1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Structure. Author manuscript; available in PMC 2024 July 06.

-, HHS Public Access
«

Published in final edited form as:
Structure. 2023 July 06; 31(7): 836-847.e6. doi:10.1016/j.str.2023.05.001.

Dual Mechanisms of Cholesterol-GPCR Interactions That
Depend on Membrane Phospholipid Composition

Arka Prabha Rayl'T, Naveen Thakurl:T, Niloofar Gopal Pour?!, Matthew T. Eddy""
1Department of Chemistry, University of Florida, 126 Sisler Hall, Gainesville, FL 32611, USA

SUMMARY

Cholesterol is a critical component of mammalian cell membranes and an allosteric modulator
of G protein-coupled receptors (GPCRs), but divergent views exist on the mechanisms by

which cholesterol influences receptor functions. Leveraging the benefits of lipid nanodiscs,

i.e., quantitative control of lipid composition, we observe distinct impacts of cholesterol in

the presence and absence of anionic phospholipids on the function-related conformational
dynamics of the human A, adenosine receptor (AoaAR). Direct receptor-cholesterol interactions
drive activation of agonist-bound A;AAR in membranes containing zwitterionic phospholipids.
Intriguingly, the presence of anionic lipids attenuates cholesterol’s impact through direct
interactions with the receptor, highlighting a more complex role for cholesterol that depends

on membrane phospholipid composition. Targeted amino acid replacements at two frequently
predicted cholesterol interaction sites showed distinct impacts of cholesterol at different receptor
locations, demonstrating the ability to delineate different roles of cholesterol in modulating
receptor signaling and maintaining receptor structural integrity.
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Ray and Thakur et al. use 1°F-NMR to observe how cholesterol affects the conformational
equilibria of the Ay adenosine receptor. The impact of cholesterol varies depending on the

type of phospholipids present and differs at different receptor locations, affecting either structural
stability or receptor signaling activity.

INTRODUCTION

Cholesterol is a major component of mammalian cell membranes and an important
regulator of the functions of membrane proteins, as documented extensively in the
literature.1=9 Alterations in cholesterol distribution and metabolism, either through genetic
or environmental causes, are highly correlated with numerous health disorders, including
Alzheimer’s disease, 10 heart disease,1! and diabetes.12 Cholesterol is also increasingly
known for its role as an allosteric modulator of G protein-coupled receptors (GPCRs),
integral membrane sensory proteins, and targets of over 35% of FDA-approved drugs.13

Literature data have reported the impacts of cholesterol on essentially every aspect of

GPCR pharmacology and biology.14-19 Cholesterol has been shown experimentally to act
as an allosteric modulator of GPCRs, altering the binding affinities of orthosteric ligands,

as observed with, for example, the oxytocin receptor,20 CXCR4 chemokine receptor,21
serotonin; a receptor,22 cannabinoid CB1 receptor?3 and CCR5 chemokine receptor.24
Structural and biochemical evidence also support the role of cholesterol as a direct
orthosteric agonist for some GPCRs, including the smoothened receptor (SMO).2% In
addition to cholesterol’s impacts on receptor pharmacology, experimental and computational
studies have identified roles of cholesterol in GPCR oligomerization,26-2° receptor sorting
and trafficking,30-33 and formation of signaling complexes.19:34:35
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Three general mechanisms have been proposed to understand the influence of cholesterol
on GPCR function: direct cholesterol-GPCR interactions, indirectly via modulation of bulk
membrane properties, or a combination of both.36 Support for direct receptor-cholesterol
interactions has come, in part, from the observation of cholesterol or cholesterol analogs
closely associated with the transmembrane regions of more than 60 GPCRs in X-ray
crystallography and cryo-electron microscopy structures, as reviewed.3’ NMR studies of
the Bo-adrenergic receptor (B,AR) indicated that the receptor showed a specific preference
to associate with cholesterol over ergosterol,38 and high-pressure NMR studies reported
the cholesterol analog, cholesteryl hemisuccinate (CHS), specifically associated with the
B1-adrenergic receptor (B1AR) to inhibit its activation.3? However, there is no consensus
on the extent to which specific cholesterol-receptor interactions influence the function of
GPCRs, and earlier studies of rhodopsin reported evidence for the influence of cholesterol
on rhodopsin function both through direct interactions with rhodopsin®® and by modulating
the properties of the lipid bilayer.4!

We investigated the mechanism by which cholesterol modulates the function-related
dynamics of the human A, adenosine receptor (AxpAR), a class A GPCR. AppAR s a
model receptor for investigating mechanisms underlying GPCR signaling phenomena, owing
to a large number of structures#2-46 and the availability of spectroscopic data in different
membrane mimetics.4’-53 A,pAR is an important and validated drug target for Parkinson’s
disease>* and cancers®® for which cholesterol may play a role. A growing body of literature
has documented the impact of cholesterol on A;aAR signaling and pharmacology, though
there is no consensus on the precise role of cholesterol or mechanisms by which cholesterol
may influence AypAR function. In HEK293 cells treated with methyl-p-cyclodextrin
(MBCD) to deplete cholesterol, A,aAR signaling was observed to significantly decrease,>®
indicating cholesterol was required to achieve a maximum signaling response to agonist
stimulation. In a separate study, treatment of C6 glioma cells with MBCD showed an
increase in the specific binding of an A;aAR antagonist, suggesting cholesterol inhibited
antagonist binding.1® Canonical cholesterol recognition motifs and cholesterol-binding
“hotspots” have been predicted for ApaAR as evidence for specific receptor-cholesterol
interactions.5"=59 In contrast to this view, 1°F-NMR experiments with A,aAR labeled at
position VV229C on transmembrane helix 6 concluded cholesterol was a weak positive
allosteric modulator and impacts of cholesterol were likely due more to cholesterol-mediated
changes in membrane bilayer fluidity rather than direct interactions.®°

To reconcile these divergent views, we integrated 1°F-NMR data with correlative functional
and pharmacological assays to investigate the impact of cholesterol on signaling-related
AoaAR conformational dynamics. We leveraged the benefits of lipid nanodiscs to
quantitatively control lipid composition in all samples. By systematically exploring a
wider range of lipid compositions than previously studied, we observed evidence for both
the direct and indirect influence of cholesterol. The mechanism of cholesterol influence
depended both on the presence of cholesterol and the composition of phospholipids in the
membrane. Using conditions where we observe specific cholesterol-receptor interactions,
we explored variations in the cholesterol chemical scaffold to test the extent to which
cholesterol-A;a AR interactions depended on the structural details of cholesterol molecules.
The same conditions also allowed us to investigate two of the most frequently predicted
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cholesterol interaction sites.51-63 Our findings reveal a clear and significant impact of
cholesterol on the activation of agonist-bound A,aAR in nanodiscs that contain zwitterionic
lipids. This effect is observable even for samples containing only 1-2 molecules of
cholesterol per nanodisc. An investigation of cholesterol analogs also yielded comparable
results. Interestingly, this response is obscured when A,aAR is embedded in nanodiscs
containing mixtures of zwitterionic and anionic lipids, suggesting a potential interplay
between anionic lipids and cholesterol. These results are discussed in the context of
integrating /n vitro and in vivo data to provide a more comprehensive understanding of

the role of cholesterol in GPCR activation mechanisms.

Cholesterol manifests different impacts on the pharmacology of A;pAR antagonists and

agonists

For biophysical and functional experiments, a variant of human A;aAR containing a
single cysteine replacement at position 289 located at the intracellular surface of helix 7
(Figure S1), A,AAR[A289C], was expressed in Pichia pastoris using previously described
protocols.®4 The location of the introduced cysteine was selected based on literature data
from 19F NMR studies of A;aAR, which demonstrated NMR spectra of A,aAR labeled
with 19F-2,2 2-trifluoroethanethiol at this position were sensitive to differences in the
efficacies of bound ligands.>! This position was also shown to be sensitive to modulation
of the AaAR conformational ensemble by membrane phospholipids.64 C289 was the only
cysteine available for chemical conjugation, as previously demonstrated.>!

To investigate the role of cholesterol on the conformational equilibria of A;aAR, we
prepared samples of AopAR[A289C] in lipid nanodiscs containing binary mixtures of
POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and cholesterol, or ternary mixtures
of POPC and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) and cholesterol,
or POPC and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)) and
cholesterol, where the amount of cholesterol was varied from 0 to 15 mol%. \We observed
homogenous preparations could be achieved for nanodiscs containing up to 15 mol%
cholesterol and attempts to prepare nanodiscs with more resulted in heterogeneous,
aggregated samples. This is consistent with analogous observations described previously,
which reported higher concentrations of cholesterol inhibited nanodisc formation, possibly
due to increased membrane rigidity.60:65:66 \We therefore focused our study on membrane
compositions containing <15 mol% cholesterol. While this is lower than what has been
observed in some mammalian cell membranes,®’ this amount still allowed us to investigate
possible mechanisms of cholesterol influence on AopAR.

To obtain homogeneous lipid compaositions in nanodiscs, mixtures of lipids were
quantitatively weighed and dissolved in chloroform, dried down to form a thin film, and
then reconstituted in buffer (STAR Methods). Analytical size exclusion chromatography
characterization of purified lipid nanodiscs containing A,aAR, phospholipids, and varying
amounts of cholesterol showed monodispersed and homogeneous samples (Figure S2).

The phospholipid composition of nanodisc samples containing A,aAR was verified by
31p-NMR, which showed the relative amounts of each phospholipid species in the nanodisc
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samples quantitatively agreed with the intended amounts (Figure S3). The amount of
cholesterol in each nanodisc sample was verified using the Amplex Red Cholesterol

Assay, a fluorometric method for the enzymatic detection of cholesterol®8, and confirmed
to be consistent with targeted amounts (Table S1). We also note that this assay has

been used to quantify concentrations of other sterols including ergosterol®®, which is
produced by £ pastoris. Using the fluorometric assay we did not detect the presence of
other sterols in nanodisc samples that were not prepared by purposely adding sterols.

To confirm the receptor was folded in all employed lipid compaositions, we recorded
fluorescence thermal shift assays using a thiol-reactive dye, N-[4-(7-diethylamino-4-
methyl-3-coumarinyl)phenyllmaleimide (CPM), for A,aAR[A289C] in complex with the
full agonist 5’-N-ethylcarboxamidoadenosine (NECA). As the nanodisc scaffold protein
MSP1D1 contains no cysteines, the assay thus observed a direct response of the thermal
unfolding of the receptor. A;aAR was folded in all studied lipid compositions across

the full range of cholesterol concentrations (Figure S4). We observed at most a minimal
impact of cholesterol on the measured melting temperature of ApAAR[A289C] for nanodisc
samples prepared either with POPC and cholesterol or ternary mixtures of POPC, POPS, and
cholesterol (Figure S4). The more significant impact was the presence or absence of POPS,
consistent with earlier studies.64

To investigate the impact of cholesterol on the pharmacological activity of A;pAR, we
measured affinities for the antagonist ZM241385 and agonist NECA with radioligand
competition binding experiments in lipid nanodiscs containing variable amounts of
cholesterol. For all samples studied, we observed clear evidence of ligand binding,
indicating A,aAR[A289C] retained pharmacological activity across the range of cholesterol
concentrations used in subsequent NMR experiments (Figure 1). For experiments with the
antagonist ZM241385, we measured at most a factor of ~3 difference in binding affinities

in samples containing 0 to 10 mol% cholesterol, with no clear relationship between the
amount of cholesterol and determined Kp value for the antagonist (Figure 1A and Table
S2), suggesting these relatively smaller differences were likely unrelated to the amount of
cholesterol present. For the agonist NECA, we observed a difference of ~4.5 in measured
binding affinities between samples containing 0 mol% cholesterol and 10 mol% cholesterol,
with a linear decrease in the agonist dissociation constant with increasing amounts of
cholesterol (Figure 1B and Table S2). This suggested a potential correlation between the
presence of cholesterol and affinity for agonists, though less than an order of magnitude
difference in agonist affinities between samples containing 0 to 10 mol% cholesterol.

Cholesterol is required to populate an active A;pAR ensemble in zwitterionic phospholipid

membranes

We investigated the impact of cholesterol on the function-related conformational dynamics
of A,aAAR by NMR using a 1°F-NMR reporter group introduced at position C289, located
in transmembrane helix 7, with 2,2,2-trifluoroethanethiol (TET) covalently attached via
an in-membrane chemical modification approach,’® yielding A,aAR[A289CTET]. Earlier
studies demonstrated no other cysteines were available for 19F-labeling.5! The 19F-NMR
reporter at position C289 was shown to be highly sensitive to function-related changes
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in the efficacies of bound drugs®! and changes in membrane phospholipid composition,%*
providing “fingerprints’ for the corresponding functional states.

We recorded 19F-NMR spectra of ApaAR[A289CTET] in complex with the antagonist
ZM241385 in lipid nanodiscs containing POPC and either without cholesterol or

with 5 mol% cholesterol (Figure 2A). For both samples, highly similar spectra were
observed containing two components, labeled P1 and P3, with P3 being the dominant
component in the spectrum. In earlier studies, 1°F-NMR spectra of antagonist-bound
AaAR[A289CTET] in DDM/CHS micelles,! P3 had been assigned to an inactive
conformation of the receptor and P1 had been observed for both antagonist-bound and
agonist-bound A, AR[A289CTET].51 The spectra of antagonist-bound A,sAR[A289CTET]
shown in Figure 2A are also highly similar to spectra reported of antagonist-bound
AspAR[A289CTET] in lipid nanodiscs of binary mixtures of phospholipids that did not
contain cholesterol.54 The chemical shifts for components P1 and P3 appear to be highly
similar for preparations of antagonist-bound AyaAAR[A289CTET] either in DDM/CHS
micelles®® or lipid nanodiscs without cholesterol.54 Further, only relatively smaller
variations in the relative intensities of components P1 and P3 were observed in the absence
and presence of cholesterol for antagonist-bound A;aAR (Figure 2A), compared with

more striking changes observed for agonist-bound A,aAR[A289C TET] upon addition of
cholesterol (see below). Specifically, for antagonist-bound A,AAR[A289CTET] we observed
a ~15% decrease in the relative population for state P3 and a ~30% increase in the
population of state P1 upon addition of cholesterol (Table S4). The dominant component in
the spectrum was still clearly P3, indicating the inactive conformational ensemble remained
similar in the absence and the presence of cholesterol.

In contrast to our observations with antagonist-bound A,pAR, 19F-NMR spectra of agonist-
bound A,AAR[A289CTET] showed a striking dependence on the presence of cholesterol.
19F-NMR spectra of A)aAR[A289CTET] in complex with the agonist NECA in lipid
nanodiscs containing POPC were highly similar to spectra of AJaAR[A289CTET] in
complex with the antagonist ZM241385 (Figure 2B). This indicated we observed an
inactive A,pAR conformational ensemble even with a saturating amount of agonist present,
consistent with earlier studies in nanodiscs containing only zwitterionic phospholipids.5*
From the radioligand binding data in Figure 1, we concluded the pharmacological activity
of A,pAR was preserved in the employed lipid composition, and thus the observation of the
inactive conformational ensemble was not due to impaired ligand binding.

Compared to the results in nanodiscs containing only POPC, we observed a clear-cut
response to cholesterol for agonist-bound Ay AR[A289CTET] in nanodiscs containing
POPC. 19F-NMR spectra of agonist-bound A,aAR in nanodiscs containing POPC and 0.5
mol% cholesterol showed the hallmarks of an active ensemble, noted by the disappearance
of peak P3 and the emergence of two new peaks P2 and P4 (Figure 2B), which had

highly similar chemical shifts to signals identified for agonist-bound A,pAR in DDM/CHS
micelles.51 Previously, we assigned P4 to the fully active AyaAR conformation by carefully
examining experimental conditions in which we observed a population of P4 only upon
complex formation of A aAR[A289CTET] with mini-Gg.64 The composition of 0.5 mol%
cholesterol corresponds on average to 1 to 2 molecules of cholesterol per nanodisc (see
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Discussion), which was verified in fluorometric assays as described above. At this relatively
low concentration of cholesterol, we did not anticipate cholesterol would have a significant
impact on membrane fluidity, which may also potentially impact AypAR. To verify this,

we recorded fluorescence spectra of nanodiscs containing POPC, varying amounts of
cholesterol, and the lipophilic fluorescent probe Laurdan, which is a sensitive probe of
membrane fluidity.” We observed that nanodiscs containing 0.5 mol% cholesterol showed
almost identical membrane phase behavior compared with nanodiscs containing only POPC
(Figure S5). Based on these collective observations, we concluded the effects of cholesterol
observed on populating the active state ensemble of agonist-bound A,aAR must be due to
a direct influence on the receptor rather than to the modulation of the bulk properties of the
membranes in the nanodiscs.

We recorded additional 1°F-NMR spectra of agonist-bound A;aAR[A289CTET] in
nanodiscs containing POPC and 5 mol% cholesterol or 10 mol% cholesterol. The fits for the
data for all spectra were evaluated by calculating the residual difference between the raw
data and the sum of the individually fit components (Figure S6), from which we conclude
that no new signals were observed from earlier studies of A,aAR in DDM/CHS® or in lipid
nanodiscs.®* The 19F-NMR spectrum of agonist-bound A, AR[A289CTET] in nanodiscs
containing POPC and 5 mol% cholesterol qualitatively resembled the spectrum for A;jpAR
in nanodiscs containing 0.5 mol% cholesterol with marginally reduced linewidths observed
for states P4 and P2 (Figure 2B), possibly indicating reduced conformational plasticity with
a higher concentration of cholesterol. While the 19F-NMR spectrum A,sAR[A289CTET]

in nanodiscs containing POPC and 10 mol% cholesterol qualitatively resembled spectra
with lower amounts of cholesterol, we observed a slightly diminished intensity for state

P4 (Figure 2B). In the membrane fluidity measurements with Laurdan, we observed a
reduction in membrane fluidity with increasing amounts of cholesterol. Samples prepared
with 10 mol% cholesterol showed the largest increase in order (Figure S5). This observation
may correlate with the slightly diminished intensity for state P4 observed with increasing
cholesterol concentration. We also recorded 19F-NMR spectra at a higher temperature of 300
K of A aAR[A289CTET] in complex with NECA in nanodiscs containing POPC and either
0.5 mol% cholesterol or 5 mol% cholesterol (Figure S7). At 300 K, we observed a ~50%
increase in the popultion of state P4 with respect to the total integrated spectrum (Table S4).
We anticipate that at even higher temperatures we would likely observe additional marginal
increases in the population of P4.

Cholesterol analogs also significantly influence the conformational equilibria of agonist-
bound A;pAR

Having established experimental conditions where we observed a clear impact of cholesterol
on populating the active ensemble of agonist-bound A;pAR, we investigated whether

this impact was specific to cholesterol or could be observed also with other sterols.
Cholesterol-protein interactions are thought to be nuanced, and it has been proposed that
details of the chemical structure of cholesterol facilitate its interactions with membrane
proteins. MD simulations have predicted that specific structural features of cholesterol
molecules form unique interactions with membrane proteins at cholesterol interaction
sites.56-59.72 \We recorded 19F-NMR spectra of A;aAR[A289CTET] in complex with the
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agonist NECA in lipid nanodiscs containing POPC and 0.5% mol fraction of one of three
different sterols: epicholesterol, ergosterol, or digoxigenin (Figure 3). The three sterols were
chosen to explore the extent to which the influence of cholesterol on the conformational
ensemble of A;aAAR depended on specific features of the cholesterol chemical structure, as
epicholesterol is an enantiomer and ergosterol is a diastereomer of cholesterol. 19F-NMR
spectra of agonist-bound AyAAR[A289CTET] in the presence of POPC and 0.5 mol% of
epi-cholesterol, ergosterol, or digoxigenin were similar to spectra recorded in the presence
of 0.5 mol% cholesterol, showing an active state ensemble (Figure 3 and Figure S8). The
relative population of state P4 varied among the spectra recorded with different sterols, with
the sample prepared with digoxigenin showing the lowest relative population of P4 and the
sample prepared with epicholesterol showing approximately twice the relative population
(Table S4). Despite these variations, there was a distinct difference in the overall spectral
fingerprint of all samples prepared with 0.5 mol% sterol compared to agonist-bound receptor
in the absence of cholesterol. These observations suggest the influence of cholesterol on

the AoaAR conformational ensemble does not depend on specific details of the cholesterol
chemical scaffold.

Anionic phospholipids modulate the impact of cholesterol on the A;pAR conformational

equilibria

In a previous study, we showed that the presence of anionic lipids, including POPS

and POPG, modified the conformational equilibrium of agonist-bound A,aAR.54 Our
findings revealed that 19F-NMR spectra exhibited an inactive conformational ensemble for
agonist-bound A,AAR[A289CTET] in nanodiscs containing zwitterionic lipids. Upon the
introduction of anionic phospholipids, an active conformational ensemble was observed.54
It was therefore of interest to investigate how the A,aAR conformational equilibria were
affected by ternary mixtures of zwitterionic phospholipids, anionic phospholipids and
cholesterol. We prepared samples of A,aAR reconstituted into nanodiscs containing POPC,
5 mol% cholesterol, and either POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine)
or POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)). 2°F-NMR spectra
of the A,AAR[A289CTET] complex with the antagonist ZM241385 were highly similar in
the presence and absence of 5 mol% cholesterol, showing slightly narrower lines in the
presence of cholesterol with no significant changes in the relative populations of observed
signals (Figure 4A, Figure S9, and Table S4). For agonist-bound AzaAR, in contrast to our
observations with nanodiscs containing POPC and cholesterol, we observed at most subtle
dependence on the presence of cholesterol in 19F-NMR spectra of AyaAR[A289CTET] in
nanodiscs containing ternary mixtures of POPC and POPS and cholesterol or POPC and
POPG (Figures 4B and 4C). In all cases, we observed the signature of an active ensemble
with only subtle changes in the relative populations of P4, P2, and P1 (Figures 4B and

4C, Table S4). 19F-NMR spectra of A)pAR[A289CTET] in nanodiscs containing ternary
mixtures of POPC and POPS exhibited a ~20% decrease in the relative population of state
P2 upon addition of 5 mol% cholesterol whereas the population of state P1 remained nearly
unchanged (Table S4). 1°F-NMR spectra of AypaAR[A289CTET] in nanodiscs containing
ternary mixtures of POPC and POPG exhibited a ~50% decrease in the population of state
P2 upon addition of 5 mol% cholesterol and the population of P1 increased by ~65%
(Table S4). 19F-NMR spectra of agonist-bound A,AAR[A289CTET] in nanodiscs containing
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a smaller amount of anionic lipids (POPC:POPG, 93:7 molar ratio) also show a diminished
effect of the addition of cholesterol (Figure S10) as compared to spectra measured with
cholesterol in nanodiscs containing only POPC. We observed an increase by ~20% in the
population of state P4, a ~20% reduction in the population of state P2, and the relative
population of state P1 remained nearly the same (Table S4).

We further explored the impact of cholesterol on A;aAR function in binary and ternary
mixtures of phospholipids by observing the impact of cholesterol and anionic lipids on
AspAR-catalyzed nucleotide exchange using a GTP hydrolysis assay’3 (Figure S11 and
Table S3). This assay monitors the exchange of GTP for GDP bound to the stimulatory G
protein Gag upon complex formation with Ao AR[A289C]. In lipid nanodiscs containing
POPC, we observed a significant increase in GTPase activity for agonist-bound A,aAR over
antagonist-bound A,aAR, as expected (Figure S11). We observed a statistically significant
increase in GTPase activity for agonist-bound A;AAR in nanodiscs containing 0.5 mol%
cholesterol (Figure S11). A further increase in GTPase activity was observed for A;pAR

in nanodiscs containing 5 mol% cholesterol. In nanodiscs containing POPC and 10 mol%
cholesterol, activity was still present but appeared to be decreased compared with nanodiscs
containing 0.5 and 5 mol% cholesterol. This observation appears consistent with our NMR
data showing an active-state ensemble with a lower P4 population for nanodiscs containing
10 mol% cholesterol, as discussed above (Figure 2 and Table S4), which may reflect an
impact of the decrease in membrane fluidity on the A,pAR conformational ensemble. In
nanodiscs containing mixtures of POPC and POPS, the addition of anionic lipids correlated
with a significant increase in GTPase activity for agonist-bound A;pAR (Figure S11),
consistent with our earlier observations of the impact of anionic phospholipids on populating
an A,aAR active state ensemble.%4 For binary phospholipid compositions, the presence of
cholesterol showed a positive impact on GTPase activity; however, the impact of cholesterol
was significantly muted in the presence of anionic lipids compared with the GTPase activity
of AyaAAR in nanodiscs containing only zwitterionic lipids, which correlated with the
corresponding 19F-NMR spectra (Figure 4, Table S4).

Distinct roles for different cholesterol interaction sites influence signaling and receptor

stability

Sequence analysis and structure-based computational modeling have identified several
putative sites for cholesterol interactions with A,pAR, described as cholesterol recognition
amino acid consensus (CRAC) sequences or cholesterol consensus motifs (CCM). One
CCM site predicted for A,aAR from all-atom simulation data’ involved residues Y43241,
S47245 K122444 1125446 and W1294°0 (superscripts indicate the Ballesteros-Weinstein
nomenclature’®). This location has also been proposed to be a cholesterol interaction

site in other class A GPCRs, including the B,AR.”® Amino acid replacement of these
residues in AppAR resulted in reduced ligand specific binding and reduced cAMP signaling
in HEK293 cells.81 Additional cholesterol interaction sites were observed in molecular
dynamics simulations, including a location at the intracellular surface between TMVI and
TMVI11%2 involving R2917-56 (Figure 5A). From our earlier results showing the involvement
of R291 in facilitating AoaAR interactions with anionic lipids,%* we sought to test if this
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residue was also important for mediating the effects of cholesterol on the A;aAR active-
state conformational ensemble.

We selected W129 and R291 for amino acid replacement to test if the variants
ArpAR[A289C,R291Q] and AppAR[A289C,W129I1] showed evidence for disrupting
cholesterol-A;p AR interactions. W129 was replaced with isoleucine to disrupt potential
ring stacking between cholesterol and AopAR, and R291 was replaced with the relatively
shorter, uncharged amino acid glutamine to potentially alter interactions with the cholesterol
3p-hydroxyl group, which orients cholesterol to the membrane surface. 1°F-NMR
spectra of agonist complexes with the A;aAR variants ApaAR[A289CTET R291Q] and
AspnAR[A289CTET W1291] were recorded using conditions we had previously identified
where a clear response to cholesterol was observed for agonist-bound A,aAR in nanodiscs
containing POPC and 0.5 mol% cholesterol (1-2 cholesterol molecules per nanodisc)
(Figure 2). 19F-NMR spectra of agonist-bound A,aAR[A289CTET R291Q] in nanodiscs
containing POPC and 0.5 mol% cholesterol showed the spectral signature of an active-
state ensemble but with a significant decrease in the population of the active-state P4
(Figure 5B). We had previously shown that pharmacological activity was preserved for
this variant and 1%F-NMR spectra of agonist-bound A;aAR[A289CTET R291Q] in lipid
nanodiscs containing only POPC resembled an inactive conformational ensemble.84 We
had also shown that the R291Q amino acid replacement increased the basal activity

of the receptor, manifesting in the 19F-NMR spectra of ApaAR[A289CTET R291Q] as

an increased population of the state P4.54 The presence of 0.5 mol% cholesterol did
populate an active ensemble but with a reduced impact, which suggests that this site

may contribute toward the impact of cholesterol in addition to one or more other
locations. Thus, in the present study it is remarkable that the relative population of

P4 is observed to be decreased for A)pAR[A289CTET R291Q] in conditions where we
observe a much larger population for P4 for AJ)ayAR[A289CTET]. 19F-NMR spectra of
agonist bound A,AAR[A289CTET W129I] in nanodiscs containing POPC and 0.5 mol%
cholesterol also showed an altered conformational equilibria with changes in the relative
populations of states P1 and P2 (Figure 5C), with an increase in the population of

P1 by ~60% and a decrease in the population of P2 by a factor of 5-6 (Table S4).
However, we observed a significant population for state P4 similar to the observations
with A;AAR[A289CTET], indicating the presence of a substantial active state population.
The distinct 19F-NMR spectra of the agonist complexes with Ay,aAR[A289CTET R291Q]
and A,aAR[A289CTET W1291] in the presence of 0.5 mol% cholesterol suggest potentially
different roles for cholesterol interactions in the two locations.

DISCUSSION

The pharmacological data in Figure 1 show no correlation between measured binding
affinities for antagonists and cholesterol and a potential positive correlation between binding
affinities of agonists and cholesterol concentrations in lipid nanodiscs, albeit less than a
factor of 10 over the range of cholesterol concentrations studied. Previous studies reported
an increase in specific binding of the antagonist ZM241385 to A;aAR upon using MBCD to
remove cholesterol from C6 glioma cells.1®> As our pharmacological data were recorded for
AuaAR in lipid nanodiscs, it suggests the observations in glioma cells may reflect a more
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complicated interplay between cholesterol and additional membrane lipids in the cellular
environment that could impact A,aAR pharmacology.

In nanodiscs containing POPC, 19F-NMR spectra of agonist-bound A,aAR showed a clear
response to the presence of just 1-2 molecules cholesterol per nanodisc (Figure 2). There
was no observable impact of this relatively lower amount of cholesterol on the fluidity of the
membranes in nanodiscs (Figure S5). We concluded the impact of cholesterol on the AopAR
conformational ensemble was due to direct interactions with the receptor. The estimation

of 0.5 mol% cholesterol corresponding to 1 to 2 molecules of cholesterol, on average, was
based on both experimental data presented in this study and earlier computational studies
that estimated the number of lipid molecules in each nanodisc. In the 1°F-NMR spectra of
agonist-bound A, AR in nanodiscs containing POPC and 0.5 mol% cholesterol, there is no
observable population of state P3 (Figure 2B), whereas in the absence of any cholesterol,
the signal for P3 is clearly observed as the most intense signal in the spectrum (Figure

2A). These results indicate that for samples prepared with 0.5 mol% cholesterol, nearly all
nanodiscs must contain at least 1 molecule of cholesterol, and the number of nanodiscs

that do not contain cholesterol is below the detection limit of the experiment. Therefore,

the NMR data provide a lower limit for the number of molecules of cholesterol per
nanodisc. Previous attempts to estimate the number of lipid molecules in nanodiscs relied
mainly on computational approaches, including those by Denisov and coworkers’’, which
estimated the number of lipid molecules in nanodiscs made from the MSP1D1 scaffold
protein to range between 112 and 160 in multiple simulations.”” However, these simulations
were acknowledged to have limitations, including the lack of an experimental structure of
MSP1DL1 in its nanodisc state and challenges in accurately modeling the flexibility and
deformations of the scaffold protein that are anticipated to be observed for real samples.
Additionally, simulations have considered systems containing a single lipid component and
did not consider the role of cholesterol or compositions of multiple lipid types.”” Based on
our experimental data, we estimate that the number of lipid molecules per nanodisc is likely
closer to the upper end of the previously estimated range, and may even somewhat exceed
this range in the specific conditions employed in our experiments.

The NMR observations from Figure 2 aligned with our GTP hydrolysis assay results, which
showed a positive correlation of nucleotide exchange for nanodiscs containing cholesterol
(Figure S11). These observations also appear qualitatively consistent with AopAR cell
signaling experiments, which showed a positive correlation of cCAMP production and the
presence of cholesterol in membranes.5® The 19F-NMR data of Figure 2 showed a very
different response of AyaAR to cholesterol than what has been reported in previous 19F-
NMR studies of A,aAR with an NMR probe in helix VI in nanodiscs containing a mixture
of POPC and POPG (3:2 molar ratio).® In this earlier study, much more subtle changes
were observed in the 19F-NMR spectra between samples in nanodiscs without and with
cholesterol, which, combined with additional data from the same study, supported the view
that the impact of cholesterol on A,pAR was more likely through modulation of membrane
fluidity rather than direct interactions with A,aAR.80 The more subtle changes in the
19F-NMR spectra with and without cholesterol from this earlier NMR study do appear
more in line with our observations of A;aAR in nanodiscs containing ternary mixtures of
POPC, cholesterol, and either POPS or POPG, where we could not distinguish the impact
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of cholesterol from that of anionic lipids (Figure 4). Indeed, in the presence of just 7 mol%
POPG, one could no longer distinguish potential effects of cholesterol from those of the
presence of anionic lipids on the agonist-bound A;AAR conformational ensemble (Figure
S10). Taken together with earlier spectroscopic and signaling studies, this suggests the
mechanism of cholesterol’s influence on AoaAAR depends on the phospholipid composition
of the membrane system used in experiments. A corollary from this conclusion is that for

in vivo experiments, a full understanding of the impact of cholesterol on receptor function
may also require a more complete inventory of the phospholipid compaosition of cellular
membranes, especially if the profile of phospholipids changes upon the addition or depletion
of cholesterol.

The presented data interpreted within the context of previous studies suggest cholesterol
and anionic lipids may have interchangeable roles in populating an active conformational
ensemble for agonist-bound A,pAR (Figure 6). Anionic lipids and cholesterol may also
compete for similar locations of interaction with A,aAR. Molecular dynamics simulations
observed the displacement of cholesterol by the anionic lipid phosphatidylinositol
4,5-bisphosphate (P1P2) from the A,aAR intracellular surface between helices VI

and VII involving interactions with R291.63 19F-NMR spectra of agonist-bound
AsnAR[A289CTET R291Q] in nanodiscs containing POPC and 0.5 mol% cholesterol
showed a significantly diminished impact of cholesterol on the active state conformational
ensemble (Figure 5). We had previously shown this residue was also involved in facilitating
receptor interactions with anionic lipids.64

Cholesterol is observed to associate with receptors at multiple locations in the majority

of GPRC crystal and cryo-EM structures, 1472 and it remains an open question whether
potential cholesterol interaction sites can be assigned to different roles. In AppAR,

while mutation of R291Q resulted in diminished impact of cholesterol on the active

state conformational ensemble, mutation of a second predicted cholesterol interaction

site, W129, resulted in changes to the relative populations of populations P1 and P2

but did not significantly perturb the active-state population P4 (Figure 5 and Table S4).
Earlier /n vivo studies demonstrated the W129 mutation significantly decreased agonist-
stimulated cAMP signaling and the number of functional A;aAR molecules on the cell
surface.61 This suggests interactions of cholesterol near position W129 may be more
important for maintaining the structural integrity of the receptor rather than signaling.

This interpretation is consistent with receptor engineering efforts that introduced tryptophan
at the same position in other class A GPCRs when it was not present endogenously to
improve receptor expression, stability, and facilitate crystallization.”®:78-83 The results from
Figure 5 also suggest cholesterol may play different roles at different interaction sites:
cholesterol interaction at W129 may be more important to facilitate receptor stability
whereas interactions near R291 may be more involved directly in modulating signaling.
The approach described here provides a means for systematically evaluating the potentially
different roles of cholesterol at distinct receptor locations.
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STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Lead Contact: Dr. Matthew Eddy (matthew.eddy@chem.ufl.edu). Further
information and requests for resources or reagents should be directed to and will be fulfilled
by the Lead Contact.

Materials Availability—All unique reagents generated in this study are available from the
Lead Contact by request and with a completed Materials Transfer Agreement.

Data and Code Availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbes—XL-10 E. coli cells were cultured in LB media, BL21(DE3) and BL21(DE3)-
RIL cells were cultured in TB media, and the BG12 strain of £ pastoris was cultured in
BMGY and BMMY media.

Cell lines—All cell lines used in this study were authenticated by the suppliers and were
chosen to remain consistent with previous studies.

METHOD DETAILS

Construct Design—The gene encoding human A,aAR (1-316) was cloned into a
pPICIK vector (Invitrogen) at the BamHI and Notl restriction sites and is consistent

with a previously characterized construct.84 6485 The gene contained a single amino acid
replacement, N154Q, to remove the only glycosylation site in the receptor, an N-terminal
FLAG tag, a 10 X C-terminal His tag, and amino acid replacement in helix V11, A2897-%4C,
to generate AppAR[A289C]. This plasmid was used as a template to perform PCR-based
site-directed mutagenesis using the Accuprime Pfx SuperMix (ThermoFisher Scientific) to
generate the ApaAR variants R2917-56Q, and W12940],

AopAR Production—Plasmids were transformed into competent cells of the Pichia
pastoris BG12 strain (Biogrammatics). Selection of high-expressing clones was carried out
following previously reported protocols,3° and glycerol stocks of highly expressing clones
were prepared and stored for future use.

AonAR[A289C] and A,pAR[A289C,R291Q] were expressed using the protocol described
by Thakur et a/..8% Glycerol stocks of highly expressing colonies were used to inoculate

4 mL cultures in buffered minimal glycerol (BMGY) media, grown at 30 °C for 48 h

and used to inoculate 50 mL BMGY medium and grown at 30 °C for 60 h. Each 50 mL
culture was used to inoculate 500 mL BMGY medium and grown at 30 °C for 48 h. The
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cells were then harvested by centrifugation and then resuspended in 500 mL of buffered
minimal methanol (BMMY) media without methanol. Cultures were starved for 6 h at

28 °C to remove remaining glycerol before induction of protein expression by methanol
to a final concentration of 0.5% wi/v. Two further aliquots of 0.5% w/v methanol were
added to the cultures at 12 h intervals after induction for a total expression time of 36

h. A;pAR[A289C,W1291] was expressed with modified conditions; specifically, expression
was induced by the addition of methanol to a final concentration of 0.5% w/v at 20 °C

in the presence of 1% (v/v) DMSO and 1 mM theophylline. Four further aliquots of 0.5%
w/v methanol were added to the cell cultures at 12 h intervals after induction for a total
expression time of 64 h. All cells were harvested by centrifugation after the end of the
expression period and stored at —80 °C for purification.

AsaAR Purification and 19F-Labeling—Purification and 1°F-labeling of
AsnAR[A289C] and all AyaAR variants were carried out as described previously.85 8 Cells
expressing AoaAR were resuspended in lysis buffer (50 mM sodium phosphate pH 7.0, 100
mM NaCl, 5% glycerol (w/v), and in-house prepared protease inhibitor solution) and lysed
using a cell disruptor (Pressure Biosciences) at 40k PSI. The membranes were isolated by
ultracentrifugation at 200,000 * g, homogenized in buffer (10 mM HEPES pH 7.0, 1 M
NaCl, 10 mM KCI, and 20 mM MgCl,) and incubated for 1 h at 4 °C with 1 mM of 4,4’-
dithiodipyridine (aldrithiol-4) and protease inhibitor cocktail solution (prepared in-house).
The suspended membranes were pelleted using ultracentrifugation, homogenized in the
same buffer without aldrithiol-4 and incubated with 1 mM of 2,2,2-trifluoroethaethiol (TET)
for 1 h at 4°C. The suspended membranes were pelleted again using ultracentrifugation to
remove excess TET. The resulting pellet was homogenized in the same buffer without TET
and incubated with 1 mM theophylline and protease inhibitor solution for 30 min at 4 °C.
Subsequently, protein was extracted from the membrane in a solubilization buffer (50 mM
HEPES pH 7.0, 500 mM NaCl, 0.5% (w/v) n-Dodecyl-p-D-Maltopyranoside (DDM), and
0.05% cholesteryl hemisuccinate (CHS)) for 6 hours at 4 °C. Then insolubilized material
was separated by ultracentrifugation at 200,000 x g for 30 min, and the supernatant was
incubated overnight with Co2*-charged affinity resin (Talon) and 30 mM imidazole at 4 °C.
The resin was collected and washed with 20 CV of wash buffer 1 (50 mM HEPES pH 7.0,
500 mM NacCl, 10 mM MgCl,, 30 mM imidazole, 8 mM ATP, 0.05% DDM, and 0.005%
CHS), and 20 CV of wash buffer 2 (25 mM HEPES pH 7.0, 250 mM NacCl, 5% glycerol,
30 mM imidazole, 0.05% DDM, 0.005% CHS, and ligand) twice. A,aAR was eluted with
an elution buffer (50 mM HEPES pH 7.0, 250 mM NaCl, 5% glycerol, 300 mM imidazole,
0.05% DDM, 0.005% CHS, and ligand) and the protein was finally exchanged into a final
buffer (25 mM HEPES pH 7.0, 75 mM NacCl, 0.05% DDM, 0.005% CHS, and ligand),
using a PD-10 desalting column (Cytiva) for use in all further experiments. All buffers were
prepared with a saturating concentration of the required ligand.

Expression and Purification of MSP1D1—MSP1D1 was expressed and purified
following previously described protocols.85 87 A single colony of BL21(DE3) cells
transformed with the MSP1D1 plasmid was used to inoculate 5 mL of LB broth
(supplemented with 50 pg/mL of kanamycin) and grown at 37 °C overnight. These 5 mL
cultures were consequently used to inoculate 1 L of terrific broth (TB) media and allowed
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to grow at 37 °C till the ODgggnm reached 0.6-0.8. At this point, protein expression was
induced by addition of 1 mM isopropyl p-D-1thiogalactopyranoside (IPTG) and expression
was continued for 4 h at 30 °C. The cells were then harvested, and cell pellets were stored
at —80 °C for purification. Cell pellets were thawed and resuspended in lysis buffer (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 1 mM EDTA, 1% triton X-100, and in-house protease
inhibitor solution). The cells were lysed using a cell disruptor (Pressure Biosciences) at 20
kPSI and the cell lysate was spun down at 20000 * g for 45 min at 4 °C and the resulting
supernatant was incubated with Ni-NTA resin (pre-equilibrated with wash buffer 1 (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, and 1% (w/v) Triton X-100)) for 2 h at 4°C. The resin
was then collected and washed with 5 CVs of wash buffer 1, 5 CVs of wash buffer 2 (50
mM Tris-HCI, pH 8.0, 500 mM NaCl, and 50 mM cholate), 5 CVs of wash buffer 3 (50
mM Tris-HCI, pH 8.0, and 500 mM NacCl) and finally 5 CVs of wash buffer 4 (50 mM
Tris-HCI, pH 8.0, 500 mM NacCl, and 20 mM imidazole). The MSP1D1 was eluted using
an elution buffer (50 mM Tris-HCI, pH 8.0, 500 mM NacCl, and 500 mM imidazole). The
eluted MSP1D1 was dialyzed against a dialysis buffer (50 mM Tris-HCI, pH 8.0, 20 mM
NaCl, and 0.5 mM EDTA) in dialysis tubing with 10 kDa MWCO. Consequently, MSP1D1
was incubated with TEV protease at a ratio of 1:100 (TEV: MSP1D1) (w/w) overnight at

4 °C. Following this, MSP1D1 was isolated by incubating the mixture with Ni-NTA resin
and collecting the flow-through. The MSP1D1 was dialyzed in a storage buffer (20 mM
Tris-HCI, pH 8.0, 100 mM NaCl, and 0.5 mM EDTA) for 4 h at 4 °C. The purified MSP1D1
was then concentrated to 1 mM, aliquoted and flash frozen for future use.

Nanodisc Assembly—L.ipid stocks of POPC, POPC:POPS (70:30, molar ratio), and
POPC:POPG (70:30, molar ratio) in chloroform were co-dried with varying amounts of
cholesterol to make a lipid film and then vacuum dried for 16 h. The dried lipid film was
resuspended in cholate buffer (25 mM Tris-HCI, pH 8.0, 200 mM sodium cholate and 150
mM NacCl) to a final phospholipid concentration of 200 mM.

Nanodiscs samples containing ApaAR were assembled using an earlier described protocol.8°
27 uM of purified AoaAR was mixed with purified MSP1D1 and detergent-solubilized
lipids in a molar ratio of 1:5:250, respectively. After incubation for 2 h at 4 °C, the

mixture was incubated overnight with pre-washed bio-beads at 4 °C. Consequently, the
bio-beads were removed, and the resulting mixture was incubated with Ni-NTA resin for

24 h at 4 °C. After incubation, the Ni-NTA resin was washed with 2 CV of a wash buffer
(50 mM HEPES, pH 7.0, 150 mM NacCl, and 10 mM imidazole), and A,aAR-containing
nanodiscs were eluted with an elution buffer (50 mM HEPES, pH 7.0, 150 mM NacCl, 300
mM imidazole and ligand). Using a PD-10 desalting column, all nanodisc samples were
exchanged into a final buffer (25 mM HEPES pH 7.0, 75 mM NacCl, 100 uM TFA and
ligand) to use for further experiments. All ligand-containing buffers were prepared with a
saturating concentration of ligand. All nanodisc samples were characterized using analytical
size exclusion chromatography on an Agilent HPLC equipped with a Sepax Nanofilm
SEC-200 column operating at a flow rate of 0.5 mL/min. The observed elution time of the
nanodisc samples corresponded to particles with an estimated size of approximately 160
KDa, which is consistent with previously reported studies.®8
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Radioligand Binding Assays—Competition binding assays with nanodiscs containing
AsnAR were recorded as previously described.5489 ZM241385 and NECA binding
affinities (Kp or K;) were determined using competition binding experiments. Increasing
concentrations of cold ligands (ZM241385 and NECA) were incubated with 0.0625 g of
AuaAR in nanodiscs in buffer (25 mM HEPES, pH 7.0, and 75 mM NacCl) with 0.5 nM of
[3H]ZM241385 for 60 min at 25 °C. Following termination of binding reactions by filtration
through Microbeta filtermat-96 cell harvester, radioactivity was measured with a Microbeta2
microplate scintillation counter.

NMR Experiments—NMR samples containing A,aAR in nanodiscs were concentrated to
~200 uM in 280 WL using a Vivaspin-6 concentrator with a 30,000 MWCO. 20 uL of 99.8%
D,0 was added® and gently mixed with the sample. 19F NMR and 3P NMR experiments
were recorded on a Bruker Avance |11 HD spectrometer operating at 600 MHz 1H nutation
frequency using TopSpin 3.6.2 and equipped with a Bruker 5-mm BBFO probe. 1°F-NMR
spectra were measured at 280 K for direct comparison to earlier results.64:84 31p-.NMR
experiments were measured at 300 K. Temperatures were calibrated from a standard sample
of 4% methanol in D4-MeOH.

The 1-dimensional 1°F data were recorded with a data size of 32k complex points, an
acquisition period of 360 ms, 16k scans, 120 ps dwell time, and 0.3 s recycle delay for a
total experimental time of about 3 hours per experiment. Each final data set averaged six to
eight experiments of 16k scans each for total acquisition times between ~18 to ~24 hours.
All 3P NMR experiments were acquired with an acquisition time of 900 ms, 2k scans, and
0.3 s recycle delay for a total experiment time of 42 min per experiment.

Quantification of Cholesterol in Nanodisc Samples—The amount of cholesterol

in nanodiscs was quantified using the Amplex® Red Cholesterol Assay Kit (Invitrogen)
following the manufacturer’s protocol. Nanodiscs containing cholesterol were first incubated
with 0.2% (v/v) of Triton X-100 for 10 min and then mixed in a 1:1 (v/v) ratio with 1X
reaction buffer (300 uM Amplex® Red reagent, 2 U/mL horseradish peroxidase (HRP), 2
U/mL cholesterol oxidase, 0.2 U/mL cholesterol esterase) and incubated in the dark for 30
min at 37 °C. After incubation, fluorescence was detected in a CLARIOstar (BMG Labtech)
plate-reader with an excitation range of 530 — 560 nm and emission at 590 nm. For each
measurement, the background fluorescence was subtracted, and the resulting fluorescence
readout was used to quantify the amount of cholesterol in each nanodisc sample (Table S1).
All values reported are mean + s.e.m for n=3 independent experiments.

Fluorescence Thermal Shift Assays—~Fluorescent thermal shift experiments were
carried out following a protocol adapted from earlier publications.?? 91 10 g

of nanodisc samples was incubated with 10 uM of N-[4-(7-diethylamino-4-methyl-3-
coumarinyl)phenyllmaleimide (CPM; Invitrogen) in buffer (50 mM HEPES pH 7.0, 150
mM NacCl) for 30 min on ice in the dark. Fluorescent thermal shift was measured using a
Cary Eclipse spectrofluorometer over a temperature range of 20 °C to 90 °C with a fixed
heating rate of 2 °C /min. The excitation and emission wavelength for the CPM dye is 387
nm and 463 nm respectively.
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Gag Expression and Purification—Human Gag containing an N-terminal 6X
polyhistidine tag and an N-terminal TEV cleavage site was expressed and purified following
a protocol adapted from earlier publications.2 Glycerol stocks of BL21(DE3)-RIL cells
transformed with the Ga.g plasmid was were grown in 4 mL LB media (supplemented with
0.2% glucose, 34 pg/mL chloramphenicol and 100 pg/mL carbenicillin) at 37 °C for 8 h.
This culture was used to inoculate 75 mL of the same media and continued to grow at 30

°C overnight. After ~16 hours, the cells were harvested and used to inoculate 1 L of M9
media and grown at 30 °C. Protein expression was induced with 50 uM of IPTG when the
ODggonm reached 0.8, and expression continued for 16 h at 25 °C. The cells were harvested
by centrifugation and stored for future use.

Cells containing Gag were resuspended in lysis buffer (25 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1 mM MgCl,, 5 uM GDP, in-house protease inhibitor cocktail®) and lysed using a
cell disruptor at 22 kPSI. The cell lysate was centrifuged at 35,000 x g for 35 min at 4 °C.
The lysate was then incubated with Ni-NTA resin overnight at 4 °C. After incubation, the
resin was washed with 20 CVs of wash buffer (25 mM Tris-HCI pH 8.0, 500 mM NacCl, 1
mM MgCl,, 5 mM imidazole, 5 pM GDP, and 2 mg/mL iodoacetamide) and the protein was
eluted using an elution buffer (25 mM Tris-HCI pH 8.0, 250 mM NaCl, 1 mM MgCl,, 250
mM imidazole, 10% (v/v) glycerol, and 5 uM GDP). The eluted protein was exchanged into
buffer (25 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM MgCl,, 10% (v/v) glycerol, 5 uM
GDP) and incubated with TEV protease at a ratio of 1:50 (TEV: Ga.g) (w/w) overnight at

4 °C. Following this, Gag was isolated by incubating the mixture with Ni-NTA resin and
collecting the flow-through. Gag was further purified by gel-filtration with buffer (20 mM
HEPES pH 8.0, 150 mM NaCl, 5 mM MgCl,, 1 mM EDTA, 10% (v/v) glycerol, and 5 uM
GDP), concentrated to 50 pM and either immediately used or frozen and stored for future
use.

Membrane Fluidity Measurements—Nanodiscs containing POPC and various amounts
of cholesterol were prepared and mixed with Laurdan (Tocris Bioscience) at a molar ratio

of 500:1 (total lipids:Laurdan), and the mixture was incubated in the dark at 25 °C for 1
hour. Following this, excess Laurdan was removed via buffer exchange using a PD MiniTrap
G-25 column (Cytiva) equilibrated with buffer (25 mM HEPES pH 7.0 and 75 mM NacCl).
Fluorescence emission curves for Laurdan embedded in nanodiscs were measured in a

Cary Eclipse spectrofluorometer, using an excitation wavelength of 366 nm and observing
emission between 400 nm and 600 nm.

GTP Hydrolysis Assay—GTP turnover for A;aAR in nanodiscs was measured using
the GTPase-Glo™ assay (Promega) following manufacturer’s protocols. Purified nanodiscs
containing A,aAR were mixed with the Gag protein in a molar ratio of 4:1 in the presence
of 5 UM GTP in buffer (25 mM HEPES pH 7.0, 75 mM NacCl) and incubated for 1 hour.
Subsequently, GTP turnover was measured using a luminescence readout on a CLARIOstar
(BMG Labtech) plate-reader.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Radioligand Binding Data Analysis—All radioligand competition experiments were
conducted with 3 or more replicates. I1Cgq values were determined using a nonlinear,
least-square regression analysis in Prism 8 (GraphPad Software, Inc.). The K| values were
calculated from the 1Csq using the Cheng—Prusoff equation.®3 Error bars for each sample
were calculated as the standard error of mean (s.e.m) for 3 independent experiments done in
triplicate.

Fluorescence Thermal Shift Data Analysis—The raw data were fit according to
previously reported procedures®® and analyzed using Origin (OriginLab Corporation). The
raw data was fit to a Boltzmann sigmoidal curve to determine the melting temperature (Ty).
The error bars are reported as standard error of mean (s.e.m) for 3 or more independent
experiments.

Membrane Fluidity Data Analysis—The emission spectra were normalized to the
corresponding emission maxima. Following the protocol from Yu et al.,”? the generalized
polarization (GP) of Laurdan was calculated using the formula:

GP = (Luag — Lugo)/ (Laso + Luoo)

where l44¢ and l4gg are the fluorescence emission intensities at 440 nm and 490 nm,
respectively. All GP values reported are the mean + s.e.m. for 3 independent measurements.

GTP Hydrolysis Assay Analysis—The percentage of GTP hydrolyzed was calculated
by subtracting background luminescence. All values reported in Table 3 are the mean +
s.e.m. for 3 or more independent experiments. To determine the statistical significance of
reported differences in GTP hydrolysis, statistical analysis was conducted using a two-tailed
unpaired t-test. P values less than 0.05 were considered to be statistically significant.
Statistically significant values are illustrated as *P<0.05, **P<0.005, and ***P<0.0005,
respectively.

NMR Data Analysis—AlIll NMR data were processed and analyzed in Topspin 4.0.8
(Bruker Biospin). Prior to Fourier transformation, all 1-dimensional 1°F-NMR data were
zero-filled to 64k points and multiplied by an exponential window function with 40 Hz

line broadening. All 1°F spectra were referenced to a TFA signal at —75.8 ppm, which was
set to 0 ppm. Deconvolution of the overlapping 1°F-NMR data were done in accordance

to previously published procedures®4:84 with MestreNova version 14.1.1-24571 (MestreLab
Research S.L). The 1®F-NMR spectra were fit to double- or triple-Lorentzian functions, and
the quality of the fits was assessed from the residual difference of the experimental data and
the sum of the computed components. The relative populations of AppAAR conformational
states were calculated as a ratio of the integrated area of each deconvoluted peak with
respect to the total integral of all signals from 7.5 ppm to 14.5 ppm.
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All 3P NMR data were processed identically. Prior to Fourier transformation, 31P spectra
were zero-filled to 64k points and multiplied by an exponential window function with 50 Hz
line broadening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Specific cholesterol-A,aAR interactions activate receptor in POPC lipid
bilayers

Influence of sterols on agonist-bound A;aAR observed with cholesterol
analogs

Cholesterol and anionic lipids share complementary roles in A)aAR
activation

Different cholesterol interaction sites distinctly impact structure and function
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Figure 1. Pharmacological activity of Ao AAR[A289C] in lipid nanodiscs containing varying
amounts of cholesterol.

(A) Homologous competition binding experiments with the antagonist ZM241385. Data
were measured for AoppAR[A289C] prepared in nanodiscs containing POPC and varying
amounts of cholesterol, as indicated. Error bars indicate the s.e.m for 3 independent trials
done in triplicate. The determined Kp values are listed in Table S2.

(B) Competition binding experiments with the agonist NECA for A,aAR[A289C] prepared
in nanodiscs containing POPC and varying amounts of cholesterol. Same presentation
details as (A). The determined K, values are listed in Table S2. See also Figure S1, Figure
S3 and Table S1.
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Figure 2. NMR-observed conformational states of AZAAR[A289CTET] in nanodiscs with POPC
and varying amounts of cholesterol.

(A) The 1-dimensional 1°F-NMR spectra of AyaAR[A289CTET] in complex with the
antagonist ZM241385 in nanodiscs containing POPC and without cholesterol or with 5
mol% cholesterol.

(B) The 1-dimensional 1°F-NMR spectra of ApaAR[A289CTET] in complex with the agonist
NECA in nanodiscs containing POPC and varying amounts of cholesterol, as indicated.

The NMR spectra shown are interpreted using Lorentzian deconvolutions with the minimal
number of components required to provide a good fit, labeled P1 to P4. The grey lines
superimposed on the spectra are the total sums of the individual deconvolutions. The

green line superimposed on the bottom spectrum is a Lorentzian deconvolution of a minor
contribution from free TET present in this sample. The chemical shifts of P1 to P4 are
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indicated by the colored dashed vertical lines. See also Figures S3 — S6, Figure S11, Table
S3, and Table S4.
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A,,AR[A289C™T]-NECA in nanodiscs with POPC
P?I» P2 71

Cholesterol

Figure 3. Sterols with different chemical structures shift the conformational equilibria of the
AospAR-agonist complex toward an active ensemble.

1-dimesional 19F-NMR spectra of A,aAR in complex with the agonist NECA in nanodiscs
containing POPC and 0.5 mol% of different sterols, as indicated. The chemical structures
of each sterol are colored according to the different chemical groups. The green hexagon
highlights the flexible hydroxyl head group, the maroon circle highlights the fused
tetracyclic ring, and the purple box highlights the flexible iso-octyl chain of cholesterol,
and the corresponding sterol analogs. Other presentation details are the same as Figure 2.
See also Table S4.

Structure. Author manuscript; available in PMC 2024 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ray et al. Page 30

A A, AR-ZM241385 B A, AR-NECA c A, AR-NECA
in POPC:POPS (70:30) in POPC:POPS (70:30) in POPC:POPG (70:30)

P3P2 P1

no
cholesterol

+ 5 mol%
cholesterol

r r 1T rrrrrr 1T 1 rrrrrrrcti
14 12 10 5'F[ppm] 14 12 10 5"F[ppm] 14 12 10 5'F[ppm]

Figure 4. The presence of anionic lipids diminishes the observed impact of cholesterol on the
AspAR conformational equilibria.

(A and B) The 1-dimensional 1°F-NMR spectra of AyaAR[A289CTET] in lipid nanodiscs
containing POPC and POPS (70:30 molar ratio), without cholesterol or containing 5 mol%
cholesterol, for complexes with (A) the antagonist ZM241385 and (B) the agonist NECA.
(C) A,aAAR[A289CTET] in lipid nanodiscs containing POPC and POPG (70:30 molar ratio),
without cholesterol or with 5 mol% cholesterol, in complex with the agonist NECA. Other
presentation details are the same as Figure 2. See also Figures S2, S3, S4, S10, S11, Table
S3 and Table S4.
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Figure 5. Impact of cholesterol interaction sites on the conformational dynamics of AppAR.
(A) Crystal structure of AyaAR (PDB: 5G53) showing the predicted CRAC site52 (orange)

and CCM site’ (green). Expanded insets show the individual residues of each motif
predicted to interact with cholesterol. Residues shown in cyan ellipses were mutated for
19 NMR analysis.

(B and C) 1-dimesional 19F NMR spectra of AyaAR variants in complexes with the
agonist NECA and in nanodiscs containing POPC and 0.5 mol% cholesterol for (B)
AaAR[A289CTET R291Q], and (C) A,aAR[A289CTET W1291]. Other presentation
details are the same as in Figure 2. See also Table S4.
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Figure 6. Visualization of the role of cholesterol on AopAR function in binary and ternary lipid
mixtures.

(A-C) Schematic side-views of agonist-bound A;aAR in phospholipid membranes
illustrating the impact of adding (A) anionic lipids, (B) cholesterol, or (C) both anionic
lipids and cholesterol to membranes containing zwitterionic lipids. This figure was prepared
with Biorender.com.
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Monoclonal ANTI-FLAG® M2-Alkaline Phosphatase antibody produced in mouse | Sigma-Aldrich | Cat#A9469
Bacterial and virus strains
XL10-Gold ultracompetent cells Agilent Cat#200314
BL21 (DE3) cells Agilent Cat#200132
BL21(DE3)-RIL cells Agilent Cat#230245
Chemicals, peptides, and recombinant proteins
n-Dodecyl-b-D-Maltopyranoside (DDM) Anatrace Cat#D310
Cholesteryl hemisuccinate (CHS) Sigma-Aldrich Cat#C6512
Adenosine 5’-triphosphate disodium salt hydrate (ATP) Sigma-Aldrich Cat#34369078
4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol Tocris Cat#1036
(ZM241385)
5’-N-Ethylcarboxamidoadenosine (NECA) Tocris Cat#1691
Theophylline Sigma-Aldrich Cat#T1633
American Cat#ART0884-50
[3H]4-[2-[7-amino-2-(2-furyl)-1,2,4-triazolo[1,5-a][1,3,5]triazin-5-yl-amino]ethylphenol Radiolabeled
([3H]ZM241385) Chemicals
TALON Metal Affinity Resin Gold bio Cat#H-310-5
Ni-NTA Metal Affinity Resin Sigma-Aldrich Product#70666
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) Avanti SKU#850457
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (POPS) Avanti SKU#840034
1 -palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’- rac-glycerol) (sodium salt) (POPG) Avanti SKU#840457
Cholic Acid, Sodium Salt Anatrace Cat#S1010S
Isopropyl - d-1-thiogalactopyranoside (IPTG) Goldbio Cat#12481C
Triton X-100 Sigma-Aldrich Cat#T8787
ThermoFischer Cat#68100
SnakeSkin™ Dialysis Tubing, 10K MWCO, 22 mm Scientific
Bio-beads SM-2 Adsorbents BioRad Cat#1523920
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid), 4-(2-Hydroxyethyl)piperazine-1- Sigma-Aldrich Cas#7365-45-9
ethanesulfonic acid (HEPES)
TRIS Hydrochloride (Tris-HCI) Sigma-Aldrich Cas#1185-53-1
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cas#60-00-4
Cholesterol Sigma-Aldrich Cast#57-88-5
Cayman
Ergosterol Chemicals Cas#t57-87-4
Epi-cholesteryl methyl ether Sigma-Aldrich Cas#2867-93-8
Digoxigenin Sigma-Aldrich Cast1672-46-4
Biotin Sigma-Aldrich Cas#58-85-5
Imidazole Sigma-Aldrich Cast288-32-4
Glycerol Sigma-Aldrich Cas#56-81-5
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REAGENT or RESOURCE SOURCE IDENTIFIER
Sodium phosphate monobasic anhydrous Sigma-Aldrich Cas#7558-80-7
Sodium phosphate dibasic anhydrous Sigma-Aldrich Cas#7558-79-4
Magnesium Chloride Sigma-Aldrich Cas#7791-18-6
Methanol Sigma-Aldrich Cas#67-56-1
DMSO Fisher Scientific Cas#67-68-5
Sodium Chloride Sigma-Aldrich Cas#7647-14-5
Potassium Chloride Sigma-Aldrich Cas#7447-40-7
Aldrithiol-4 Sigma-Aldrich Cas#2645-22-9
2,2,2-Trifluoroethanethiol (TET) Sigma-Aldrich Cast#1544-53-2
Trifluoroacetic acid (TFA) Sigma-Aldrich Cas#76051
N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM) Invitrogen Cat#D346

ThermoFisher

AuaAR in complex with NECA bound to an engineered G protein

Guanosine-5’-diphosphate (disodium salt) (GDP) Scientific Cas#7415-69-2
2-lodoacetamide TCI Chemicals Cast#144-48-9
Laurdan Tocris Cas#74515-25-6
Deposited data
AuaAR in complex with ZM241385 Jaakola et al., PDB: 3EML
20084
Carpenter et al., PDB:5G53

20164

Experimental models: Organisms/strains

P, pastoris. Bgl2

BioGrammatics

Cat#PS004-01

Oligonucleotides

AnAR[A289C,W129I1] Forward: This study n/a
[5S’AAGGGCATCATTGCCATCTGCATTGTGCTGTCGIIIGCCATCGGCCTGAC3’]
AnAR[A289C,W1291] Reverse: This study nfa
[5S’GTCAGGCCGATGGCAAACGACAGCACAATGCAGATGGCAATGATGCCCTT3’]
Recombinant DNA
Eddy et al.,
Plasmid: human A;aAR (1-316) in pPICIK 2018%0 n/a
) Thakur et al.,
Plasmid: human A, AR[A289C] 202364 n/a
) Thakur et al.,
Plasmid: human A;nAR[A289C,R291Q] 202364 n/a
Software and algorithms
GraphPad prism GraphPad https://
Software Inc. www.graphpad.com
MestreNova 14.1.1-24571 MestreLab https://mestrelab.com/

Research S.L

download/mnova/

Topspin 4.0.8

Bruker Biospin

https://
www.bruker.com/en/
products-and-
solutions/mr/nmr-
software/topspin.html

Structure. Author manuscript; available in PMC 2024 July 06.


https://www.graphpad.com
https://www.graphpad.com
https://mestrelab.com/download/mnova/
https://mestrelab.com/download/mnova/
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ray et al.

Page 35

REAGENT or RESOURCE SOURCE IDENTIFIER
UCSF Chimera UCSF https://
www.cgLucsf.edu/
chimera/
Other
PD-10 column Cytiva Cat#17085101
Vivaspin® 6 ultrafiltration spin columns MWCO 30 kDa Cytiva Cat#28932361
Vivaspin® 6 ultrafiltration spin columns MWCO 10 kDa Sigma-Aldrich SKU#GE28932296
AccuPrime Pfx SuperMix ThermoFischer Cat#12344040
Scientific
ThermoFischer Cat#68100
SnakeSkin™ Dialysis Tubing, 10K MWCO, 22 mm Scientific
Amplex Red Cholesterol Assay Kit ThermoFischer Cat#A12216
Scientific
GTPase-Glo Assay Promega Cat#\V7681
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