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SUMMARY

In drug design, G protein-coupled receptor (GPCR) partial agonists enable one to fine-tune receptor output
between basal and maximal signaling levels. Here, we add to the structural basis for rationalizing and moni-
toring partial agonism. NMR spectroscopy of partial agonist complexes of the A, adenosine receptor
(A>aAR) revealed conformations of the P-I-F activation motif that are distinctly different from full agonist com-
plexes. At the intracellular surface, different conformations of helix VI observed for partial and full agonist
complexes manifest a correlation between the efficacy-related structural rearrangement of this activation
motif and intracellular signaling to partner proteins. While comparisons of A;pAR in complexes with partial
and full agonists with different methods showed close similarity of the global folds, this NMR study now re-

veals subtle but distinct local structural differences related to partial agonism.

INTRODUCTION

G protein-coupled receptors (GPCRs) initiate a wide range of
pharmacological responses, which are largely determined by
the efficacies of bound drugs. Drugs known as partial agonists
are particularly intriguing as they can activate GPCRs to a sub-
maximal level, resulting in a range of receptor activities spanning
from basal level signaling to full activation. Development of par-
tial agonist drugs is therefore of interest whenever overstimula-
tion of a GPCR needs to be prevented by tuning the receptor
response (Hauser et al., 2017). GPCR partial agonists currently
used in the clinic or investigated for their therapeutic potential
include drugs targeting opioid receptors (Browne et al., 2020;
Chan et al., 2017; Fujimura et al., 2017; Khroyan et al., 2017;
Schmid et al., 2017), adrenergic receptors (Calverley et al.,
2007), dopamine receptors (Frank et al., 2017; Tarland et al.,
2018), and serotonin receptors (Chen et al., 2018; Huang et al.,
2017; Yoshinaga et al., 2018; Zheng et al., 2017). Partial agonists
are also under consideration as potential treatments for obesity
(Wargent et al., 2013) and heart failure (Greene et al., 2016).
The structural basis for partial agonism of GPCRs currently in-
cludes five crystal structures of GPCR complexes with partial ag-
onists, which compares with more than 60 crystal and cryoelec-
tron microscopy (cryoEM) structures of different GPCRs, and
over 200 structures of complexes of these GPCRs with different
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ligands (Pandy-Szekeres et al., 2017). For the few GPCRs where
crystal structures are available for complexes with both partial
and full agonists, no clear-cut structural differences were
observed that would lead to a rationale for distinguishing be-
tween partial and full agonism (Warne et al., 2010). In this study,
we apply NMR spectroscopy in solution to provide additional
insight into the structural basis of partial agonism.

The human A, adenosine receptor (A-pAR) in complexes with
two partial agonists, LUF5834 (Beukers et al., 2004; Lane et al.,
2012) and the drug regadenoson, approved by the US Food and
Drug Administration (FDA) to evaluate heart conditions (Al Jar-
oudi and Iskandrian, 2009; Cerqueira, 2004; Noel et al., 2017),
was studied with NMR spectroscopy. NMR in solution comple-
ments crystal and cryoEM structures of GPCRs by detecting
function-related structural plasticity, which may include
observing multiple, simultaneously populated conformations
that exist in function-related equilibria (Shimada et al., 2019).
Previously, evaluation of amide *N-"H signals in well-dispersed
2D ["®N,"H]-TROSY (transverse relaxation-optimized spectros-
copy) correlation spectra of A,AAR complexes with full agonists
and antagonists permitted qualitative comparisons of structural
features that correlated with ligand efficacy, whereby detailed
mechanistic insight was provided by striking differences
observed for the indole "*N-"H signals of Trp246°%4® (super-
scripts indicate the Ballesteros-Weinstein nomenclature;
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Figure 1. Global Folds of A;,oAR Complexes with a Partial Agonist, a
Full Agonist, and an Antagonist

(A) 800 MHz ["®N,"H]-TROSY correlation spectrum of [u-'°N, ~70% 2H]-A2aAR
in complex with the partial agonist LUF5834 (purple) superimposed with that of
the complex with the full agonist NECA (black). The region framed with dotted
lines corresponds to the region shown on an expanded scale in Figure 2A. On
the left the chemical structures of the ligands are shown.

(B) Corresponding superposition for the complexes with LUF5834 (purple) and
the antagonist ZM241385 (green).

Ballesteros and Weinstein, 1995), which is located near the high-
ly conserved P-I-F activation motif (Eddy et al., 2018b). For most
class A GPCRs, the amino acids Pro®®°, [34°, and F®4 are clus-
tered together in the receptor structure at the interface between
the trans-membrane helices (TMs) V, I, and VI. The relative side
chain orientations of these three amino acids are closely related
to both the efficacy of bound drugs and to structural rearrange-
ments at the receptor intracellular surface observed in tertiary
signaling complexes (Rasmussen et al., 2011; Wacker et al.,
2013). Here, 2D ['°N,'H]-TROSY correlation spectra revealed
novel structural features of the P-I-F activation motif that are
linked to the functional efficacy of bound partial agonist drugs.

RESULTS

A>5,AR Complexes with Full and Partial Agonists in
Solution Share Similar Global Folds

2D ['®N,'H]-TROSY correlation spectra of [u-"°N, ~70% 2H]
A>aAR complexes with the partial agonists LUF5834 and regade-
noson are well resolved and dispersed, allowing detailed compar-
ison with previously reported A;pAR complexes with full agonists
and antagonists. The A,aAR complexes with the partial agonist
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LUF5834 and the full agonist NECA (5'-(N-Ethylcarboxamido)
adenosine) show a high degree of similarity in the distribution of
NMR signals, specifically for the well-dispersed signals numbered
1 to 30 (Figure 1A), which have large conformation-dependent
contributions to the chemical shifts (Wuthrich, 1986). In the spec-
tral region containing NMR signals with "H chemical shifts greater
than 8.5 ppm, which typically arise from backbone amide "*N-"H
signals in regular secondary structures, the two spectra share a
set of signals with similar or identical chemical shifts. The
['®N,"H]-TROSY spectrum of A,xAR in complex with regadenoson
also shares a closely similar pattern of signals to the spectrum of
the complex with NECA (Figure S1). In contrast, between the
['®N,"H]-TROSY spectra of A,nAR complexes with the partial
agonist LUF5834 and the antagonist ZM241385 these signals
are distinctly different (Figure 1B). As the ['°N,"H]-TROSY spectra,
and specifically the signals 1 to 30 provide a fingerprint of the
overall protein conformation, the spectral comparisons in Figure 1
show that the global fold of the A,pAR complex with LUF5834 is
more closely related to the global fold of the A;,pAR-NECA com-
plex than to the A;h)AR-ZM241385 complex.

Indole '>N-"H NMR Signal of the Toggle Switch
Trp246°42 Reports Localized Structural Differences
between A;,AR Complexes with Full and Partial
Agonists

In earlier NMR studies of [u-"°N, ~70% 2H] A24AR, the chemical
shift of the Trp246°%® indole '>N-"H was observed to strongly
correlate with the efficacy of bound drugs (Eddy et al., 2018b).
This result was rationalized by ring current effects on the chem-
ical shift (Liu and Wuthrich, 2016; Perkins and Wiithrich, 1979;
Wiithrich, 1986) due to Phe242%4* being located near to
Trp246°%48. It was thus established that the Trp2465® indole
N-'H NMR signal probes the relative orientation of
Phe242%4*  which is part of the highly conserved Pro®5°-
lle®4°-Phe® 4+ activation motif (Wacker et al., 2013). In the pre-
sent work, we monitored the Trp246%“8 indole "N and 'H chem-
ical shifts to assess the response of Phe242%4* to the efficacy of
bound partial agonists. A single Trp246%48 indole "®N-"H signal
was observed in the ['°N,'H]-TROSY spectrum of the A xAR
complex with the partial agonist LUF5834 (Figure 2A). This signal
was assigned to Trp246%48 by comparing the spectra of A,aAR
and an AxaAR variant containing a W246F point mutation (Fig-
ures 2A and 2B) and showing that A,nAR[W246F] retained the
global fold of A,sAR (Figure S2). The Trp246°4® indole "®N-"H
signal was now found to be downfield shifted by 2.9 ppm and
0.6 ppm in the "N and 'H dimensions, respectively, for the
LUF5834 complex compared with the NECA complex, and by
4.2 ppm and 1.5 ppm compared with the complex with
ZM241385 (Figure 2C). Given the strong dependence of the
Trp246°%4® indole "®°N-"H chemical shift on the Phe242544 ring
current effects (Liu and Withrich, 2016), this suggests that
Phe242%4* adopts a unique orientation in the complex with
LUF5834 (see below).

The A2,AR Trp246°%48 1>N-H Indole NMR Chemical
Shifts Correlate with the Efficacies of Bound Partial and
Full Agonists

Regadenoson, known also as CVT-3146, has been documented
as having an efficacy more similar to a full agonist than the partial
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Figure 2. Manifestation of A;,AR Partial Agonism in the Toggle
Switch Tryptophan Indole *N-'"H NMR Signal

(A and B) Assignment of the Trp246%“8 indole ">N-"H NMR signal of A,»AR in
complex with the partial agonist LUF5834 by its absence in the spectrum of
A2xAR[W246F]. (A) Superposition of the indole "®N-"H region in contour plots
of 800 MHz 2D ['®N,'H]-TROSY correlation spectra of [u-"°N, ~70% 2H]-A»AR
(blue) and [u-"°N, ~70% 2H]-A,aAR[W246F] (red). (B) 1D cross sections at the
5N chemical shift indicated by the horizontal dashed line in (A).

(C) The indole "®N-"H regions of four 800 MHz 2D ['°N,'H]-TROSY correlation
spectra are superimposed, highlighting the Trp246°“® indole ">N-"H NMR
signal of the AopAR complexes with the antagonist ZM241385 (green), the
partial agonist regadenoson (black), the partial agonist LUF5834 (blue), and the
full agonist NECA (red). For improved clarity, the opacity of all other signals in
the displayed spectral region has been reduced.

agonist LUF5834 (Gao et al., 2001). In 2D ['°N,'H]-TROSY
spectra of the A;pAR complex with regadenoson, two lines of
different intensities were observed for the Trp2465“® indole
N-"H signal. The line of lesser intensity has chemical shifts
similar to the indole ®N-"H signal of the A,sAR complex with
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Figure 3. Engineered NMR Probe Trp233 at the Intracellular Surface
of A;pAR Manifests Variable Efficacies of Full and Partial Agonists
(A) Superposition of contour plots of the Trp indole ">N-"H region in 800 MHz
2D ["°N,"H]-TROSY correlation spectra of [u-"°N, ~70% 2H]-A,nAR[K233W] in
complexes with NECA (red) and LUF5834 (blue).

(B) Corresponding superposition as in (A) for the A,pAR complexes with NECA
(red) and regadenoson (black).

LUF5834, and the line of greater intensity has chemical shifts
similar to the indole '>N-"H signal for complexes with full ago-
nists (Figure 2C). This represents two simultaneously populated
protein conformations, where one is similar to that observed for
full agonists and the other one has a similar conformation to that
observed for the complex with the partial agonist LUF5834. The
higher population of the NECA-like conformation is in line with
the near-full agonist efficacy of regadenoson.

Intracellular A;pAR Surface Response to Bound Partial
Agonists

To probe the response of the A>aAR intracellular signaling sur-
face to bound partial agonists, we measured 2D ['°N,'H]-TROSY
correlation spectra of an A,4AR variant containing an engineered
tryptophan at position 233 in helix VI near the intracellular sur-
face, AxaAR[K233W]. The indole '®°N-'H NMR signal of this
extrinsic tryptophan was previously demonstrated to be well
resolved and sensitive to the efficacy of drugs bound to A;pAR
(Eddy et al., 2018a).

In 2D ["®N,"H]-TROSY correlation spectra of [u-'°N,~70%
2H]-A-pAR[K233W] in complex with the partial agonist
LUF5834, two signals with different intensities were observed
at 'H chemical shifts of ~10.1 and ~10.3 ppm (Figure 3A).
The signal at 10.1 ppm has a similar chemical shift as one of
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Figure 4. Location of the P-I-F Activation
Microswitch in A;pAR and Spatial Arrange-
ment of the Toggle Switch Trp246%4® and
Phe242%4* that are Compatible with Ring Cur-
rent Shift Calculations Using the Atomic Co-
ordinates of an A;,AR Partial Agonist Com-
plex Model.

(A) Crystal structures of A;aAR in complexes with
the full agonist NECA (purple; PDB: 2YDV)
and the antagonist ZM241385 (orange; PDB:
3EML) are superimposed. The dotted black box
shows the location of the P-I-F activation micro-
switch in the protein structures and the cyan-
colored sphere identifies the amino acid position
233.

(B) Top-down expanded view of the P-I-F acti-
vation microswitch and the nearby Trp246°%4¢,
The protein backbone is colored gray, and the
annotated side chains for the complexes with
NECA and ZM241385 are purple and orange,
respectively. The protein backbone segments
located above the annotated amino acids were
removed for improved clarity.

(C) A ring current shift-derived model of the complex with the partial agonist LUF5834 (blue) superimposed on the AypAR structures presented in (B). In
the LUF5834 complex, the Trp246%4® 42 angle is rotated by —20° and the F24254* ' angle by +60° relative to the orientations in the NECA complex

(Table S1).

two signal components observed for the analogous complex
with the full agonist NECA (Figure 3A). In a 2D ['°N,'H]-TROSY
correlation spectrum of [u-"°N, ~70% 2H]-A,pAR[K233W] in
complex with the partial agonist regadenoson, only one signal
was observed at a 'H chemical shift of 10.2 ppm, which is
similar to the chemical shift of the signal arising from the
more highly populated state of the complex with NECA
(Figure 3B).

Figure 3 leads to a rather unexpected observation. It shows
one dominantly populated conformation for the A;pAR com-
plexes with each of the three ligands NECA, LUF5834, and rega-
denoson. In addition, a lesser populated conformation is seen for
the NECA and LUF5834 complexes, whereas no minor confor-
mation is seen when regadenoson is bound. We conclude that
the dominant conformation is indicative of the major signaling
pathway induced by the ligand. The full agonist NECA and the
partial agonist regadenoson thus appear to have identical domi-
nant signaling pathways, whereas the major signaling pathway
of LUF5834 coincides with the minor component of NECA. Over-
all, we arrive at the observation that NECA has a minor signaling
component that coincides with the major pathway of LUF5834,
whereas the signaling by regadenoson appears to be a pure
pathway characteristic of a full agonist.

Structural Models of Trp246°“2 Interactions with
Phe242°%%* in A,,AR Partial Agonist Complexes Derived
from NMR Ring Current Effects

Ring current effects (Wuthrich, 1986) contributing to the
Trp246°%4® indole "®N-"H chemical shifts were calculated with
the program MOLMOL (Koradi et al., 1996), using the atomic co-
ordinates of crystal structures of A, ,AR complexes with different
ligands (Doré et al., 2011; Jaakola et al., 2008; Lebon et al., 2011,
2015; Xu et al., 2011) (Table S1). The ring current shifts calcu-
lated for the entire protein (Table S1) showed that Phe2425-44
is the major contributor to the observed effect.

For the structures of the A;pAAR complexes included in Table
S1, the calculated chemical shifts for the Trp246°%4® indole
N-"H signal were all significantly upfield from the experimen-
tally observed chemical shifts for the complex with LUF5834.
Hence, the relative orientations of Phe242°%4* and Trp246°%4®
in this partial agonist complex must be different from those in
A22AR complexes with either antagonists or agonists. To obtain
a structural interpretation of this observation, a series of molec-
ular models were generated by independently varying ' of
Trp246%® in 10° increments, and %' and %2 of Phe242%44 by
10° increments each, and calculating the ring current shifts
for the resulting relative orientations of the two amino acids.
For most of the thus generated relative orientations of
Trp246%*® and Phe242°%44, steric clashes with overlap of the
van der Waals radii by more than 0.6 A were observed between
the Trp246°5-8 side chain and the spatially proximate residues
Thrg8%-36 in helix Ill and Ser2777*2 in helix VII. These orienta-
tions of Trp246°48 would require substantial reorientation of
these spatially proximate residues. Among the generated local
structures that did not show steric clashes, only a narrow range
of Trp24654® and Phe24254* side chain orientations yielded
ring current shifts that represent a close fit with the observed
chemical shifts. As an illustration, Figure 4 shows the structural
model where Trp246°%48 42 is rotated by —20° and F2425-44 41
by +60° relative to the orientations in the NECA complex (see
also Table S1).

DISCUSSION

The NMR data of Figures 1, 2, and 3 reveal a clear-cut correlation
between the structural response to bound full and partial ago-
nists by the P-I-F activation switch in A;pAR, as observed with
Trp246°%4® serving as a naturally built-in NMR probe, and the
tip of TM VI at the intracellular surface, as recorded with the en-
gineered Trp233 probe. This correlation provides a new window
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into mechanisms of GPCR activation by partial agonists and in-
dicates that differences in efficacy between full and partial ago-
nists are linked to different pathways of propagating information
from the orthosteric drug binding pocket to signaling-related
conformational changes at the intracellular surface. For the com-
plex with regadenoson, two signals were observed for
Trp246°%“8, indicating the presence of two locally different
AxxAR conformations, where the dominantly populated confor-
mation of the P-I-F activation switch more closely resembles
that of the complex with the full agonist NECA, and a lesser
populated state more closely resembles that of the partial
agonist LUF5834. For Trp233 at the intracellular surface, only
one signal is observed for the complex with regadenoson. It
would thus appear that, in passing from the activation switch
to the intracellular surface, one of the two potential signaling
pathways is attenuated, leading to a slightly reduced drug effi-
cacy compared with NECA but otherwise exhibiting the behavior
of a full agonist. On the other hand, at the intracellular surface of
TM VI, the complex with NECA shows a small admixture of a
state that corresponds to the dominant conformation observed
for the complex with LUF5834. This indicates that the conforma-
tional ensemble of the A;pAR complex with this full agonist in-
cludes a small population of the state that is characteristic of
the structure at the signaling surface of the complex with a
typical partial agonist.

The indications of a unique orientation of Phe24 and a
unique local structure at the intracellular tip of helix VI indicate
that, in the absence of interactions with intracellular partner pro-
teins, A,aAR complexes with partial agonists already adopt a
conformation that differs in subtle but critical ways from the
conformation of the agonist complexes. Conformational rear-
rangement of Phe®** between complexes with antagonists and
agonists is correlated with rearrangement of the conformations
of 11e%4% and Pro®%° to avoid steric hindrances among these
bulkier amino acids, which has been postulated to trigger the rota-
tion of helix VI near the intracellular surface (Wacker et al., 2013).
Extending these observations to the present study implies that
lle®*4° and Pro®®° in complexes with partial agonists are also pre-
sent in orientations that are distinct from agonist and antagonist
complexes; this could lead to a unique orientation of helix VI for
partial agonist complexes. An interplay between Phe®** and
Trp246°48 may also contribute to the mechanism of partial ago-
nism through interactions with Asp?°°. Earlier NMR studies
demonstrated the existence of a function-related interplay be-
tween Asp522-°0 and Trp246°-48 (Eddy et al., 2018b). Replacement
of Asp?®° with Asn at the same position resulted in a loss of G pro-
tein signaling and a perturbation of the local environment around
Trp246°48 (Eddy et al., 2018b). Interactions between Asp?*® and
Trp®“® were subsequently observed in crystal structures of the
human endothelin receptor ETB bound to full and partial agonists
(Shihoya et al., 2018). Differences in interactions between Asp?°
and Trp®“®in complexes with full and partial agonists were postu-
lated to be related to changes in other known activation motifs
such as the NPxxY maotif in helix VIl (Shihoya et al., 2018).

The present NMR results are in line with data on GPCR com-
plexes with partial agonists that were previously obtained with
different experimental methods, and provide key Supplemental
Information. In a crystallographic study of the B4-adrenergic re-
ceptor (B1AR), comparison between complexes with full and par-
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tial agonists revealed a difference of one hydrogen bond between
the bound ligands and interacting amino acids in the orthosteric
ligand binding pocket, while the P-I-F activation motif and the
intracellular surface were nearly identical in complexes with full
and partial agonists (Warne et al., 2010). These studies may
have been affected by the use of multiple stabilizing mutations
to facilitate crystallization, whereas A>pAR and A;xAR variants
used in the present study did not contain any thermostabilizing
mutations. For the B.-adrenergic receptor (B.AR), the structure
of a ternary complex with the partial agonist salmeterol and a G
protein-mimicking nanobody was found to be closely similar to
a ternary complex with a full agonist and a G protein, whereas
there were larger differences compared with an antagonist com-
plex (Masureel et al., 2018). Specifically, TM VI was to a lesser
extent displaced outward, relative to the antagonist complex, in
the complex with the partial agonist than in the ternary complex
with full agonist and a G protein (Masureel et al., 2018). The
conformation of the P-I-F activation motif was observed to be
nearly identical between B.AR complexes with full and partial
agonists.

Evidence from fluorescence spectroscopic studies and GDP
binding experiments support the idea that, depending on whether
a partial or full agonist is bound, receptors form different confor-
mations with partner G proteins. Thus, nucleotide exchange mea-
surements for ternary GPCR complexes demonstrated that G pro-
teins have high affinities for GDP when their partner GPCR is
bound to a partial agonist, thereby decreasing the rate of nucleo-
tide exchange required for intracellular signaling (Roberts et al.,
2004; Seifert et al., 1999; Zhang et al., 2004). Single molecule fluo-
rescence spectroscopic studies of B,AR provided evidence for
different helix VI conformations at the intracellular surface for
complexes with partial or full agonist (Gregorio et al., 2017), which
is consistent with earlier studies reporting different fluorescence
responses for B.AR bound to full or partial agonists (Gether
et al., 1995). Overall, while being compatible with previously pub-
lished structural data on partial agonists, the NMR data presented
in this paper now provide detailed insights into mechanistic as-
pects of partial agonist signaling.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

XL10-Gold ultracompetent cells Agilent Cat#200314
Chemicals, Peptides, and Recombinant Proteins

Cholesteryl hemisuccinate (CHS) Sigma-Aldrich Cat#C6512
Lauryl Maltose Neopentyl Glycol (LMNG) Anatrace Cat#NG310
ATP Sigma-Aldrich Cat#A2383
YNB (without amino acids and ammonium sulfate) Sigma-Aldrich Cat#Y1251
Biotin Sigma-Aldrich Cat#B4639
4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3- Tocris Cat#1036
a|[1,3,5]triazin-5-ylamino]ethyl)phenol (ZM241385)

5’-N-Ethylcarboxamidoadenosine (NECA) Tocris Cat#1691
2-Amino-4-(4-hydroxyphenyl)-6-[(1H-imidazol-2- Tocris Cat#1063
ylmethyl)thio]-3,5-pyridinecarbonitrile (LUF 5834)

4-[2-[[6-Amino-9-(N-ethyl-B-D-ribofuranuronamidosyl)- Tocris Cat#4603
9H-purin-2-yllamino]ethyl]benzenepropanoic acid

hydrochloride (CGS21680)

Regadenoson Apex Bio Cat#B5904
Theophylline Sigma-Aldrich Cat#T1633
lodoacetamide Sigma-Aldrich Cat#11149
TALON Metal Affinity Resin Clontech Cat#635504
Deposited Data

Thermostabilized A>aAR in complex with NECA Lebon et al. 2011 PDB:2YDV
AspAR bound to ZM241385 Jaakola et al. 2008 PDB:3EML
Thermostabilized A;aAR in complex with XAC Doré et al. 2011 PDB:3REY
AAAR bound to UK432097 Xu et al. 2011 PDB:3QAK
Thermostabilized A;aAR in complex with CGS21680 Lebon et al. 2015 PDB:4UHR
Thermostabilized A»AR in complex with caffeine Doré et al. 2011 PDB:3RFM

Experimental Models: Organisms/Strains

P. pastoris: Bg12

BioGrammatics

Cat#PS004-01

Oligonucleotides

AopAR_W246F_F: CATTGTGGGGCTCTTTGCCCTCTG IDT n/a
CTTCCTGCCCCTACACATCATCAACTGCT

A2AAR_W246F _R: AGCAGTTGATGATGTGTAGGGGC IDT n/a
AGGAAGCAGAGGGCAAAGAGCCCCA CAATG

Recombinant DNA

Plasmid: human A;pAR(1-316) in pPICOK Eddy et al. 2018a n/a
Plasmid: human A;aAR[W246F] This study n/a

Plasmid: human AopAR[K233W]

Eddy et al. 2018b

Software and Algorithms

Topspin v. 3.6.1

Bruker

https://www.bruker.com/
products/ mr/nmr/nmr-software

Other

PD-10 column
Amicon ultra-15 centrifugal filter unit, 30,000 MWCO

GE Healthcare
Millipore

Cat#17085101
UFC903024
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RESOURCE AVAILABILITY

Lead Contact
Lead Contact: Dr. Matthew Eddy (matthew.eddy@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 other data are available from the corresponding author upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbes
XL10-Gold E. coli cells were cultured in LB medium, and the Bg12 strain of P. pastoris cells were cultures 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

Mutagenesis
PCR-based site-directed mutagenesis (QuikChange I, Agilent Technologies, CA) was used to generate A>4AR variants with single
amino acid replacements used for NMR assignments. Primers used for this effort are provided in the Key Resources Table.

Protein Production

AxxAR was produced from a gene encoding human A2,AR (1-316) containing a point mutation to remove the only glycosylation site
N154Q, an N-terminal FLAG tag, and a 10 X C-terminal His tag was cloned into a pPIC9K vector (Invitrogen) at the BamHI and Notl
restriction sites. The pharmacological response of this protein expressed in Pichia was previously assessed and determined to be
functionally identical to A,aAR produced in insect cells (Eddy et al., 2018b). All A;pAR plasmids used in this study were transformed
by electroporation into the BG12 strain of Pichia pastoris (Biogrammatics, Carlsbad, CA). Protein expression was screened via iden-
tical methods to previously published protocols (Eddy et al., 2018b), which utilized anti-FLAG Western Blots to identify colonies with
higher expression levels of AaAR in small scale cultures.

Production of deuterated, '°N stable-isotope labeled A,,AR samples followed previously established protocols (Eddy et al.,
2018b), whereby Pichia cells were adapted to increasing amounts of D,O in BMGY media at 30°C over a 9-day period. Adapted cells
were grown in BMGY media containing 99.8% D,O and '®N ammonium sulfate and protein expression was carried out in BMMY
media containing 99.8% D,0 and ">N ammonium sulfate.

NMR Sample Preparation

Preparation of A,pAR samples for NMR studies was performed according to previously reported protocols (Eddy et al., 2018b),
whereby first A,aAR-containing cell pellets were resuspended in lysis buffer (50 mM sodium phosphate pH 7.0, 100 mM NaCl,
5% glycerol (w/v), and in-house prepared protease cocktail solutions), broken by two passes through a cell disruptor (Constant Sys-
tems) and isolated by ultracentrifugation at 200,000 x g. Isolated membranes were resuspended in buffer (10 mM HEPES pH 7.0,
10 mM KCI, 20 mM MgCI2) then treated with 1 mM theophylline, protease inhibitor cocktail (prepared in-house), and 2 mg/mL iodoa-
cetamine for 1 hour. Subsequently, protein was then extracted by mixing resuspended membranes 1:1 (v/v) with solubilization buffer
containing 1% (w/v) 2,2-didecylpropane-1,3-bix-b-D-maltopyranoside (LMNG, Anatrace, Maumee OH), 0.05% cholesteryrl hemi-
succinate (CHS), 100 mM HEPES pH 7.0, and 500 mM NaCl for 5-6 hours followed by ultracentrifugation at 200,000 x g for 30 minutes
to remove solid particulates. The ratio of 20:1 (w/w) LMNG to CHS was specifically selected as an optimal mixture for NMR studies
and used throughout the preparation. This ratio permitted sufficient stability of the protein over the duration of the NMR experiment
while maintaining a relatively smaller micelle size enabling recording NMR data with superior resolution. The supernatant was then
mixed with Co®>*-charged affinity resin (TALON, Clontech) and 30 mM imidazole overnight at 4°C, washed with buffer 1 (25 mM
HEPES pH 7.0, 500 mM NaCl, 10 mM MgCl,, 0.1% LMNG, 0.005% CHS, 8 mM ATP, 30 mM imidazole), and twice with buffer 2
(25 mM HEPES pH 7.0, 250 mM NaCl, 0.05% LMNG, 0.0025% CHS, 5% glycerol, 30 mM imidazole and ligand) and eluted with buffer
3 (25 mM HEPES pH 7.0, 250 mM NaCl, 0.05% LMNG, 0.025% CHS, 5% glycerol, 300 mM imidazole and ligand). Samples where
then exchanged into NMR buffer (20 mM HEPES pH 7.0, 75 mM NaCl, 0.025% LMNG, 0.00125% CHS and ligand) using a PD-10
desalting column. All buffers were prepared with ligand at saturating concentration, and NMR samples were concentrated to
280 pL prior to addition of 20 uL D,O and transferring to a 5 mm Shigemi NMR tube. All samples were purified in protonated buffers
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to allow proton back-exchange. The final concentrations of all samples were between 250 to 300 uM, as determined by Bradford
colorimetric assay.

NMR Spectroscopy

2-dimensional ['°N, "H]-transverse relaxation-optimized spectroscopy (TROSY) (Pervushin et al., 1997) correlation spectra were
measured on a Bruker Avance |l 800 MHz spectrometer equipped with a 5-mm TXI-HCN probe running Topspin 3.1 (Bruker Biospin).
Experiments were recorded at 307 Kelvin, and the sample temperature was calibrated using a standard commercial sample (4%
methanol in methanol-d4). Chemical shifts were referenced to an internal DSS standard and correlated with earlier studies (Eddy
et al., 2018b). TROSY spectra were measured with acquisition periods of 98 ms in 'H, 22.5 ms in "°N, and a 1 s recycle delay for
a total acquisition time of approximately 18 hours per experiment. NMR data were processed identically in Topspin 3.6.1 (Bruker
Biospin) with the following parameters: prior to Fourier transformation, the data matrices were zero filled to 1024 (t1) x 4096 (t2) com-
plex points and multiplied by a Gaussian window function in the direct acquisition dimension and a 75°-shifted sine bell window func-
tion in the indirect dimension.

QUANTIFICATION AND STATISTICAL ANALYSIS

AlINMR spectra were analyzed and compared in Topspin 3.6.1 (Bruker Biospin) after data processing. 2D contour plots and 1D cross
sections were plotted at identical levels relative to the noise floor of the spectra, unless indicated otherwise in the text.

ADDITIONAL RESOURCES

The PDB accession codes 3EML, 3REY, 3RFM, 2YDV, 3QAK, and 4UHR were referenced in this study. The UniProt accession code
P29274 for human A>aAR was used in this study.

Structure 29, 170-176.e1-€3, February 4, 2021 e3




	A2A Adenosine Receptor Partial Agonism Related to Structural Rearrangements in an Activation Microswitch
	Introduction
	Results
	A2AAR Complexes with Full and Partial Agonists in Solution Share Similar Global Folds
	Indole 15N–1H NMR Signal of the Toggle Switch Trp2466.48 Reports Localized Structural Differences between A2AAR Complexes w ...
	The A2AAR Trp2466.48 15N–1H Indole NMR Chemical Shifts Correlate with the Efficacies of Bound Partial and Full Agonists
	Intracellular A2AAR Surface Response to Bound Partial Agonists
	Structural Models of Trp2466.48 Interactions with Phe2426.44 in A2AAR Partial Agonist Complexes Derived from NMR Ring Curre ...

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Microbes
	Cell Lines

	Method Details
	Mutagenesis
	Protein Production
	NMR Sample Preparation
	NMR Spectroscopy

	Quantification and Statistical Analysis
	Additional Resources



