Check for
updates

Viewing rare conformations of the f, adrenergic
receptor with pressure-resolved DEER spectroscopy

Michael T. Lerch®P"2(®, Rachel A. Matt“'3®, Matthieu Masureel®*®, Matthias Elgeti®"®, Kaavya Krishna Kumar®®,
Daniel Hilger®*®, Bryon Foys®, Brian K. Kobilka“®¢®, and Wayne L. Hubbell**-¢

2Jules Stein Eye Institute, University of California, Los Angeles, CA 90095; ®Department of Chemistry and Biochemistry, University of California, Los Angeles,
CA 90095; “Department of Chemical and Systems Biology, Stanford University School of Medicine, Stanford, CA 94305; and YDepartment of Molecular
and Cellular Physiology, Stanford University School of Medicine, Stanford, CA 94305

Contributed by Wayne L. Hubbell, September 23, 2020 (sent for review July 6, 2020; reviewed by Ralf Langen and Scott R. Prosser)

The B, adrenergic receptor (B,AR) is an archetypal G protein cou-
pled receptor (GPCR). One structural signature of GPCR activation
is a large-scale movement (ca. 6 to 14 A) of transmembrane helix
6 (TM6) to a conformation which binds and activates a cognate
G protein. The §,AR exhibits a low level of agonist-independent
G protein activation. The structural origin of this basal activity and
its suppression by inverse agonists is unknown but could involve a
unique receptor conformation that promotes G protein activation.
Alternatively, a conformational selection model proposes that a
minor population of the canonical active receptor conformation
exists in equilibrium with inactive forms, thus giving rise to basal
activity of the ligand-free receptor. Previous spin-labeling and
fluorescence resonance energy transfer experiments designed to
monitor the positional distribution of TM6 did not detect the pres-
ence of the active conformation of ligand-free $,AR. Here we em-
ploy spin-labeling and pressure-resolved double electron-electron
resonance spectroscopy to reveal the presence of a minor popula-
tion of unliganded receptor, with the signature outward TM6 dis-
placement, in equilibrium with inactive conformations. Binding of
inverse agonists suppresses this population. These results provide
direct structural evidence in favor of a conformational selection
model for basal activity in AR and provide a mechanism for
inverse agonism. In addition, they emphasize 1) the importance
of minor populations in GPCR catalytic function; 2) the use of
spin-labeling and variable-pressure electron paramagnetic reso-
nance to reveal them in a membrane protein; and 3) the quanti-
tative evaluation of their thermodynamic properties relative to
the inactive forms, including free energy, partial molar volume,
and compressibility.
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any aspects of physiology in health and disease are regu-

lated by signal transduction through G protein coupled
receptors (GPCRs). Among these, the B, adrenergic receptor
(B2AR) is an archetype for the subset of family A GPCRs ac-
tivated by hormones and neurotransmitters, as well as a phar-
maceutical target for asthma and chronic obstructive pulmonary
disease. The activity of f,AR and other ligand-binding GPCRs
can be finely tuned by ligands of varying efficacy, with agonists
stimulating an increase in activation of cognate G proteins and
inverse agonists decreasing G protein activation below a basal
level.

B,AR crystal structures (1) have defined the outward move-
ment of transmembrane helix 6 (TM6) as the largest structural
rearrangement associated with activation of the receptor, as was
originally found for rhodopsin (2) and subsequently for other
receptors. This movement of TM6 is required for p,AR to pro-
ductively couple to its signaling partners (3).

Ligand-independent or basal activity has been observed in
many GPCRs. The level of basal receptor activity is highly
receptor-specific and is important in maintaining homeostasis in
physiologic systems independent of agonist stimulation (4). Basal
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activity in the B,AR (5-7) and other receptors (4, 8) could arise
from distinct receptor conformations that promote weak acti-
vation of the G protein, possibly involving an induced fit mech-
anism for receptor-G protein interaction. Alternatively, the
basal activity could arise from a preexisting equilibrium (9, 10)
between inactive and active conformations, where a small frac-
tion of active receptors could account for baseline levels of sig-
naling in physiologic systems. In support of this mechanism,
sparse NMR data on the unliganded adenosine receptor pro-
vides evidence for the existence of an equilibrium between the
inactive and active conformations (11).

Although data from single-molecule fluorescence on p,AR
(12) have been interpreted in terms of the presence of the active
form of the unliganded receptor, direct structural evidence for
the existence of an active-like conformation in equilibrium with
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the unliganded, inactive conformation is lacking for this pharma-
cologically important GPCR. Indeed, structural studies of equilib-
rium populations by single-molecule fluorescence resonance energy
transfer (FRET) (13) and double electron—electron resonance
(DEER) spectroscopy (5) did not detect the presence of the active
conformation in the ensemble of the unliganded p,AR. This leaves
the mechanism of basal activity for f,AR unresolved. If true con-
formational selection plays a role, then a population of active form
must exist in the equilibrium manifold of the unliganded receptor.
The goal of the present work is to investigate the possibility that an
active conformation in fact exists but is too sparsely populated to
detect with the methods employed.

Detection and characterization of sparsely populated (rare or
excited) conformations is a general problem in elucidating the
molecular mechanisms of protein function. Such low-lying ex-
cited states may play important functional roles despite being
sparsely populated (14). Extensive empirical evidence indicates
that the application of pressure may provide a solution to this
problem by reversibly increasing the population of excited states
(15, 16), allowing the use of standard experimental techniques to
characterize these states and elucidate their functional roles. The
mechanisms underlying the pressure-dependent conformational
shifts are discussed in recent literature (17-20). It is important to
note that as long as the pressure-induced shift in population is
reversible, the rare state must also exist at atmospheric pressure
and is not an artifact of pressure itself.

Recently, site-directed spin labeling (SDSL) together with
variable pressure electron paramagnetic resonance (EPR) was
developed to monitor protein conformational shifts due to ap-
plied hydrostatic pressure (21). Of particular interest for the
present study is SDSL with DEER (22). DEER provides a
probability distribution of the distances between site-specifically
introduced spin labels. Thus, each conformation in an ensemble
generates a different distance in the distribution with a proba-
bility proportional to the population of the associated confor-
mation, provided that the spin labels are properly placed to
monitor the conformational equilibrium. In this respect, DEER
is well suited to provide a structural definition to excited states
revealed by pressure because it does not require a single con-
formation to be fully populated but instead reveals each con-
formation in the ensemble that is sufficiently populated (above
~5 to 10%). Here we employ pressure-resolved DEER (23) to
identify and characterize sparsely populated states (below 1%) in the
conformational ensemble of unliganded p,AR. The data provide
direct structural evidence for the presence of an active-like confor-
mation in the equilibrium ensemble of the unliganded receptor. The
addition of agonists and inverse agonists increase and decrease
the equilibrium population of the active form, respectively. The
results indicate a mechanism for basal activity as well as that for
inverse agonists in the p,AR. Equally important, the variable
pressure data provide a thermodynamic characterization of the
active state including the partial molar volume, free energy, and
compressibility relative to the ground (inactive) state.

Results and Discussion

Basal Activity of §,AR. Since purified $,AR in detergent is not a
physiologic environment, we wanted to confirm that f,AR in fact
has basal activity under conditions similar to those used for
DEER studies. Given the small fraction of unliganded p,AR
anticipated to be in the active state (~0.5%; see Pressure-
Resolved DEER Reveals a Preexisting Equilibrium in the Unli-
ganded Receptor), we performed an assay to detect constitutive
activity under conditions that would trap the active p,AR in a
B,AR-Gg complex, thereby amplifying the response. For this
purpose, FRET experiments were designed to monitor ,AR-Gg
complex formation in the presence of a low concentration of
GDP (0.24 pM) and in the absence of GTP to capture and ac-
cumulate the ﬁzAR-GSEMPTY state. For these experiments the
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B.AR was labeled with Cy3B (donor fluorophore), and Gy was
labeled with Cy5 (acceptor fluorophore). FRET was measured
for receptor either without ligand or in the presence of saturating
concentrations of the agonist epinephrine or inverse agonist
carazolol (Fig. 1). The level of FRET observed for carazolol
likely represents the nonspecific interactions between the lipi-
dated G, and the detergent micelle of the receptor. This is
supported by the observation that a similar level of FRET was
obtained when an excess of the nonhydrolyzable GTP analog
GTPyS was added to dissociate any nucleotide-free p,AR-Gg
complexes. While small, there is a statistically significant increase
in FRET for the unliganded receptor compared with the
carazolol-bound receptor, verifying that the unliganded receptor
exhibits a measurable level of basal activity under the in vitro
conditions used in the DEER experiments. In the presence of
epinephrine there is an ~10-fold greater increase in FRET
compared with unliganded receptor.

Monitoring the Conformational Manifold of B,AR with DEER. The
above FRET assay identifies the existence of basal activity in the
preparation under study but provides no information on possible
mechanisms. For example, the unliganded receptor may exist in
a conformation with weak affinity for the G protein, and this
weak interaction leads to a low level of nucleotide exchange.
Alternatively, the weak interaction could lead to a fully active
B,AR-Gs complex by an induced fit mechanism. In such models,
the canonical active conformation of the receptor does not exist
in the absence of G protein. On the other hand, if a conforma-
tional selection mechanism pertains, then the active conforma-
tion of receptor must exist prior to the interaction with G
protein. We note that both mechanisms could in principle co-
exist, but if the active conformation is present at equilibrium in
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Fig. 1. FRET measurement of basal activity of the B,AR. B,AR-G; complex
formation was monitored under buffer conditions similar to DEER sample
conditions, either without ligand or in the presence of saturating concen-
trations of epinephrine or carazolol. FRET experiments on f,AR labeled with
Cy3B (donor fluorophore) and G labeled with Cy5 (acceptor fluorophore)
reveal the FRET intensity due to $,AR-Gs complex formation in the presence
or absence of an excess of the nonhydrolyzable GTP analog GTPyS (Materials
and Methods). Error bars denote SD, four replicates. Statistical significance is
tested with Welch's t test.
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the unliganded receptor, then conformational selection must be
an active pathway for activation. In the present experiments, we
employ pressure-resolved DEER spectroscopy to look for the
hallmark TM6 movement that identifies the presence of the
active conformation in the absence of ligand and absence of
G protein.

For a conformational readout of the f,AR equilibrium, nitro-
xide spin labels were introduced at the cytoplasmic ends of
transmembrane helices 4 and 6 (TM4 and TM6) at positions 148
and 266 (Ballesteros—Weinstein 4.40 and 6.28) (24), respectively.
Based on crystallographic coordinates of p,AR (25), the TM4
position is expected to remain relatively fixed and therefore serves
as a useful reference to monitor outward movement of TM6
(Fig. 24). Previous DEER (26) and single-molecule FRET studies
(13) have demonstrated the utility of this distance pair in moni-
toring receptor activation. As mentioned above, outward move-
ment of TM6 is a hallmark of receptor activation by ligand binding
and is a key element of the structure of the receptor in the p,AR-Gg
complex.

In the present experiments, distance distributions between
nitroxides at 148 and 266 were determined as a function of
pressure for the unliganded state, in the presence of an agonist,
in the presence of an inverse agonist, and in the presence of a G
protein mimic nanobody + agonist. In all cases, the distance
distributions derived from the DEER dipolar evolution functions
(DEFs) were multimodal and could be reasonably well fit to a
sum of Gaussian distributions (17, 27, 28). The goodness of fit of
the data to the Gaussian model was similar to that for a model-
free Tikhonov analysis (SI Appendix, Fig. S1).

Fig. 2B shows the background-corrected DEFs for the unli-
ganded receptor as well as the receptor bound to an agonist
(epinephrine), an inverse agonist (ICI-118,551), and a G protein
mimic nanobody (Nb80) + epinephrine at atmospheric pressure.
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The data collection times were longer for the epinephrine and
epinephrine + Nb80 bound states to improve the resolution of
longer distances detected in these distributions. Fig. 2C shows
the corresponding distance distributions derived from the DEFs
assuming a Gaussian model. The unliganded receptor generates
a relatively broad distance distribution with significant proba-
bility density in the range of ~25 to 45 A and a most-probable
distance of 40.4 A (solid gray). Binding of the inverse agonist
ICI-118,551 has negligible impact on the distance distribution
(orange trace), whereas the agonist epinephrine increases a
population at 48.7 A, consistent with the range of accessible
distances for this spin pair with TM6 in an active outward con-
formation (Fig. 2) (26). In agreement with previous studies,
epinephrine alone does not fully stabilize an active state (26).
Epinephrine + Nb80 binding to the receptor dramatically shifts
the population to an outward tilted position of TM6, although of
a slightly longer distance (1.6 A) than epinephrine alone, per-
haps reflecting different positions of TM6. Alternatively, this
shift in distance could result from direct contact of Nb80 with the
spin labels at the cytoplasmic surface or minor secondary struc-
ture changes local to the labeling sites due to contact of Nb80
with TM4 and TM6. The influence of Nb80 is only included to
illustrate the large shift in population to the outward tilted po-
sition of TM6 but was not studied as a function of pressure; the
present study is focused on the unliganded receptor and its in-
teraction with small molecule ligands.

As illustrated in Fig. 2D for epinephrine bound to the recep-
tor, three populations (conformational states) are needed to fit
the distribution; the peak positions and widths are noted in the
figure. Importantly, the entire set of ligand- and pressure-
dependent DEER data presented below are well fit globally
using this set of three Gaussian distributions of varying amplitude
and fixed position and width (Fig. 2D and SI Appendix, Table S1).
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Fig. 2. Monitoring the ,AR TM6 conformational equilibrium with DEER. (A) Crystal structures of inactive (gray; Protein Data Bank [PDB] ID 2RH1) and active
(green; PDB ID 3SN6) B,AR with a PROXYL side chain shown at labeled sites in TM4 (148) and TM6 (266). (B) Background-corrected DEFs and fits for the
unliganded receptor as well as receptor bound to an inverse agonist (ICI-118,551), agonist (epinephrine), and agonist + G protein mimic (Nb80) at atmospheric
pressure. The data are displayed as dots and the fits as solid lines. (C) Distance distributions obtained from fits of the data to a Gaussian model. (D) Individual
Gaussian components of the distance distribution for the receptor bound to epinephrine. All pressure-dependent and ligand-bound DEER distance distri-

butions are composed of these three components with varying amplitude.
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It is apparent in Fig. 2C and SI Appendix, Fig. S2 that the population
at 48.7 A, corresponding to the outward tilted conformation, is too
small to be reliably detected in the unliganded state.

The Gaussian peak centered at 48.7 A is assigned to the active
conformation based on the prominence of a similar peak in the
distribution of the receptor bound to epinephrine plus Nb8&0,
although in principle, there could be conformations with the
outward position of TM6 that are not fully active but are on the
pathway to activation (26). Similarly, the peaks centered at 33
and 40.4 A are taken to represent inactive conformations based
on the distance distribution of the receptor bound to the inverse
agonist ICI-188,551. The ~20-A width of the distribution char-
acteristic of the inactive state is taken to reflect significant
structural heterogeneity, perhaps including conformations with
the ionic lock in place or broken as previously suggested based
on earlier DEER and NMR measurements (26) and molecular
dynamics simulations (29).

Pressure-Resolved DEER Reveals a Preexisting Equilibrium in the
Unliganded Receptor. The distance distributions generated by
global fitting of the unliganded and ligand-bound dataset in
Fig. 2 recapitulate the major features of the model-free fits to the
individual DEFs (SI Appendix, Fig. S1). An underlying assump-
tion of this global analysis of the DEER data is that the different
ligand and pressure conditions shift the equilibrium between a
shared set, or ensemble, of conformations, and the high quality
of the global fit supports the validity of this model. For the
unliganded receptor at atmospheric pressure, the population of
the active conformation in an unbiased global fit was 2 to 4% (SI
Appendix, Table S1), although the quality of the fits was negli-
gibly affected by fixing the population of this conformation at 0%
(SI Appendix, Fig. S2). This is consistent with previous DEER
experiments that could not conclusively identify the presence of
the active conformation in the ensemble of the unliganded re-
ceptor (26), due to a combination of low active conformation
population and the difficulty of accurately quantifying long dis-
tances, which require extended dipolar evolution times and
extremely high signal-to-noise.

Upon pressurization, the population of the active confor-
mation increases continuously to a population of 73% at 4 kbar,
the highest pressure tested here. Importantly, the changes ob-
served at 4 kbar are completely reversible (black dashed line,
Fig. 34 and SI Appendix, Fig. S3), demonstrating that the
population shift caused by pressure is not due to an irreversible
physical process such as aggregation but rather is due to a
preexisting equilibrium between inactive and active conforma-
tions at atmospheric pressure. The pressure dependence of the
equilibrium between inactive and active states is well fit to a
two-state model (Fig. 3B), yielding a AG® for activation of 3.1 +
0.2 kcal/mol. This corresponds to 0.5% of unliganded receptors in
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Fig. 3.

an active conformation under ambient conditions, consistent with
this conformation being below the detection limit at atmospheric
pressure.

Can such a small population be responsible for the observed
levels of basal activity as viewed in the context of the confor-
mational selection mechanism? A study of p,AR basal activity in
cardiac myocytes found that the unliganded receptor overex-
pressed to 69 times the endogenous level produces 66% of the G
protein steady-state signaling generated by isoproterenol-bound
receptor at the endogenous level (5). Assuming that ligand
binding and conformational equilibria are fast compared to G
protein activation (30) and that about 32% of the receptor is in
the active conformation with isoproterenol bound (SI Appendix,
Fig. S6 and Table S1), one can estimate that the apparent con-
centration of activated conformation generating signaling in the
unliganded receptor is only 0.3% of the receptor population. The
similarity of this value to the active conformation population
determined by pressure-resolved DEER is striking and further
substantiates the assumption of a direct correlation between
TM6 conformation and G protein activation under the in vitro
conditions employed herein.

It should be emphasized that the assay for constitutive activity
presented in Fig. 1 is not a steady-state activation but is designed
to trap the active nucleotide-free p,AR-G; complex and amplify
the response and cannot provide an estimate of the actual
amount of active species in equilibrium with the inactive state.
The assay only confirms that there is constitutive activity, while
the variable-pressure DEER experiment directly determines the
true equilibrium amount of activated species, which is rather like
that estimated from data from an in vivo cellular response in the
context of the conformational selection model.

Mechanism of the Pressure Response. Proteins respond to pressure
both by compression and by shifting conformational equilibria
toward structures with lower partial molar volume. For soluble
proteins, it has been found that a lower partial molar volume can
be achieved by filling internal packing defects with water, along
with any concomitant structural changes, or by repacking the
protein interior to fill packing defects with neighboring side
chains (17, 18). Far less is known about pressure effects on
membrane proteins, but one expects similar responses, perhaps
modulated by the nature of the lipidic or micellar environment.
The outward motion of TM6 at the intracellular surface in the
active state opens the TM bundle and therefore is unlikely to
lead to increased packing in the protein interior. On the other
hand, the opening of the cytoplasmic surface by the helical
motion suggests that any internal packing defects (cavities) are
now accessible to water. To test whether cavity hydration con-
tributes to the mechanism of the $,AR response to pressure, we
examined the behavior of the receptor in the presence of a strong

B 2
g 0
=
2 AG® = 3.110.2 keal/mol
AV = -6248 mL/mol
APt =-0.012+0.003 mL/mol*bar
1000 2000 3Ub0 4000

Pressure (bar)

Pressure increases the population of the active conformation in unliganded p,AR. (A) Distance distributions of unliganded receptor as a function of

pressure, as well as the recovery distance distribution (dotted black line) collected for the 4-kbar sample after allowing it to reequilibrate at atmospheric
pressure. (B) Plot of In(K) vs. pressure and fit to a two-state model to yield the difference in free energy (AG®), partial molar volume changes (AVO), and
compressibility (Af;) for the inactive-to-active transition. DEFs for these samples are shown in S/ Appendix, Fig. S3.
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protecting osmolyte, sucrose, which stabilizes more compact and
less solvated protein conformations (31, 32) (SI Appendix, Fig.
S4). At 2 kbar, the presence of 25% (wt/wt) sucrose reduced the
active state population from 24 to 16% (SI Appendix, Table S1).
The counteracting effects of pressure and the protecting osmo-
lyte indicate that cavity hydration does contribute to the mech-
anism of the pressure response in f,AR, although other factors
such as protein—detergent interactions likely also play a role. A
reduction in the active state population of rhodopsin (TM6
outward tilt) was similarly observed upon addition of sucrose
(32), consistent with earlier data indicating that rhodopsin in-
ternal hydration increases upon activation (33).

Interestingly, the slight curvature in the plot of Fig. 3B is
accounted for by a lower compressibility of the active relative to
the inactive conformations. It is often assumed that the com-
pressibility difference between conformations is negligible, but at
the relatively high pressures used here (4 kbar) this assumption is
invalid (34). The small negative value of the compressibility
difference (—0.012 + 0.003 mL/mol*bar) and the relatively large
errors in the data preclude a high degree of precision, but the
fitted value verifies the algebraic sign of the parameter. This
result is consistent with numerous observations that partially
unfolded and hydrated excited states of soluble proteins (i.e., the
molten globule) have lower compressibility than the ground state
(35, 36). Collectively, the results suggest that the activated con-
formation of the receptor may be viewed as a partially unfolded
and internally hydrated structure.

Pressure Provides Insight into the Mechanism of Ligand-Mediated
Signaling. To examine the combined effects of pressure and li-
gand binding, we compared the inactive-active equilibrium at
high pressure in the unliganded vs. ligand-bound receptor. The
endogenous agonists epinephrine and norepinephrine increased
the population of the active conformation at 2 kbar compared
with the unliganded receptor (Fig. 4 and SI Appendix, Fig. S5 and
Table S1). Importantly, the additive effect of pressure and ago-
nist is consistent with stabilization of the same conformation by
both agonist binding and pressurization. These results are also
consistent with recent high-pressure NMR experiments on the
B1AR that revealed a pressure-populated shift toward the active
conformation in receptor bound to the commonly used BAR-
selective catecholamine agonist isoproterenol (37). However,
the NMR experiments were restricted to the agonist bound re-
ceptor and could not demonstrate the presence of the active
form in the unliganded receptor, the key focus of the present
work focused on the mechanism for basal activity. Moreover, the
NMR study only examines pressure-dependent changes near the
orthosteric ligand site at the extracellular surface. On the other
hand, the DEER data presented here were obtained at the in-
tracellular surface, where the large structural changes in TM6
take place that allow binding of G,. While it is clear that changes
near the ligand binding site and at the cytoplasmic end of TM6
are allosterically coupled in the presence of a ligand (38), it is not
obvious that the coupling is strong in the more flexible apo-
protein. The volume changes observed by EPR may be unre-
lated to those at the other surface, and the mechanism of the
volume change may be different.

Here the pressure response was also measured for the
isoproterenol-bound receptor (SI Appendix, Fig. S6), and the re-
sults are consistent with epinephrine and norepinephrine. The
relative populations of active conformation for the agonists at 2
kbar, epinephrine > norepinephrine, were the same as those at
atmospheric pressure. Interestingly, these agonists stimulate Gg
signaling to a similar degree in cell-based assays (39, 40) and in
neonatal cardiac myocytes (41). However, differences between
epinephrine and norepinephrine in bulk fluorescence (39) and
FRET-based (40) biophysical assays suggest that norepinephrine
may stabilize a distinct state, which is consistent with the
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observation that norepinephrine is less efficacious than epineph-
rine at promoting receptor coupling to f-arrestin 2 (40) and G;
(41). The DEER results show that norepinephrine stabilizes the
same outward displacement of TM6 as epinephrine but to a
smaller extent; however, they do not exclude the possibility that
norepinephrine stabilizes a distinct state in other TM segments.

The DEER data from the TM4-TMB6 spin pair at atmospheric
pressure reveal no discernable effect of the inverse agonist ICI-
118,551 on the distance distribution (Fig. 4 and SI Appendix, Fig.
S5), but they do reveal a bimodal distribution in each case with a
difference of ~7 A between the most probable positions. In
principle, this could arise from different rotamers of the spin
label. However, previous DEER and NMR measurements (26)
suggest that the heterogeneity of TM6 within this inactive state is
due to fluctuations between conformations with the ionic lock
intact or broken, as mentioned above. In that earlier study,
Carr-Purcell-Meiboom-Gill (CPMG)-NMR experiments using
a 'F probe on TM6 showed that the inverse agonists ICI-
118,551 and carazolol increase the rate of fluctuations within the
inactive conformation without shifting the equilibrium pop-
ulations (26), suggesting that the bimodal distribution observed
here is due to distinct conformational substates involving TM6,
the inverse agonist-dependent-exchange rate of which is mea-
sured by the "’F CPMG-NMR experiment.

Importantly, upon pressurization a clear difference is observed
in the distance distributions of the unliganded and inverse
agonist-bound receptor. Both ICI-118,551 and carazolol sup-
press the population of the active conformation relative to the
unliganded receptor at the same pressure (by 27 and 18%, re-
spectively) (Fig. 4 and SI Appendix, Fig. S6 and Table S1). As-
suming that ligand binding does not differentially influence the
partial molar volumes of the inactive and active conformations,
this indicates that inverse agonists suppress the equilibrium
population of the active conformation below the 0.5% level of
the unliganded receptor at atmospheric pressure, suggesting a
structural basis for the mechanism of inverse agonism.

This structural effect may be related to the kinetic effect of
inverse agonists revealed by CPMG-NMR, namely, a decrease in
the lifetimes of inactive states on the pathway to activation (26).
Reducing the lifetime of on-pathway inactive states below the
characteristic timescale for conversion to active states was spec-
ulated to result in a decreased active state population, which is
fully consistent with our results.

Summary and Conclusion. The pressure-resolved DEER results
presented here constitute direct structural evidence for the
presence of the active conformation in the equilibrium ensemble
of the unliganded B,AR at levels undetectable at atmospheric
pressure. By populating this excited state with pressure, it was
shown that inverse agonists reduce the population of the active
conformation. This effect was not seen in earlier DEER studies,
since the active state was too sparsely populated to detect. Taken
together, these results reveal an expanded role for conforma-
tional selection in GPCRs to include not only agonism but in-
verse agonism and basal activity as well. Basal activity assay
results highlight how subtle changes in conformational equilibria
involving rare states may translate to large physiologic effects.

Furthermore, the present study highlights the importance of
detecting rare states in order to elucidate molecular mechanisms
of catalytic protein function and illustrate the utility of SDSL in
combination with variable pressure EPR for defining structural
and thermodynamic features of sparsely populated conforma-
tions of membrane proteins. This capability will be important in
future studies of allosteric and biased agonism, where the deli-
cate interplay of different ligands may have subtle effects on
conformational equilibria.
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Fig. 4. B,AR pressure response is ligand-dependent. Distance distributions for the unliganded receptor overlaid with receptor bound to endogenous agonists
at (A) atmospheric pressure and (B) 2 kbar, as well as inverse agonist (ICI-118,551) at (C) atmospheric pressure and (D) 3 kbar. Ligands are present at saturating
concentrations in each sample. DEFs for these samples are shown in S/ Appendix, Fig. S5.

Materials and Methods

B2AR Expression and Purification. The B,AR construct employed in DEER ex-
periments in this study contains N148C and L266C mutations introduced into
a minimal cysteine version of the full-length human B,AR (2A6: C77V,
C265A, C327S, C341L, C378A, and C406A) with an N-terminal FLAG tag and
C-terminal hexahistidine tag. FRET experiments were performed using a
similar f2A4 construct (C77V, C327S, C378A, and C406A) without the cyste-
ine mutations at N148 and L266. These constructs, f2A6-148C/266C and
B2A4, have been used previously in biophysical studies and have similar Gg
activation in cell-based assays and ligand binding affinities compared with
unmodified B,AR (13, 26, 42). Here these constructs were expressed in Sf9
insect cells using a baculovirus expression system (Expressions Systems
BestBac) and purified using a combination of anti-FLAG antibody chroma-
tography and functional purification through alprenolol-Sepharose ligand
affinity chromatography, similar to previous studies (3, 26, 43). Baculovirus
encoding p2A6-148C/266C or p2A4 was used to infect Sf9 insect cells, which
were harvested 60 h postinfection. Membranes were prepared by hypotonic
lysis and centrifugation, and the receptor was solubilized from membranes
with douncing and stirring in a buffer composed of 1% (wt/vol) n-dodecyl-
p-b-maltopyranoside (DDM), 0.01% (wt/vol) cholesteryl hemisuccinate (CHS),
20 mM Hepes, pH 7.4, 350 mM NaCl, 2 mM MgCl,, 2 mM benzamidine, 5.25 pM
leupeptin, 1 pM alprenolol, and 1.25 units/mL benzonase in H,O. The soluble
fraction was supplemented with 2 mM CaCl,, loaded onto an anti-FLAG M1
antibody affinity column, and washed with 0.1% DDM, 0.01% CHS, 20 mM
Hepes, pH 7.4, 350 mM NacCl, and 2 mM CaCl, in H,O. The receptor was
eluted at a concentration of ~5 pM in 0.1% DDM, 0.01% CHS, 20 mM
Hepes, pH 7.4, 350 mM sodium chloride, 200 pg/mL FLAG peptide, and 5 mM
EDTA in H,0.

For DEER experiments, FLAG-pure P2A6-148C/266C was spin-labeled
overnight on ice using 20-fold molar excess of the spin label reagent
iodoacetamido-PROXYL in the presence of 100 uM TCEP. This label was se-
lected to facilitate comparison of the data presented herein with those
published previously (26). The spin-labeled receptor was loaded onto an
alprenolol affinity column and washed with 4 column volumes (CV) of wash
buffer consisting of 0.1% DDM, 0.01% CHS, 20 mM Hepes, pH 7.4, and
350 mM NacCl in H,O. Functional receptor was eluted with wash buffer
supplemented with 300 pM alprenolol and 2 mM CaCl, and captured by
direct elution onto an anti-FLAG M1 column. M1-bound receptor was rinsed
with buffer containing a saturating concentration of the antagonist
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atenolol, which has low affinity and fast dissociation kinetics. The M1-bound
receptor was then rinsed with ligand-free wash buffer for 1 h and eluted as
above. The receptor was exchanged into DEER buffer (0.1% DDM, 0.01%
CHS, 20 mM Hepes, pH 7.4, 100 mM NaCl in D,0) via size exclusion chro-
matography (EnRich 650 or Superdex 200 10/300 GL column). The mono-
meric fraction was collected and concentrated to 100 to 150 pM using a
100-kDa spin concentrator. Finally, 12-pL aliquots of unliganded receptor
were flash frozen in liquid nitrogen in the presence of 20% (vol/vol) deu-
terated glycerol as cryoprotectant.

For FRET experiments, FLAG-pure f2A4 was subjected to alprenolol af-
finity purification and ligand removal as described above. Samples of 2A4
at 10 pM were incubated with fivefold molar excess of Cy3 at room tem-
perature for 45 min to label the native C265 residue. After quenching with
cysteine, size exclusion chromatography on a Superdex 200 10/300 Increase
column in 20 mM Hepes, pH 7.5, 100 mM sodium chloride, 0.01% MNG/
0.001% CHS was performed to remove excess label.

Nanobody 80 (Nb80) Expression and Purification. Nb80 was produced as pre-
viously described (25). In brief, Nb80 containing an N-terminal signal se-
quence and a carboxyl-terminal Hisg tag was cloned into the periplasmic
expression vector pMES4 and transformed into the BL21(DE3) Escherichia
coli cell line (Novagen). Cells were induced in Terrific Broth at an ODggo of 0.8
with 1 mM IPTG and incubated with shaking at 22 °C for 24 h. Periplasmic
protein was obtained by osmotic shock, and the nanobody was purified
using Ni-chelating Sepharose chromatography followed by size-exclusion
chromatography (Sephadex S200 column).

G, Expression and Purification. Heterotrimeric G was expressed and purified
as previously described (13). Briefly, G, and Gy, were coexpressed in
baculovirus-infected Tni insect cells (Expression Systems BestBac). After
48 h of infection at 27 °C, cells were harvested by centrifugation and lysed
in 10 mM Tris, pH 7.5, 100 pM MqgCl,, 5 mM B-mercaptoethanol (BME),
50 uM GDP, and protease inhibitors. The membrane fraction was solubi-
lized by dounce homogenization in 20 mM Hepes, pH 7.5, 100 mM NacCl,
1% sodium cholate, 0.1% DDM, 5 mM MgCl,, 5 mM BME, 5 mM imidazole,
50 pM GDP, and protease inhibitors. The protein was loaded on a nickel
column, washed, and exchanged into buffer containing 20 mM Hepes, pH
7.5, 100 mM Nacl, 0.05% DDM, 1 mM MgCl,, 20 uM GDP, and 5 mM BME.
Protein was eluted with 200 mM imidazole, and the G hexahistidine tag
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cleaved with 3C protease (1:500 by weight), followed by dialysis overnight
in buffer lacking imidazole. The cleaved protein was reverse-purified by
flowing over nickel resin in 20 mM imidazole and dephosphorylated by
adding 1 mM MnCl,, 5 pL lambda phosphatase, 5 pL antarctic phosphatase,
and 5 pL calf intestinal alkaline phosphatase and incubating on ice for 1 h.
G protein was then purified on a MonoQ 10/100 GL column (GE Healthcare)
as previously described (13). The protein was loaded onto the column and
washed with 5 CV 20 mM Hepes, pH 7.5, 0.05% DDM, 1 mM MgCl, 100 pM
TCEP, 20 pM GDP containing 50 mM Nadcl, followed by gradient elution
using 50 to 335 mM Nacl in the same buffer over 7.5 CV to separate the
heterotrimer from free Gg,. Purified protein was dialyzed into 20 mM
Hepes, pH 7.5, 100 mM Nacl, 0.1% DDM, 1 mM MgCl,, 100 pM TCEP, and
20 pM GDP.

Purified Gs samples at 10 uM were incubated with fivefold molar excess of
Cy5 at room temperature for 45 min before quenching with cysteine,
resulting in three Cy5 labels attached to each Gg heterotrimer. To remove
excess label, size exclusion chromatography was performed on a Superdex
200 10/300 Increase column in 20 mM Hepes, pH 7.5, 100 mM sodium chlo-
ride, 0.05% DDM/0.001% CHS, 10 uM GDP, 1 mM MgCl,, and 100 pM TCEP.

FRET Assay. Cy3B-labeled p2A4 and Cy5-labeled G; were used to measure
receptor-G; association using FRET. Cy3B-labeled p2A4 was incubated with
no ligand (unliganded) or a fivefold molar excess epinephrine or carazolol
for 1 h at room temperature. Afterward, either G alone or G5 and GTPyS
were added to the receptor samples and incubated for 1 h at room tem-
perature. Final concentrations were 100 nM receptor, 250 nM G, and 1 mM
GTPyS (where applicable). Fluorescence spectra were recorded on a Fluo-
rolog instrument (Horiba) in photon-counting mode. Spectra were collected
with emission from 550 to 700 nm and excitation at 520 nm with bandpass
of 2 nm and integration time of 0.4 s*nm~". FRET was calculated as maxi-
mum acceptor intensity (I5) divided by maximum acceptor intensity plus
maximum donor intensity (Ia + Ip). Error analysis and plots were done in
GraphPad Prism 7 or later.

Sample Preparation for DEER. Ligands were prepared in 100 mM stocks of
DMSO or water, according to their solubility. Working stocks of 13x were
prepared in DEER buffer or 26% (vol/vol) DMSO in DEER buffer to aid in
ligand solubility. One pL of ligand working stock was added to a thawed
receptor aliquot (12 puL) and incubated for 1 h at room temperature. Final
ligand concentrations were set fivefold higher than receptor concen-
tration for all samples to ensure saturation. Sucrose samples were pre-
pared by diluting receptor aliquots 1:1 with a solution of 50% (wt/wt) sucrose
in DEER buffer. For ambient pressure DEER measurements, samples were
transferred to borosilicate capillary tubes (1.4 mm ID x 1.7 mm OD; VitroCom)
and flash-frozen in liquid nitrogen. Existing evidence indicates that flash-
freezing faithfully captures the room-temperature conformational equilib-
rium of the protein (44-52) and rotameric equilibrium of the spin label side
chain (53).

Pressure-resolved DEER samples were prepared as described elsewhere
(17, 23), with the following modifications: a TE Technologies CP-031 Peltier
temperature control unit was used to maintain the pressurized sample at
298 K prior to freezing, and all measurements were performed using a
Barocycler HUB880 pressure intensifier (Pressure Biosciences, Inc.) and high-
pressure tubing and connectors rated to 6.9 kbar (Maxpro Technologies).
Briefly, samples were loaded into a standard capillary cell, and a silicone
piston was inserted to separate the sample from the pressurization fluid. A
magnetic collar was glued to the outside of the upper portion of the cell to
allow its position inside a pressure chamber to be controlled externally using
a magnet. Samples were pressurized at 298 K, held for 30 s to equilibrate,
then rapidly cooled to 200 K while still under pressure. Freezing the pres-
surized sample kinetically traps the high-pressure conformational ensemble.
The sample was then depressurized, removed from the pressure chamber,
and immediately transferred to a liquid nitrogen bath in preparation for
DEER data acquisition at 80 K. To test reversibility of the pressure response,
pressurized samples were brought to ambient temperature and pressure
and allowed to equilibrate for 2 to 5 min before flash-freezing the sample to
200 K in a dry ice/ethanol bath for subsequent DEER data collection. All
pressures listed in this article are gauge pressure (i.e., 0 bar is equal to
atmospheric pressure).

DEER Experiments. DEER data were acquired on a Bruker ELEXSYS E580
spectrometer equipped with a SuperQ-FT bridge, 10 W AmpQ amplifier, and
SpinJetAWG operated at Q-band frequency (~33.5 GHz) with an ER
5107D2 Q-Band pulse resonator (Bruker Biospin). Sample temperature was
maintained at 80 K during data collection using an Oxford ITC503S
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temperature controller (Oxford Instruments). A dead-time free four-pulse
DEER sequence (54) was used with an eight-step suppression of the deu-
terium ESEEM signal (55) and 16-step phase cycle. The pump pulse (linear
frequency-swept [chirp] (56), 100 ns, 100 MHz bandwidth) was applied at
the minimum between the low- and center-field maxima of the absorbance
spectrum. The observe pulses (rectangular, ~20 ns ©/2, ~40 ns &) were ap-
plied at a =70 MHz offset from the pump pulse. Data were acquired with
dipolar evolution times of 3 to 4.5 ps, using >4 ps for all pressure samples.

Background correction and model-free fitting analysis of DEFs were
performed with the program LongDistances590 (developed by Christian
Altenbach and available at www.biochemistry.ucla.edu/biochem/Faculty/
Hubbell/). The dimensionality was allowed to vary during optimization of
the background correction; typical optimized values were in the range of 2.5
to 3.5. The program DeerA (57) (developed and kindly provided by Richard
A. Stein, Vanderbilt University, Nashville, TN, and available online via https:/
www.mathworks.com/) was used for Gaussian model-based analysis of
background-corrected DEFs. DeerA was used for global analysis of the
unliganded and ligand-bound dataset, in which a minimal set of Gaussians
required to fit the background-corrected DEFs was identified. The mean and
width of each Gaussian distribution were kept constant across all samples,
and only the relative amplitudes were allowed to vary. The fractional pop-
ulation of each of the three individual Gaussians is listed in S/ Appendix,
Table S1, for each sample, calculated by dividing the area for the individual
Gaussian by the total area for all Gaussians. The comparison in SI Appendix,
Fig. S2, was performed using the model-based function in LongDistances.
Means and widths of individual Gaussians were taken from the global
analysis, and amplitudes were allowed to vary. The amplitude of the 48.7-A
peak was fixed at 0 for the two-Gaussian fit. All distributions were area-
normalized and plotted in GraphPad Prism 7.

Thermodynamic Analysis of the Inactive-Active Equilibrium. The pressure de-
pendence of the unliganded receptor distribution (Fig. 24) is well-fit to a
two-state equilibrium between the active and inactive conformations,
where the Gaussians centered at 33 A and 40.4 A are attributed to the in-
active state and the Gaussian centered at 48.7 A is attributed to the active
state (see Results). The equilibrium constant (K) is given by Eq. 1:

=f=1-f [11
where f, and f; are the fractional populations of active and inactive con-
formations, respectively. The pressure dependence of the Gibbs free energy
(AG) of the system is described by Egs. 2 and 3:

AG = —RTIn(K), 121

AG =G+ AV (p —p?) — LT(p - poy. 3]

Combining Egs. 2 and 3 yields Eq. 4, where R is the gas constant and T is the
temperature. A temperature of 298 K was used in this analysis because it was
the holding temperature for all samples prior to freezing for DEER data
acquisition.

AGe AV’ ABr )
InK)= ————=—(P—-p°) +=-~(p— p°)". 4
n(K) =~ = g (P =P*) + 570 = P°) (41
A plot of In(K) vs. pressure for the unliganded receptor was fit to Eq. 4 using
GraphPad Prism 7 to solve for the change in standard Gibbs free energy
(AG®), partial molar volume (AV®), and isothermal compressibility (Af;) for
the transition from inactive to active state (Fig. 3B). Values of f, and f; at
atmospheric pressure were calculated using AG° with Egs. 1 and 2.

Data Availability. All study data are included in the article and supporting
information.
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