between GPMV and membrane sensor
measurements, they were both prepared from a single batch of
B2AR-Spep HEK293T cells. Three such independent prepara-
tions of GPMV and membrane were used to assess the repro-
ducibility of sensor measurements (Fig. 3D). The change in
sensor response relative to the SD of the measurement was used
to obtain a Z’ for both GPMV and membrane (Fig. 3D). GPMVs
exhibit significantly higher statistical effect size (Z’' > 0.5) when
compared to crude membrane extracts (Z’ < 0). Thus, in com-
parison with live cells and crude membrane extracts, GPMVs
provide a stable and reliable reagent for p2AR SPASM sensor
measurements.

Improved Accessibility of GPMV Sensor Measurements. To improve
the accessibility of GPMV-incorporated sensors for the mea-
surement of G protein activation, we evaluated their utility in
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standard fluorescence plate reader and luminescence formats (S/
Appendix, Fig. S5). A modified FRET measurement protocol was
used to directly measure the FRET efficiency of GPMYV sensors
(see Materials and Methods). Changes in FRET efficiency cor-
related linearly with measurements performed individually on a
more sensitive fluorometer, albeit requiring a three- to fourfold
higher solution concentration of GPMVs (SI Appendix, Fig.
S5B). To reduce the GPMV concentration necessary for FRET
measurements in a screening format, we replaced the FRET
donor and acceptor fluorophores with the two subunits of a
nano-luciferase complementation reporter (28). The change in
luminescence intensity reported by the nano-luciferase sensor
correlated linearly with the change in AFRET measured using a
fluorometer (SI Appendix, Fig. S5C). Importantly, the nano-
luciferase sensor readout requires significantly lower amounts
of GPMVs compared to the fluorometer and fluorescence plate
reader measurements using the FRET sensors (SI Appendix,
Table S2). Furthermore, we observe enhanced statistical effect
size (Z' = 0.84) with the nano-luciferase sensor. Hence, the
nano-luciferase sensor embedded in GPMVs provides an ac-
cessible and scalable technology to profile the G protein acti-
vation rates by different ligands, with potential implications for
high throughput screening.

Alternative Method of GPMV Preparation. GPMVs incorporating
sensors for two other Gs-coupled receptors (v-B1AR-Spep and
v-D{R-Spep) report robust FRET responses (SI Appendix, Fig.
S3A4). However, a previously reported Gi-coupled sensor (a2AR-
Ipep) and a Gg-coupled sensor (V15R-Qpep) did not report a
FRET response in GPMVs despite a previously documented
robust responses in live cells (14). The traditional method to
vesiculate cells to form GPMVs utilizes NEM that covalently
modifies cysteine residues in proteins (29). While our data sug-
gest that NEM treatment does not adversely impact p2AR
functionality, we sought to address concerns for other receptors
and Ga C-terminal peptides that might be affected by cysteine
modifications [notably, the cysteine residue in Gai that is the
primary target of pertussis-toxin treatment (30)]. Hence, we used
an alternate approach that triggers vesiculation using a bicine
buffer that should not directly react with cellular proteins (31).
GPMVs prepared via bicine buffer maintain sensor functionality
for the Gs-, Gi-, and Gq-coupled receptors (SI Appendix, Fig. S3B).
These findings demonstrate that GPCR sensors incorporated into
GPMVs are a versatile technology to probe GPCR function.
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The ICsq values for ICI 118,551 are lower than those observed
in our previous measurements using the identical FRET sensors
in live cells (16). Our data suggest that ICI 118,511 binds weakly
to p2AR in GPMVs. While the molecular basis for this dis-
crepancy is unknown, the use of NEM in GPMYV vesiculation
could selectively compromise ligand binding. To examine the
potential influence of NEM, we examined competitive inhibition
of Iso (100 uM) with ICI 118,551 in bicine buffer-prepared
vesicles (SI Appendix, Fig. S3C). Both methods yield similar
logICs, values (NEM—6.18 + 0.56; bicine buffer—6.37 + 0.54),
suggesting NEM alone is not the source of the discrepancy be-
tween GPMYV and cellular measurements. Additionally, AFRET
measurements correlate linearly between v-B2AR-Spep sensor
prepared via either NEM or bicine (SI Appendix, Fig. S3D).
Together, these observations indicate that potential cystine
modifications via NEM do not impact the relative effects of li-
gands on the v-p2AR-Spep sensor.

Sensor Measurements Correlate with G Protein Activation and
Molecular Efficacy. We have previously reported that p2AR
SPASM sensors probe ligand and receptor-dependent G protein
selectivity by measuring the strength of the interaction between
the receptor and the aS-helix of distinct Go subunits (16).
However, because of a limited dynamic range of the sensor re-
sponse and sensitivity to sensor expression levels in live cells
(16), a reliable comparison of sensor measurements for agonists
of varying efficacy was not feasible. Here, we leveraged the
benefits of GPMVs outlined earlier to compare sensor mea-
surements to known metrics of receptor pharmacology (32), in-
cluding binding affinity (Kp), downstream signaling (ECs, and
Enax), and efficacy ratio (Kp/ECsg = 1—1, SI Appendix, Eq. S1)
(33). For saturating concentrations of 13 ligands, p2AR sensor
readout does not show any correlation with previously reported
Kp, ECsy, efficacy ratio, or E,.x (Fig. 4 A-E) (33). In contrast
with these downstream measures of ligand efficacy, 2AR sensor
readout in GPMVs correlates linearly (R* = 0.99) with previously
reported G protein activation (9) using receptor and G protein
purified to homogeneity (Fig. 54 and SI Appendix, Table S1).
Recently, Gregorio et al. (9) used extensive single-molecule
biophysical measurements of ligand-dependent changes in
B2AR conformation for different kinetic states in the receptor-G
protein engagement cycle to measure the ligand molecular effi-
cacy, which denotes the effects of the ligand at the level of the
receptor. In addition to G protein activation, the v-p2AR-Spep
also correlates linearly with molecular efficacy (Fig. 5B) (9).
Interestingly, v-p2AR-Gs displays a molecular efficacy—
independent small but significant increase in FRET signal.

Sensor Measurements Correlate with Interaction Energy in the Fully
Coupled Orientation. Structural studies of f2AR report two dis-
tinct orientations of the C terminus peptide of the Gs protein
when crystallized with the either peptide (14 amino acids) (11) or
the full Gs protein (25) (Fig. 5 D and E). The first orientation,
widely regarded as the fully active conformation, has been ob-
served in both Class A GPCR-Gg complex structures that have
been reported to date (Fig. SD) (25, 34). The second orientation,
conjectured as an intermediate state, was identified in an intra-
molecularly fused B2AR-Spep chimeric construct (Fig. SE) (11).
To probe the molecular details of the p2AR-Spep interaction, we
performed MD simulations starting with the S-peptide in either
orientation and bound to agonists with varying efficacy. We find
that average interaction energy of the S-peptide with the p2AR
with different agonists bound, derived from MD simulations in
the fully coupled orientation, correlated well with the AFRET
measurements from v-p2AR-Spep sensors. (Fig. 5F, R* = 0.87).
In contrast, the average interaction energy in the intermediate
orientation was similar regardless of agonist efficacy (Fig. 5G,
R? = 0.06).

Kim et al.

p2-adrenoceptoriligand efficacy is tuned by a two-stage interaction with the Gas C terminus

Relative Stability and Interaction Energies of the Fully Coupled and
Intermediate Orientations. All-atom MD simulations of the Iso-
bound p2AR-Spep complex revealed that the fully coupled ori-
entation is significantly more stable than the intermediate ori-
entation (Fig. 6 A-C). Clustering of the S-peptide conformations
showed there are more conformation clusters in the intermediate
orientation, indicating greater flexibility compared to the fully
coupled orientation (Fig. 6 A—C and SI Appendix, Fig. S6). This
observation is true for all of the full and partial agonists studied
here (SI Appendix, Fig. S74). The MD simulations starting from
the fully coupled orientation are dominated by a single highly
occupied cluster, which contained 67% of all the snapshots from
MBD simulations in comparison to 23% of the snapshots for the
intermediate orientation (Fig. 6C). The total number of con-
formation clusters in the MD simulations starting from the in-
termediate orientation was fourfold higher than that started
from the fully coupled orientation (SI Appendix, Fig. S6). The
rmsd in the coordinates of the S-peptide is higher in the inter-
mediate conformation of f2AR with both full and partial ago-
nists (SI Appendix, Fig. S7B), and the number of sustained
residue interactions of the S-peptide with the p2AR is higher in
the fully active state compared to the intermediate state (SI/
Appendix, Fig. S7C). Collectively, these observations demon-
strate that the P2AR-bound S-peptide exhibits significantly
greater flexibility in the intermediate orientation compared to
the fully coupled orientation. The enhanced conformational
flexibility is also reflected in the near twofold-weaker B2AR-
Spep interaction energy when compared to the fully coupled
orientation (Fig. 6D). Using the computational method Allosteer
(35), we calculated the allosteric communication pipeline from
the extracellular site to the G protein coupling sites for Iso and
clenbuterol in the fully coupled versus intermediate states. As
seen from SI Appendix, Fig. S8, the allosteric communication is
stronger in the Iso-bound fully active state compared to inter-
mediate state (SI Appendix, Fig. S8 A and C). For the partial
agonist clenbuterol, the allosteric communication is more dis-
persed in the fully active state and is weaker in the intermediate
state. Taken together, these results show that the weakening of
the allosteric communication to the G protein coupling site in
the intermediate state for any agonist leads to no correlation of
the S-peptide interaction energy to the ligand efficacy.

A Single Hot Spot Selective for the Intermediate Orientation Is
Essential for B2AR-Spep Interaction. The comparison of crystal
structures displaying the two orientations in p2AR previously
suggested that Gos residues R389 and E392 are sites of
receptor—peptide interaction unique to the intermediate orien-
tation (11). Furthermore, the mutation of R389 and E392 to-
gether (R389A/E392A) was reported to have a negative impact
on G protein activation, as measured by TM6 displacement,
GDP release, and Iso affinity (11). Hence, we pursued muta-
genesis of R389 and E392 to examine whether this intermediate
orientation is sampled in v-p2AR-Spep sensor measurements.
The R389A/E392A double mutant reduced FRET measure-
ments by 80% (Fig. 6E). However, an examination of MD sim-
ulations revealed that while R389 contacts p2AR exclusively in
the intermediate orientation, E392 additionally contributes to
the p2AR-Spep interaction in the fully coupled orientation. To
avoid overinterpretation of a potential dual role of E392, we next
examined the effects of single mutations at R389 and E392
(R389A and E392A, Fig. 6E). R389A and E392A mutants de-
creased measured AFRET by 40% and 50% relative to WT
control. Thus, despite the instability and weaker binding in the
intermediate orientation, selectively destabilizing this orientation
substantially diminished the overall p2AR-Spep interaction. In
contrast, mutagenesis of two interaction sites reported as unique
to the fully active conformation (H387A/Y391A double mutant)
(11) only reduced sensor AFRET by 19% relative to WT. While
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Fig. 4. AFRET measurements from v-p2AR-Spep sensors are not representative of classic pharmacological parameters. (A) List of the adrenoreceptor ligands
utilized in this study. (B—E) AFRET measurements of v-B2AR-Spep sensors stimulated with 13 ligands listed in A were plotted against previously documented
pharmacological measurements that determine classical ligand efficacy (33). Ligand-induced AFRET in LS does not correlate with (B) Kp (R® = 0.01), (C) ECs
(BH]-cAMP accumulation; R? = 0.31), (D) efficacy ratio (Kp/ECso; R? = 0.26), or (E) Emax ([(*H]-CAMP accumulation; R? = 0.59). Error bar denotes SEM. Data are
derived from at least three independent experiments (at least three separate GPMV preparations).

these interaction sites are unique to the fully active conforma-
tions in both the crystal structure and MD simulations, it must be
noted that the S-peptide in this orientation makes numerous
contacts with B2AR (25). Hence, despite a modest effect of the
H387A/E392A double mutant, our site-directed mutagenesis
results do not yield definitive insights into the contribution of the
fully active conformation. Introduction of additional mutations is
complicated by the potential disruption of secondary structural
contacts that could impact both orientations. To expand on the sig-
nificance of the intermediate orientation interaction hot spot R389,
we examined the effects of these S-peptide mutations on the f1
adrenergic receptor (v-p1AR-Spep) and the dopamine 1 receptor
(v-D1R-Spep). Both the R389A/E392A double mutation and
R389A single mutation induced significant decrease in AFRET
readout relative to WT, attesting to the broader significance of
these interaction hot spots in the ensemble receptor—S-peptide
interaction.

Discussion

GPCR signaling involves the serial amplification of ligand—
receptor interactions to downstream second messenger re-
sponses (1). High-efficacy ligands can saturate the amplification
cascade, leading to nonlinear downstream responses that do not
correlate with receptor-level effects. Hence, classical pharma-
cological models have incorporated an “intrinsic efficacy” to
capture system-independent effects of GPCR ligands (36, 37).
Nonetheless, intrinsic efficacy has remained elusive in the ab-
sence of quantitative receptor-level information. Recently, an
extensive single molecule biophysical study has characterized a
ligand “molecular efficacy” parameter that captures the influ-
ence of ligand-dependent receptor conformation on G protein
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activation. The structural translation of ligand molecular efficacy
into G protein activation remains unclear and forms the focus of
this study. To bridge this knowledge gap, we first establish a
robust, accessible, and sensitive assay to probe GPCR interaction
with G protein and the Ga C terminus (G-peptide), an estab-
lished structural determinant of G protein selectivity. We cir-
cumvent the need for extensive purification protocols by the
single-step incorporation of receptor and G protein elements
into GPMVs. We use previously established SPASM sensors to con-
trol the stoichiometry and effective concentration of receptor-G
protein interactions. Taken together, GPMV-incorporated SPASM
sensors (V-SPASM sensors) provide enhanced dynamic range,
expression-insensitive readout, and a reagent-level assay to profile li-
gand effects at the level of the receptor. Leveraging this technology,
we find that receptor-G-peptide and not receptor—G protein inter-
actions for the prototypical B2AR show a near perfect correlation with
ligand molecular efficacy. Thus, we establish the receptor—G-peptide
interaction as a sufficient structural determinant of ligand molecular
efficacy. The Gs-peptide (S-peptide) is known to interact with p2AR
in two distinct orientations, previously termed intermediate and fully
coupled (11, 25). MD simulations show that p2AR-Spep interaction
energies in the fully coupled but not intermediate orientations show
near perfect correlation with sensor measurements, refining interac-
tions in the fully coupled orientations as the structural basis for mo-
lecular efficacy. MD simulations further demonstrate that unlike the
fully coupled orientation, the intermediate orientation is a weak, un-
stable interaction that does promote allosteric coupling with the
ligand-binding site. Paradoxically, we find that destabilization of a
single intermediate orientation “hot spot” residue is sufficient to
substantially disrupt the GPCR—-G-peptide interaction in three distinct
Gs-coupled receptors (B2AR, B1AR, and D1R). These observations
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Fig. 5. AFRET measurements from v-2AR-Spep sensors correlate with molecular efficacy and p2AR-Spep interaction energy in the fully coupled orientation.
(A) List of the adrenoreceptor ligands presented in B-G. (B) Change in AFRET for v-B2AR-Spep sensors compared to previously reported GTP turnover for
purified recombinant 2AR combined with Gs (9). LS is in black (see Materials and Methods). HBS buffer is in gray (see Materials and Methods). (C) AFRET for
v-B2AR-Spep sensors compared to previously documented molecular efficacies of indicated ligands (9). Ligand-induced AFRET correlates strongly with mo-
lecular efficacy and GTP turnover (R? values indicated). (D) Fully active state structures of p2AR (Protein Data Bank [PDB]: 3SN6) (25) and AA,R (PDB: 5G53)
(34) are shown with receptor in gray surface representation (32AR) and Ga-a5 helices shown as ribbons (residues 369 to 394 in maroon and residues 368 to 394
in pink). Hot spot residues H387, Y391, and E392 are shown as lines and R389 as balls and sticks. In the AA,AR structure, only Ca and Cp atoms of residue R389
could be resolved and no atoms from D368. Relative rmsd between peptide orientations in two structures was 2.0 A. (E) The intermediate state structure of
B2AR and Gas (PDB: 6E67) (11) is shown with crystallized Gas peptide residues 381 to 394 as a green ribbon. (F and G) Intermolecular f2AR-Spep interaction
energy was calculated over S-peptide residues 368 to 394 based on MD simulations of the fully coupled (F) and intermediate (G) states. MD data points were
derived from the last 100 ns of five or eight replicates (as noted in S/ Appendix, Table S3). AFRET data are derived from at least three independent ex-

periments (at least three separate GPMV preparations). Error bar denotes SEM.

suggest a two-stage receptor activation mechanism, wherein interac-
tions in the intermediate orientation alter the receptor conformational
landscape to facilitate engagement of the fully coupled orientation and
G protein activation.

Downstream activity in GPCR signaling is quantified via
classical pharmacological parameters, including ECsg, E,.x, and
efficacy ratio (Kp/ECs) (33). The inverse of efficacy ratio, ECs/
Kp, is a measure of the fractional receptor occupancy necessary
to drive half the maximal downstream response (E.x for full
agonist) (SI Appendix, Eq. S1). The majority of adrenergic li-
gands utilized in this study have a high efficacy ratio (Kp/ECso >
10, Fig. 4D) and consequently yield near saturating downstream
responses comparable to the full agonist Iso (Fig. 4E). There-
fore, the E,.x of downstream responses for high-efficacy ligands
does not differentiate between the underlying rates of G protein
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activation. ECsy, and consequently efficacy ratio measurements,
derive from second messenger responses that encapsulate ligand-
dependent effects on multiple pathways that converge on a
downstream effector, such as adenylyl cyclase. Consequently,
ligand effects at the level of the receptor do not necessarily
correlate with classical pharmacological parameters. In contrast,
GTP turnover and molecular efficacy measurements are typically
derived from cell-free, highly purified systems (9). Therein, the
observed GTP turnover and molecular efficacy are a direct
consequence of the biochemical and biophysical processes oc-
curring at the level of the GPCR-G protein complex and are not
convolved by nonlinear signaling amplifications after G protein
activation. Likewise, the v-p2AR-Spep sensors derive their
FRET measurements from the direct interaction between p2AR
and S-peptide in an equilibrated environment. Accordingly,
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Agonist binding enhances receptor conformational dynamics; (i/) G protein initially engages receptor with G-peptide in an intermediate orientation (green
G-peptide) that in turn alters the receptor conformational landscape (highlighted in green); and (iii) G protein engages receptor with G-peptide in a fully coupled
orientation (red G-peptide) with strong allosteric coupling with the agonist-binding site (blue arrow denotes allosteric coupling; receptor conformation is
highlighted in red). Free energy diagram depicts ligand molecular efficacy being tuned by the strength and stability of the interaction in the fully coupled
orientation. Error bar denotes SEM. Data are derived from at least three independent experiments (at least three separate GPMV preparations). A Student's t test
was performed to evaluate significance between WT and mutant conditions. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.000. n.s., nonsignificant.

v-p2AR-Spep sensor measurements show near perfect correla-
tion with previously reported measurements of G protein acti-
vation and molecular efficacy (Fig. 5 B and C) rather than
classical pharmacological parameters (Fig. 4 A-E). Taken to-
gether with the enhanced sensor dynamic range compared to live
cell measurements, extended shelf life and stability of readout
(Fig. 3), and utility in standard plate reader fluorescence/lumi-
nescence formats (SI Appendix, Fig. S5), our data support
v-SPASM sensors as an accessible technology to characterize
ligand efficacy at the level of the receptor.

The v-SPASM sensors provide insights into the structural
mechanisms that dictate molecular efficacy. Ligand molecular
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efficacy for GPCRs was first quantified by single-molecule ki-
netics of p2ZAR conformation (9). Extensive biophysical mea-
surements in this study revealed that molecular efficacy is
determined by the rate of an inactive to active conformational
transition in the GPCR coupled with a diminished G protein
affinity for GDP, indicative of its activation. However, ligand
molecular efficacy did not substantially impact the kinetics of the
GPCR-G protein interaction, which were limited by an efficacy-
independent G protein on-rate and efficacy-independent G
protein off-rate in either GDP- or GTP-bound states. These
findings suggest that sensors that probe a ligand-dependent
GPCR-G protein association are less likely to differentiate
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between varying efficacy agonists. Accordingly, we find that
v-B2AR-Gs sensors report a subtle but ligand efficacy-invariant
increase in interaction strength (SI Appendix, Fig. S9). In con-
trast, our v-f2AR-Spep sensor measurements show near perfect
correlation with molecular efficacy (Fig. 5C). The G-peptide is a
well-established determinant of GPCR-G protein coupling
specificity and a prominent structural element in all reported
GPCR-G protein structures (3, 6, 7, 25, 34, 38-40). Hence, our
findings suggest that ligand molecular efficacy is sufficiently
determined by the strength of the p2AR-Spep interaction. In-
teractions with the G-peptide in the fully coupled orientation
are, in turn, relayed through the G protein core-to-trigger nu-
cleotide exchange and consequent G protein activation (5).

It has been demonstrated via two different crystal structures
that p2AR can engage the S-peptide in distinct intermediate or
fully coupled orientations (11, 25). Our SPASM sensors with the
free G-peptide are designed to probe the ensemble of interaction
states between GPCR and the peptide. Accordingly, the dy-
namics of the f2AR-Spep engagement in distinct orientations is
veiled within our ensemble FRET measurements. Hence, MD
simulations were employed to gain structural insights into the
two S-peptide orientations. In simulations with a high-efficacy
full agonist, the G-peptide interaction in the fully coupled ori-
entation demonstrates tight binding characterized by a number
of intermolecular contacts that yield a relatively high binding
energy and limit conformational flexibility (Fig. 6 A-D and SI
Appendix, Figs. S6 and S7). Additionally, the stability of the
G-peptide in the fully coupled orientation is reinforced by strong
allosteric communication with the ligand-binding site (SI Ap-
pendix, Fig. S8). Reducing ligand efficacy weakens the G-peptide
interaction in the fully coupled orientation and dampens the
allosteric communication between ligand and G-peptide-binding
sites (Fig. 5F and SI Appendix, Fig. S8). Importantly, the inter-
face binding energy displayed a linear correlation with v-p2AR-
Spep sensor measurements, G protein activation rates, and
molecular efficacy (Fig. 5). In contrast, agonists were unable to
sustain a stable interaction between receptor and G-peptide in
the intermediate orientation, as witnessed by peptide confor-
mational flexibility (Fig. 6 B and C and SI Appendix, Fig. S7) and
lower interaction energies that are invariant with ligand efficacy
(Fig. 5G). Taken together, these observations suggest that high
efficacy agonists form a stable ternary complex only when the
G-peptide interacts in the fully coupled orientation. In turn, the
strength of the interaction in the fully coupled orientation de-
termines G protein activation and, consequently, the efficacy of
signal transduction at the level of the receptor.

With the discovery of the intermediate orientation, it has been
proposed that B2AR must initially engage the Gs protein in the
intermediate orientation, as key residues involved in the fully
coupled interaction are embedded within the G protein (11).
However, our v-B2AR-Spep sensors specifically utilize the iso-
lated G-peptide, wherein all residues are solvent exposed. Thus,
the B2AR in our sensors has consistent access to hot spot resi-
dues required for both the intermediate and fully coupled in-
teractions with the S-peptide. Nonetheless, MD simulations
suggest that the intermediate orientation is unlikely to be pop-
ulated in the context of the S-peptide in v-B2AR-Spep sensors
given that receptor interactions with the G-peptide in the in-
termediate orientation are significantly weaker and unstable
compared to the fully coupled orientation. Interestingly, we ob-
served that mutagenesis of an intermediate orientation—selective
hot spot (R389 in Gas) is sufficient to significantly disrupt the
receptor—G-peptide interaction, leading to a substantial (40%)
decline in our v-p2AR-Spep measurements (Fig. 6E). These
contrasting observations are consistent with a two-stage inter-
action of B2AR with the S-peptide, with an initial engagement in
the intermediate orientation. Unlike the previously proposed
mechanism (11), which allocates the intermediate orientation as
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an obligatory prerequisite due to embedment of fully coupled
orientation residues within the G protein, our findings suggest
that regardless of the accessibility of key residues involved in the
two orientations, the intermediate orientation is a transient
prerequisite to the formation of a stable fully coupled state. The
requirement of the intermediate orientation in G protein cou-
pling is also evident in previously reported effects on ligand
binding. C-terminal fusion of the last 21 amino acids of Gas to
B2AR enhanced agonist binding affinity, consistent with ternary
complex formation (9). Mutagenesis of a single intermediate
orientation hot spot in the fused Gs peptide (R389A) signifi-
cantly weakened agonist affinity, further attesting to the role of
the intermediate orientation in the formation of the fully cou-
pled state (9). The structural mechanisms that position the in-
termediate orientation as a prerequisite for the fully coupled
state in the isolated G-peptide remain unclear. We have previ-
ously shown that the receptor occupies a dynamic conforma-
tional landscape, wherein transient, latent G protein binding
cavities facilitate interactions with distinct G proteins (15). While
these previously modeled cavities were observed using the fully
coupled orientation as the template, and thus are distinct from
the intermediate orientation, our observations demonstrate that
insertion of either the cognate or noncognate G-peptide into
receptor intracellular cavities imposes a dynamic conformational
heterogeneity onto the receptors (11, 15, 25). Furthermore,
previous studies have clearly established that receptor-G protein
interactions can influence receptor conformation (41, 42).
Hence, we speculate that interactions in the intermediate ori-
entation not only prime the G protein for activation (11) but also
influence the receptor conformational landscape, priming the
receptor for the fully coupled orientation.

In conclusion, we propose a two-stage receptor activation
mechanism that advances a structural mechanism for ligand
molecular efficacy for G protein activation (Fig. 6H and SI Ap-
pendix, Fig. S10). Regardless of ligand efficacy, the receptor
initially engages the GDP-bound G protein in the intermediate
orientation. Receptor binding to the G protein releases the Ga C
terminus to expose key residues required for the formation of the
fully coupled state (11). In parallel, engagement of the Ga C
terminus in the intermediate orientation alters the receptor
conformational landscape (9, 15, 27, 41-43), priming an inter-
action with the G protein in the fully coupled orientation. The
transition of the G protein to fully coupled orientation enhances
allosteric communication with the ligand-binding site and sig-
nificantly enhances nucleotide exchange, stimulating G protein
activation. Consequently, ligand molecular efficacy is tuned by
the strength and stability of the interaction in the fully coupled
orientation (Fig. 5 C and F). These findings are in agreement
with a recent study on the Neurotensin receptor 1-Gj; complex,
wherein a transition from an intermediate to fully active state is
proposed to enhance nucleotide exchange and, consequently, G
protein activation (39). Taken together, our mechanistic insights
reveal structural roles for the distinct intermediate and fully
coupled orientations in the GPCR-G protein activation cycle.

Materials and Methods

More detailed descriptions of all methods utilized in the current study are
available in S/ Appendix, Supplementary Methods.

Experimental Methods.

Reagents. (-)-Iso (+)-Bitartrate salt, clenbuterol hydrochloride, ICI 118,551
hydrochloride, fenoterol hydrobromide, metaproterenol hydrosulfide,
(-)-norepinephrine, R(-)-denopamine, ritodrine hydrochloride, bamethane
sulfate, terbutaline hemisulfate, and dobutamine hydrochloride were pur-
chased from Sigma Aldrich. Epinephrine hydrochloride, carazolol, and for-
moterol hemifumarate were purchased from Cayman Chemical. Salbutamol
hemisulfate and alprenolol hydrochloride were purchased from Tocris.
Molecular cloning. The construction of p2AR-Spep has been previously de-
scribed (16). All constructs were cloned into the PCDNAS5/FRT vector (Thermo
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Fisher). FRET-based GPCR SPASM sensors comprise, from N to C terminus,
GPCR, fluorescence acceptor (mCitrine), 10 nm ER/K linker, fluorescence
donor (mCerulean), and the last 27 C-terminal residues of a WT or mutant
G-peptide, each cloned between unique restriction sites. Protein domains
are separated via a (GSG), linker to secure rotational freedom between
domains. The luciferase versions of our sensors substitute fluorescent pro-
teins with the large and small fractions of the split nano-luciferase protein.
The intramolecular p2AR-ICL3 FRET sensor was engineered based on previ-
ous designs (44, 45).

Cell culture. HEK293T-Flp-In (hereafter HEK293T) cells were cultured in Dul-
becco’s Modified Eagle medium (DMEM) (Thermo Fisher) containing 4.5 g/L
p-glucose, with 10% fetal bovine serum (FBS) (Millipore) (vol/ivol), and 1%
L-glutamine, 20 mM Hepes, pH 7.5. Cells were maintained in a humidified
atmosphere containing 5% CO, at 37 °C. Transfected cells were grown to at
least 95% confluence prior to harvesting for GPMV induction and isolation.
Transfection. Constructs described in this study were transiently transfected in
HEK293T cells via an optimized protocol utilizing polyethylenimine (PEI,
linear; molecular weight (MW), 25,000; PolySciences). A transfection mixture
containing 40 pg sensor DNA and 120 pg PEI mixed together in 1 mL Opti-
minimal essential medium media (Thermo Fisher) was prepared and incu-
bated for 30 min at 25 °C. The media containing the transfection reagents
were exchanged with 20 mL fresh medium after 4 h of incubation at 37 °C.
GPMV preparation and purification. Transfected HEK293T cells were harvested
after 24 to 48 h of expression time and spun down (300 x g, 5 min), and the
cell pellet was resuspended in 10 mL GPMV buffer twice. The GPMV buffer
contains 10 mM Hepes pH 7.5, 150 mM NacCl, and 2 mM CaCl,. A total of
2 mM NEM was supplemented after the second resuspension step, prior to
incubation at 28 °C. After 2 h of incubation at 28 °C, the samples underwent
three centrifugation steps to pellet and discard cells and debris. The final
supernatant was then centrifuged (3,220 x g, 40 min) and resuspended twice
to pellet the GPMVs and remove residual NEM, which were resuspended in
2 mL buffer of choice.

FRET experiment and data collection. Experiments were carried out in Hepes-
buffered saline (HBS) buffer (20 mM Hepes pH 7.4, 5 mM KCl, 145 mM Nadl,
2 mM CaCl,, and 1 mM MgCl,) or low-salt AFRET buffer (20 mM Hepes pH
7.4, 25 mM KCl, and 5 mM MgCly). Ligands were prepared in the same
buffers as the GPCR SPASM sensors, supplemented with 1 mM ascorbic acid.
GPCR SPASM sensors were treated with the indicated ligands (100 pM unless
stated otherwise) and incubated for 5 min. The emission spectra of the
ligand-stimulated GPCR sensors were read on the fluorimeter (excitation 430
nm, bandpass 8 nm, emission 450 to 600 nm, and bandpass 4 nm) or the
plate reader (excitation 435 and 485 nm, emission 500 to 550 nm, and slit
width 10 nm). GPCR sensors treated with buffer supplemented with 1 mM
ascorbic acid were used as the baseline for which the changes in AFRET or
FRET efficiency were measured. The AFRET was calculated as 525 nm
emission/475 nm emission.

Membrane preparation. Crude membranes were prepared as described in detail
previously (27). Briefly, HEK293T cells expressing p2AR-Spep SPASM sensors
were treated with a hypotonic buffer and mechanically disrupted in the
presence of protease inhibitors, and crude membranes were separated from
intact cells, nuclei, and debris by a low-speed spin (1,000 x g, 2 min, 4 °C).
Membranes were harvested by ultracentrifugation at 135,000 x g, 25 min,
4 °C. Harvested membranes were washed in buffer (20 mM Hepes, pH 7.4,
0.5 mM EDTA, 50 mM NacCl, 10 mM MgCl2, and 1 mM DTT) and resuspended
for storage in the same buffer, containing 12% sucrose (weight/volume).
Radiolabeled antagonist binding assay. GPMVs and membranes containing
expressed B2AR-Spep sensors (7 x 10* mCerulean cps, ~2 nM) were resus-
pended in HBS supplemented with 10 mg/mL bovine serum albumin and
1 mM ascorbic acid and sonicated briefly. Increasing concentrations of
(+)-['*®1] iodocyanopindolol (0 to 800 pM) (PerkinElmer, catalog number
NEX189) were added to each sample. Nonspecific (+)-['%°I] iodocyano-
pindolol binding was assessed by repeating the same assay conditions listed
above in the presence of 1 mM alprenolol (Tocris, catalog number 2806).
Reactions were equilibrated on ice for 90 min. Equilibrated reactions were
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passed through PEl-treated GF/C filters (GE Healthcare, catalog number
1822) via vacuum manifold and washed three times with 5 mL ice-cold Tris-
buffered saline (50 mM Tris pH 7.4, 150 mM Nacl). Filters were air dried, and
filter-bound ['?°I] was measured by automatic gamma counting (Perki-
nElmer, Wallac Wizard-2 2470).

Competition binding assay. GPMV and membranes containing expressed p2AR-
Spep sensors (3 x 10° mCerulean cps, ~10 nM) were resuspended following
the same procedure as the radiolabeled antagonist binding assay. Saturating
concentrations of (+)-['?°I] iodocyanopindolol (500 pM) and increasing
concentrations of Iso were added to the resuspended membrane samples.
Nonspecific (+)-['?°I] iodocyanopindolol binding was assessed by measuring
the signal from 500 pM or 1 nM (+)-['?°I] iodocyanopindolol in the presence
of 10 mM alprenolol. Maximum (+)-['*I] iodocyanopindolol signal was
assessed using 500 pM or 1nM (+)-['?°l] iodocyanopindolol without com-
peting unlabeled ligand. Reactions were equilibrated, washed, and mea-
sured following the same procedure listed above for the radioligand
antagonist binding assay.

Fluorescence imaging. Samples were prepared via flowing in GPMVs expressing
the B2AR-spep sensor into a flow chamber constructed using a glass slide, a
nitrocellulose coated 22 x 22 glass coverslip, and two strips of double-stick
tape. The flow chamber containing the GPMVs were incubated at 4 °C for
24 h with the coverslip facing downward to allow GPMVs to sediment near
the coverslip surface. All images were acquired on a Nikon A1Rsi laser
scanning confocal microscope (University Imaging Center). Images were ac-
quired using a 60x oil immersion objective (Nikon). Images were prepared
using Fiji (46).

Computational Methods.

Modeling of fully active f2AR-Spep-agonist complex structures. S| Appendix, Table
S3 summarizes the starting structures and other modeling conditions. The
procedure we used for generating the starting structure of the fully active
B2AR-Spep complex has been described previously (14).

Modeling of the intermediate state of f2AR-Spep-Iso structure. The crystal struc-
ture of B2AR fused to a short C-terminal peptide of Gas (residues 381 to 394)
is posited to be an intermediate state of f2AR bound to Gas that precedes
the fully active receptor state (11). The crystal construct contained four
thermostabilizing mutations and two mutations to form a disulfide bond
between the Gas (381 to 394) (L394C) and B2AR (A226C). To make the 6E67
model for this study as close as possible to WT p2AR and to our fully active
state model, all six mutations were reverted to WT, the disulfide bond was
removed, and the B2AR-Spep fusion protein was separated into individual
chains (Maestro Version 11.1.012, Release 2017-1, Schrodinger, LLC). Disul-
fide bonds found in the fully active state (C106-C191 and C184-C190) were
included in the model.

PB2AR-GaSpep interaction energy calculation. The interaction energy between
B2AR and S-peptide was calculated using the Gromacs “energy” program
taken from the total nonbond energy from short-range (i.e., within 12 A)
van der Waals and Coulombic forces.

Contact persistence. Contacts between p2AR and S-peptide were determined
using the online server Get Contacts (47) based on the full 4 ps trajectory.
Calculated contacts included hydrogen bonds, salt bridges, pi-cation, pi-
stacking, T-stacking, hydrophobic, and van der Waals, as defined on the
Get Contacts home page. A persistent contact was defined as a B2AR residue
(sidechain or backbone) that maintained an interaction with an S-peptide
residue for greater than 40% of the entire simulation.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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