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SUMMARY

G protein-coupled receptor (GPCR) conformational plasticity enables formation of ternary 

signaling complexes with intracellular proteins in response to binding extracellular ligands. 

We investigate the dynamic process of GPCR complex formation in solution with the human 

A2A adenosine receptor (A2AAR) and an engineered Gs protein, mini-Gs. 2D nuclear magnetic 

resonance (NMR) data with uniform stable isotope-labeled A2AAR enabled a global comparison 

of A2AAR conformations between complexes with an agonist and mini-Gs and with an 

agonist alone. The two conformations are similar and show subtle differences at the receptor 

intracellular surface, supporting a model whereby agonist binding alone is sufficient to populate 

a conformation resembling the active state. However, an A2AAR “hot spot” connecting the 

extracellular ligand-binding pocket to the intracellular surface is observed to be highly dynamic 

in the ternary complex, suggesting a mechanism for allosteric connection between the bound 

G protein and the drug-binding pocket involving structural plasticity of the “toggle switch” 

tryptophan.

In brief

Ferré et al. use NMR spectroscopy to reveal similar conformations of the A2A adenosine receptor 

in complex with an agonist and a ternary complex with an engineered G protein. Observations of 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: matthew.eddy@chem.ufl.edu.
AUTHOR CONTRIBUTIONS
G.F. and M.T.E. designed the experiments. G.F., K.A., L.O.S., N.T., and A.P.R. performed the biochemistry experiments. G.F. 
performed the NMR experiments and analyzed the data with M.T.E. All authors discussed the results and associated conclusions. G.F. 
and M.T.E. wrote the manuscript, and all authors approved the final version.

DECLARATION OF INTERESTS
The authors declare no competing interests.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2022.111844.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2023 January 11.

Published in final edited form as:
Cell Rep. 2022 December 20; 41(12): 111844. doi:10.1016/j.celrep.2022.111844.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


the toggle-switch tryptophan reveal surprising structural plasticity in the receptor core of the active 

ternary complex.

Graphical Abstract

INTRODUCTION

G protein-coupled receptors (GPCRs) are key regulators of human physiology and are 

targeted by over 30% of FDA-approved drugs.1 GPCR signaling proceeds through complex 

formation with partner proteins, including hetero-trimeric G proteins, which in turn 

modulate production of secondary messenger molecules.2,3 Deciphering the molecular 

mechanisms underlying GPCR activation and their interactions with G proteins is thus 

important to better understand cellular communication and facilitate development of new 

therapeutics.4,5

Spectroscopic studies of GPCRs and their complexes complement cryoelectron microscopy 

(cryo-EM) and crystallographic structures by providing information on structural 

plasticity underlying signal transduction.2,6 Numerous nuclear magnetic resonance (NMR) 

spectroscopic studies have shown that GPCRs exist in a dynamic equilibrium of multiple 

conformational states with relative populations related to the efficacy of bound ligands.6–12 

NMR and electron paramagnetic resonance (EPR) studies using site-specific labeling 

approaches also highlighted GPCR complex formation with G proteins or G protein 
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mimetics affects additional changes in the receptor conformational equilibrium. Ternary 

complex formation of thermostabilized β1-adrenergic receptor (β1AR) with a G protein-

mimicking nanobody generated a conformational state unique from the agonist-bound 

receptor.13 Analogous observations were made by NMR and EPR with the β2-AR8,14,15 and 

the μ-opioid receptor (MOR).16 Observations from these studies were interpreted to indicate 

weak “coupling” between the receptor orthosteric ligand-binding pocket and intracellular 

surface. Allosteric communication between bound G protein mimetics and the orthosteric 

ligand-binding pocket was also observed for thermostabilized β1AR using 15N-valine amide 

backbone NMR probes distributed throughout the receptor.17–19

Understanding the extent to which these observations can be extended to additional human 

GPCRs is critical to developing more universal models of cell signaling, motivating us to 

study this problem with the human A2A adenosine receptor (A2AAR). A2AAR is a class A 

GPCR that signals through Golf,20 an important protein in the brain, and Gs and regulates 

the cardiovascular, immune, and central nervous systems.21–24 Deciphering the activation 

of A2AAR has motivated the determination of 3D structures with ligands and protein 

partners25–30 and NMR studies of its conformational dynamics,31–37 making this receptor a 

model for studying GPCR structural biology. We leveraged a stable-isotope labeling strategy 

that enabled a global view of A2AAR structure and dynamics upon complex formation 

with an engineered Gs protein. This approach allowed us to map the impact of ternary 

complex formation on receptor dynamics at the protein-protein interface and at a receptor 

“hot spot” involving the “toggle switch” tryptophan that connects the drug-binding pocket to 

the intracellular surface. Our results are compared with observations from studies of other 

class A receptors, enabling an expanded view of GPCR signaling mechanisms.

RESULTS

Formation of agonist-stimulated A2AAR ternary complexes with mini-Gs for NMR studies

To study the conformational dynamics of A2AAR in complex with mini-Gs, we leveraged 

A2AAR expression in P. pastoris and purification in lauryl maltose neopentyl glycol / 

cholesteryl hemisuccinate (LMNG/CHS) mixed micelles, demonstrated to yield folded 

and functional receptors.36 The approach enabled production of A2AAR samples with 
15N and 2H stable isotopes uniformly distributed throughout the receptor. Analytical size-

exclusion chromatography and SDS-PAGE showed that A2AAR samples were highly pure 

and monomeric (Figures 1A, 1B, and S1A). To form ternary complexes, we employed the 

mini-Gs protein, an engineered variant of the Gs protein α-subunit.30 Mini-Gs recapitulates 

Gs binding with GPCRs, including A2AAR,30,38 and its lower molecular weight is favorable 

for recording high-resolution NMR spectra of the ternary complex in solution. Following 

earlier reports,30,38 we expressed and purified monomeric mini-Gs (Figures 1A and 1B).

We monitored A2AAR ternary complex formation with the agonist NECA and mini-Gs 

in LMNG/CHS micelles using analytical size-exclusion chromatography (SEC) and SDS-

PAGE electrophoresis (see STAR Methods; Figures 1A and 1B). Complexes were prepared 

with an excess of mini-Gs to obtain homogeneous preparations of A2AAR bound to mini-Gs. 

Because A2AAR binary and ternary complexes exhibited similar elution times in analytical 

SEC profiles, we monitored complex formation by integrating the peak of free mini-Gs 
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(Figure 1C). Using this approach, we calculated that ~95% of the NECA-bound receptor 

formed monodispersed complexes with mini-Gs, in line with the SDS-PAGE analysis 

(Figure 1B). As expected, A2AAR prepared with the antagonist ZM241385 as a control 

sample did not exhibit complex formation with mini-Gs (Figure 1B).

Agonist stimulation alone populates an A2AAR conformation resembling the ternary 
complex with mini-Gs

We recorded 2D [15N,1H]-transverse relaxation-optimized spectroscopy (TROSY)39 

correlation spectra of [u-15N,~70% 2H]-A2AAR in complex with the full agonist NECA and 

the ternary complex with NECA and mini-Gs (Figure 2). With uniform 15N stable-isotope 

labeling, 15N–1H amides and 15N–1H tryptophan indoles provide NMR probes of local 

A2AAR structure and conformational dynamics distributed globally throughout A2AAR. The 

chemical shifts, line shapes, and relative intensities of these signals thus provide fingerprints 

of the global receptor conformation and structural plasticity related to the corresponding 

functional state.

2D [15N,1H]-TROSY spectra of [u-15N,~70% 2H]-A2AAR in the ternary complex with 

NECA and mini-Gs were well dispersed, confirming that A2AAR was properly folded in the 

ternary complex (Figure 2). The 2D TROSY spectrum of A2AAR in the ternary complex was 

distinctly different from the TROSY spectrum of A2AAR in complex with the antagonist 

ZM241385 (Figure S2). In contrast, spectra of the A2AAR ternary complex and the complex 

with the agonist NECA were highly similar, showing a significant overlap of the majority 

of signals (Figure 2). For signals labeled “a” to “z,” selected from spectra regions greater 

than 8.5 or below 7.5 ppm in the 1H dimension arising from backbone amide 15N–1H 

signals from regular secondary structure, the chemical shifts were all nearly identical. Minor 

changes in the TROSY spectrum of the A2AAR ternary complex with mini-Gs suggest 

subtle changes occur upon complex formation. In particular, changes in signal intensities 

were observed among several signals “a” to “z,” suggesting differences in A2AAR structural 

plasticity between the ternary complex and the complex with agonist alone.

Functionality of A2AAR in the ternary complex was further confirmed by NMR-detected 

ligand competition experiments. With the same sample used to record the NMR data 

in Figure 2, NECA was displaced by adding an excess of the high-affinity antagonist 

ZM241385 via buffer exchange (see STAR Methods), and additional TROSY spectra were 

then recorded. The resulting spectrum of the ligand-exchanged sample was nearly identical 

to a spectrum of [u-15N,~70% 2H]-A2AAR prepared by co-purification with the ZM241385 

(Figure S2B). This indicates the A2AAR ternary complex could be dissociated upon binding 

a high-affinity antagonist, resulting in a transition from the fully active to inactive A2AAR 

conformation.

Ternary complex formation tunes A2AAR structural plasticity at the protein-protein 
interface and within the transmembrane core

Because the TROSY spectra of the A2AAR ternary complex with NECA and mini-Gs 

were similar, we could reliably transfer determined assignments36 for the tryptophan indole 
15N–1H and glycine amide 15N–1H signals. These assigned A2AAR signals provided NMR 
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probes throughout the receptor, including at the A2AAR intracellular surface, the orthosteric 

ligand-binding pocket, and an activation “hot spot” involving W2466.48, the “toggle 

switch” tryptophan,40,41 which connects the two regions (Figure 3A). This allowed us to 

quantitatively compare chemical shifts and signal intensities between the TROSY spectra 

of the A2AAR complex with NECA and the ternary complex with NECA and mini-Gs. 

Differences observed upon formation of the ternary complex could thus be compared with 

differences in chemical shifts and intensities upon binding orthosteric ligands of different 

efficacies (Figures 4A and 4B).

At the A2AAR intracellular surface, the 15N–1H indole signal of W291.55 (superscripts 

denote the Ballesteros-Weinstein nomenclature42), located toward the end of helix I, showed 

a significant chemical shift change upon ternary complex formation (Figures 3B, 4A, and 

4B). We also observed a significant increase in signal intensity for W291.55. Previously, the 

line shape of the W291.55 15N–1H indole signal was shown to be highly sensitive to different 

efficacies of bound drugs and manifested with multiple components.36 A rationale for this 

observation was the presence of structural polymorphism due to reorientation of nearby 

amino acids in helices VII and VIII that undergo conformational changes.36 The chemical 

shift of the W291.55 15N–1H indole signal for the ternary complex was different than the 

chemical shifts of any components for the complex with an agonist alone. Additionally, the 

W321.58 15N–1H indole signal was significantly more intense in the A2AAR ternary complex 

(Figures 3B and 4B). Because residues in helix I do not appear to interact directly with 

mini-Gs in the crystal structure, the change in chemical shift W291.55 and intensities for 

W291.55 and W321.58 likely result from interactions with neighboring residues in helices 

VII and VIII. These data point to subtle changes in structure and potential changes in 

A2AAR conformational dynamics upon ternary complex formation. We also compared 15N–
1H amide signals for G114, G1184.39, and G218, located in intracellular loop (ICL) 2 and 

the intracellular ends of helices IV and VI, respectively. For all three signals, at most, only 

subtle differences could be observed for both chemical shifts and intensities between the 

A2AAR ternary complex with NECA and mini-Gs and the complex with NECA (Figures 

3C and 4B). This observation appears consistent with the crystal structure of the A2AAR 

ternary complex, which shows that these residues are not in close proximity to mini-Gs and 

do not undergo conformational changes upon ternary complex formation. This suggests that 

conformations of A2AAR and mini-Gs in the ternary complex are likely similar in crystals 

and in aqueous solution.

15N–1H amide signals for G160 and G158, located in ECL2, and for G1424.63, located in 

the extracellular end of helix IV, showed only minor changes between spectra of the A2AAR 

ternary complex with NECA and mini-Gs and the complex with NECA (Figures 3C and 4B). 

Likewise, the 15N–1H indole signals for W143, located at the extracellular end of helix IV, 

and W2687.33, located at the extracellular end of helix VII, were also highly similar. This 

indicated that the formation of the ternary complex with mini-Gs did not allosterically alter 

the conformation and structural plasticity of the A2AAR extracellular region.

The most pronounced changes between the spectra were observed for the 15N–1H indole 

signal of W2466.48, which is located in an activation “hot spot” region connecting the 

orthosteric ligand-binding site and receptor intracellular surface. In earlier A2AAR studies, 
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the chemical shift of W2466.48 was shown to closely correlate with the efficacy of bound 

drugs, which was rationalized by ring current effects due to nearby F2426.44.36 F2426.44 is 

a key residue of the highly conserved P5.50–I3.40–F6.44 activation motif, the conformation of 

which strongly correlates with GPCR functional states and global conformations (Figure 

S4).43 For A2AAR complexes with partial agonists, W2466.48 was observed in two 

different conformations, the relative populations of which depended on the efficacy of the 

partial agonist,35 linking changes in partial agonist efficacy to the presence of multiple 

simultaneously populated receptor conformers. In the spectrum of the [u-15N,~70% 2H]-

A2AAR ternary complex, a single signal was observed for the W2466.48 indole at the same 

chemical shift as observed for NECA-bound A2AAR, however with a strikingly different 

intensity (Figures 3B, 3D, 3E, 4A, and 4B).

To confirm that the W2466.48 15N–1H indole signal was not significantly shifted to a 

different region of the TROSY spectrum, we prepared a sample of the A2AAR variant 

W246F and recorded a TROSY spectrum of [u-15N,~70% 2H]-A2AAR[W246F] in a ternary 

complex with NECA and mini-Gs. A2AAR[W246F] was previously employed for signal 

assignment purposes and was demonstrated to be folded and functional.36 A2AAR[W246F] 

was monodispersed (Figure S1A), and complex formation was validated by analytical SEC 

and SDS-PAGE (Figures S1B and S1C). Comparing TROSY spectra of [u-15N,~70% 2H]-

A2AAR and [u-15N,~70% 2H]-A2AAR[W246F] in ternary complexes revealed no additional 

signals for W246F6.48 (Figure S3). This indicates that changes observed in Figures 2 

and 3 for W2466.48 upon ternary complex formation are due to conformational exchange 

broadening. Because of the strong dependence of the W2466.48 chemical shift on nearby 

F2426.44, this suggests fluctuations in the relative orientations of these two conserved 

residues in the allosteric coupling network within the ternary complex.

DISCUSSION

The NMR data in Figures 2 and 3 support a model of A2AAR activation involving 

larger conformational changes upon complex formation with agonists and relatively 

smaller subsequent structural changes upon complex formation with mini-Gs (Figure 4C). 

Chemical shift and intensity changes reveal that A2AAR ternary complex formation does 

not significantly alter the global conformation of A2AAR compared with the binary 

complex with NECA alone. However, these data suggest that additional “fine-tuning” of 

the A2AAR structure and conformational dynamics occur upon ternary complex formation. 

These observations appear to differ from NMR studies of the β1AR,13 β2AR,8,14 and 

MOR,16 which reported that these receptors showed unique conformations in ternary 

complexes with G protein-mimicking nanobodies. This suggests that differences in signal 

transduction mechanisms may exist among different GPCRs despite sharing similar 

structural architectures and conserved residues required for activation. Our observations 

appear to be more in line with earlier 19F-NMR studies of A2AAR. 19F-NMR studies of 

A2AAR[A289C], labeled at the intracellular end of helix VII, observed large differences in 

the signal envelope and corresponding ensemble of conformational states between A2AAR 

complexes with agonists and antagonists.44 In a 19F-NMR study of A2AAR[V229C] in lipid 

nanodiscs labeled at the intracellular end of helix VI, qualitatively larger differences were 

observed between A2AAR binary complexes with the antagonist ZM241385 and the agonist 
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NECA than between the A2AAR complex with NECA and the ternary complex with NECA 

and mini-Gs.32

For NMR probes at the receptor intracellular surface, we observed a chemical shift change 

for the W291.55 15N–1H indole signal and changes in signal intensities for W291.55 and 

W321.58 but not for G114, G1184.39, and G218 (Figures 3 and 4). This appears to support 

a view that the ternary complex structure with mini-Gs in solution was similar to that in 

crystals.30 The increases in signal intensities for W291.55 and W321.58 likely result from 

attenuation of conformational plasticity at the receptor-mini-Gs interface. In a cryo-EM 

structure of A2AAR in complex with the trimeric protein Gs, poorer density and higher 

B factors were observed in TM1,45 suggesting that additional subtle differences may be 

observed between ternary complexes with mini-Gs and with trimeric Gs, as has also been 

proposed from 19F-NMR studies.32

Allosteric connections between bound G proteins and GPCR orthosteric binding pockets 

have been observed in simulations46 and by NMR experiments. This was manifested 

in studies of thermostabilized β1AR as chemical shift changes for 15N-valines located 

in the orthosteric binding pocket upon complex formation with a G protein-mimicking 

nanobody.17,18 Upon A2AAR complex formation with mini-Gs, we observed, at most, only 

subtle changes for residues located in the extracellular region, including those adjacent to 

the orthosteric ligand-binding site (Figures 2, 3, and 4). This observation suggests relatively 

minor modulation of the A2AAR orthosteric binding pocket and extracellular region by 

ternary complex formation with mini-Gs.

Comparing the A2AAR binary and ternary complexes, NMR data in Figures 2, 3, and 4 

show significant changes observed for the W2466.48 15N–1H indole signal intensity but not 

chemical shift differences. The significant attenuation of the signal for W2466.48, and the 

lack of a new apparent signal with a different chemical shift (Figure S3), implies that ternary 

complex formation with mini-Gs induced intermediate exchange of W2466.48. The strong 

dependence of the W2466.48 signal on nearby F2426.44 indicates that the observed exchange 

broadening is due to dynamic reorientation of W2466.48 with respect to F2426.44 of the 

conserved P5.50–I3.40–F6.44 activation motif. These data complement crystallographic and 

cryo-EM structures that did not show significant structural rearrangement of W2466.48 with 

respect to the P5.50-I3.40-F6.44 motif upon ternary complex formation. Within this context, 

our data suggest that understanding not just the low energy conformation of W2466.48 

observed in crystal and cryo-EM structures but also its dynamic motion is important 

to understanding mechanisms of A2AAR signaling. W2466.48 and nearby bulky residues 

have been proposed to form an “aromatic lock” whereby a break in this lock caused by 

agonist binding precedes larger structural rearrangements required for signaling complex 

formation.47 Related to this hypothesis, computational studies indicated that W2466.48 and 

nearby bulky amino acids form a hydrophobic barrier limiting water diffusion through the 

receptor core.48,49 Motion of W2466.48 was proposed to facilitate diffusion of water through 

the receptor and initiate subsequent larger conformational rearrangements.48 Intriguingly, 

amino acid substitution of W2466.48 or F2426.44 appears to significantly decrease A2AAR G 

protein signaling,50 and for other receptors, this substitution completely abolishes G protein 
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signaling,51 suggesting that these residues are required to maintain structural integrity of the 

receptor.

In both seminal and more recent NMR studies, ring-flipping motions of aromatic residues 

in the cores of globular proteins have been shown to require large-scale structural 

rearrangements of surrounding amino acids, i.e., “breathing motions” of the surrounding 

protein structure.52–54 These motions have been uniquely observed by NMR spectroscopy 

and hidden from crystallographic and cryo-EM structures and have been linked to 

consequent changes in protein function.52–55 It is thus interesting to speculate if our 

observations with exchange broadening of W2466.48 are also related to breathing motions 

in the core of A2AAR and potentially other GPCRs and what roles these motions have in 

GPCR allosteric coupling between ligand-binding sites and the G protein interface.

Limitations of the study

This work presents comparative NMR studies of A2AAR complexes with small molecules 

and a ternary complex with an agonist and mini-Gs protein. One limitation of the 

current work is that experiments were carried out in detergent mixed micelles containing 

LMNG and CHS. Although we have validated the pharmacological function of A2AAR in 

LMNG/CHS in previous studies36 and validated A2AAR-mini-Gs complex formation in the 

same detergent system in the current study, this membrane mimetic does not fully capture 

the physical and chemical properties of a cellular lipid membrane. A second limitation is 

the use of the mini-Gs protein. Mini-Gs was designed to mimic the binding of full-length 

GαS as a more robust, easily expressible variant, and thus regions of the native GαS protein 

were removed, and point mutations were introduced, to create this engineered variant. 

Also, mini-Gs does not contain posttranslational modifications found in native GαS such as 

palmitoylation, which anchors GαS to the membrane surface in cells.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to the lead contact, Matthew T. Eddy (matthew.eddy@chem.ufl.edu).

Materials availability—This study did not generate new or unique reagents.

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

XL10-Gold E. coli cells (Agilent) and E. coli BL21-CodonPlus (DE3)-RIL cells (Agilent) 

were cultivated in luria broth (LB) or terrific broth (TB) medium (RPI). The Bg12 strain of 
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P. pastoris (Biogrammatics) was cultured in buffered minimal glycerol (BMGY) or buffered 

minimal methanol (BMMY) media containing yeast nitrogen base (Sigma-Aldrich). All cell 

lines used in this study were authenticated by the suppliers and were chosen to remain 

consistent with previous studies.

METHOD DETAILS

DNA constructs—We used published and pharmacologically validated constructs to 

produce A2AAR and A2AAR[W246F] in P. pastoris.36,56 These constructs encode residues 

1–316 of human A2AAR by deletion of 96 C-terminal residues, an N154Q mutation 

to remove a putative glycosylation site, N-terminal FLAG tag and a C-terminal 10 X 

polyhistidine tag. Genes were cloned into the open reading frame of the pPIC9K expression 

vector at the BamHI and NotI sites, eliminating the α-factor secretion signal present in the 

original vector.

We used a construct to produce mini-Gs described in the literature,30 which was cloned into 

the pET15b expression vector.

A2AAR expression and purification—We expressed and purified A2AAR and 

A2AAR[W246F] following established procedures,36,57,58 described in detail below. 

Expression plasmids were linearized using PmeI and transformed by electroporation into 

P. pastoris BG12 cells. Clones were then screened in 4 mL cultures for receptor expression 

using an anti-FLAG Western blot analysis.58

For expression of unlabeled A2AAR and A2AAR[W246F], selected clones were grown for 

2 days at 30°C in 4 mL of BMGY medium (4.25 g/L YNB without amino acids and 

ammonium sulfate, 11.7 g/L NaH2PO4, 7.5 g/L Na2HPO4, 5 g/L ammonium sulfate, 20 g/L 

glycerol, 2 μM biotin) with 100 μg/mL carbenicillin. Starter cultures were used to inoculate 

50 mL of the same medium, grown for 3 days at 30°C, then used to inoculate 500 mL 

cultures in enriched BMGY medium (8.5 g/L YNB without amino acids and ammonium 

sulfate, 11.7 g/L NaH2PO4, 7.5 g/L Na2HPO4, 10 g/L ammonium sulfate, 20 g/L glycerol, 2 

μM biotin) with 100 μg/mL carbenicillin. These large scale cultures were grown for 2 days 

at 30°C then at 28°C for 8 h 1 mM theophylline was added to the cultures, and A2AAR or 

A2AAR[W246F] expression was induced over 40 h at 28°C by addition of 5 g/L methanol 

every ~13 h (15 g/L total). Cells were sedimented at 3000 × g and 4°C for 15 min and frozen 

at −80°C until needed. Thawed cells were suspended in ice-cold 50 mM sodium phosphate 

pH 7.0, 100 mM NaCl, 5% w/v glycerol with 1 X in-house EDTA-free protease inhibitor 

cocktail (500 μM AEBSF, 1 μM E64, 1 μM leupeptin, 150 nM aprotinin) and lysed with a 

cell disruptor operating at 40 kPsi and 7°C. Membrane fractions containing A2AAR were 

sedimented by ultracentrifugation at 220,000 × g and 4°C for 30 min and stored at −80°C 

until further use.

The following modifications to the above procedure were used for expression of 

[u-15N,~70% 2H]-A2AAR and [u-15N,~70% 2H]-A2AAR[W246F]. Cells were progressively 

adapted to 2H2O by growing them at 30°C in 4 mL of BMGY medium (4.25 g/L YNB 

without amino acids and ammonium sulfate, 11.7 g/L NaH2PO4, 7.5 g/L Na2HPO4, 5 g/L 

unlabeled ammonium sulfate, 20 g/L glycerol, 2 μM biotin) with 100 μg/mL carbenicillin 
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and increasing concentrations of 2H2O. These cultures were twice inoculated in media 

prepared with 90% v/v 2H2O and allowed to grow for 3–5 days, then inoculated in media 

prepared with 99.5% v/v 2H2O, allowed to grow for 7 days, and scaled up to 50 mL and 

500 mL cultures in labeled BMGY (4.25 g/L YNB without amino acids and ammonium 

sulfate, 11.7 g/L NaH2PO4, 7.5 g/L Na2HPO4, 5 g/L 15N-labeled ammonium sulfate, 20 

g/L glycerol, 2 mM biotin, 99.5% v/v 2H2O) with 100 μg/mL carbenicillin. Before lowering 

the incubation temperature to 28°C, cells were centrifuged at 3000 × g and 4°C for 30 

min and exchanged into labeled BMMY medium (4.25 g/L YNB without amino acids and 

ammonium sulfate, 11.7 g/L NaH2PO4, 7.5 g/L Na2HPO4, 5 g/L 15N-labeled ammonium 

sulfate, 2 μM biotin, 99.5% v/v 2H2O) with 100 μg/mL carbenicillin. Protein expression, 

cells lysis and membrane fraction collection were performed in the same manner as for 

unlabeled A2AAR.

All A2AAR and A2AAR[W246F] samples were purified with the same procedure. Every 

step was performed at 4°C or on ice. Thawed membranes were resuspended in buffer 

containing 10 mM HEPES pH 7.0, 1 M NaCl, 10 mM KCl, 20 mM MgCl2 followed by 

ultracentrifugation at 220,000 × g and 4°C for 30 min. The pellet was then resuspended 

in the same buffer containing 2 mg/mL iodoacetamide, 1 mg/mL theophylline and 1 X 

protease inhibitor cocktail (see composition above) for 1 h. Resuspended membranes were 

mixed with the same volume of 2 X solubilization buffer (10 mM HEPES pH 7.0, 500 mM 

NaCl, 0.5% w/v LMNG, 0.025% w/v CHS) and incubated for 4.5 h at 4°C. Solubilized 

material was clarified by ultracentrifugation at 220,000 × g and 4°C for 30 min and the 

supernatant incubated overnight with TALON resin and 30 mM imidazole. TALON-bound 

A2AAR or A2AAR[W246F] was washed by successive steps of resuspension in buffers and 

sedimentation at 850 × g for 15 min, first with buffer containing 25 mM HEPES pH 7.0, 

500 mM NaCl, 10 mM MgCl2, 30 mM imidazole, 8 mM ATP, 0.1% w/v LMNG, 0.005% 

w/v CHS, then twice with buffer containing 25 mM HEPES pH 7.0, 250 mM NaCl, 30 mM 

imidazole, 5% glycerol, 0.05% w/v LMNG, 0.0025% w/v CHS, and 100 μM ligand (NECA 

or ZM241385). A2AAR or A2AAR[W246F] was eluted from the resin in gravity flow 

columns with buffer containing 25 mM HEPES pH 7.0, 250 mM NaCl, 300 mM imidazole, 

5% glycerol, 0.05% w/v LMNG, 0.0025% w/v CHS, 100 μM ligand. Eluted A2AAR or 

A2AAR[W246F] was exchanged into the final buffer with PD-10 columns equilibrated with 

25 mM HEPES pH 7.0, 75 mM NaCl, 5 mM MgCl2, 0.03% w/v LMNG, 0.0015% w/v 

CHS, 100 μM ligand (NECA or ZM241385). The purity and monodispersity of A2AAR or 

A2AAR[W246F] in LMNG/CHS was validated by analytical SEC using a Sepax Nanofilm 

SEC-250 column equilibrated with 25 mM HEPES pH 7.0, 75 mM NaCl, 5 mM MgCl2, 

0.03% w/v LMNG, 0.0015% w/v CHS (Figure S1A).

Mini-Gs expression and purification—We produced mini-Gs using a strategy adapted 

from the literature,38,59 described in more detail as follows. E. coli BL21-CodonPlus (DE3)-

RIL cells were transformed with the expression vector and cultivated at 30°C in TB medium 

with 0.2% glucose, 34 μg/mL chloramphenicol, 100 μg/mL carbenicillin and 5 mM MgSO4. 

Protein expression was induced with 50 μM IPTG, and cells were grown at 25°C for an 

additional 20 h after induction. The cells were then sedimented at 3000 × g and 4°C for 15 

min and stored at −80°C. Every purification step was performed at 4°C or on ice. Lysis was 
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performed in ice-cold 40 mM HEPES pH 7.5, 100 mM NaCl, 10 mM imidazole, 10% v/v 

glycerol, 5 mM MgCl2, 50 μM GDP with 1 X protease inhibitor cocktail (see composition 

above) using a cell disruptor at operating 20 kPsi and 7°C. The lysate was clarified by 

centrifugation at 75,000 × g and 10°C for 30 min and loaded on a His-Trap HP NiNTA 5 mL 

column for IMAC purification. The resin was washed and the protein was eluted with buffer 

containing 40 mM and 400 mM imidazole, respectively. Eluted protein was exchanged into 

buffer using a HiPrep 26/10 column equilibrated with 20 mM HEPES pH 7.5, 100 mM 

NaCl, 10% v/v glycerol, 1 mM MgCl2, and 10 μM GDP. Mini-Gs was incubated overnight 

with SuperTEV protease at 1/100 molar ratio. SuperTEV and undigested mini-Gs were 

removed by reverse IMAC by incubating the sample mixture with Ni-NTA resin and 30 mM 

imidazole for 1 h and collecting the flow through containing mini-Gs. The digested mini-Gs 

was further purified by SEC using a HiLoad Superdex 75 column equilibrated in 10 mM 

HEPES pH 7.5, 100 mM NaCl, 10% v/v glycerol, 1 mM MgCl2, 1 μM GDP, 0.1 mM TCEP. 

The samples were frozen in liquid nitrogen and stored at −80°C before buffer exchange with 

a PD-10 desalting column equilibrated with 25 mM HEPES pH 7.0, 75 mM NaCl, 5 mM 

MgCl2, 100 μM TCEP, 1 μM GDP.

Preparation and validation of A2AAR–mini-Gs complexes—A2AAR was 

concentrated to ~300 μM and mini-Gs was concentrated to ~3.3 mM. The two separate 

solutions were then mixed together and 0.1 U apyrase was added to prepare samples with 

~250 μM A2AAR and 1.2 to 1.8 molar equivalent of mini-Gs in buffer containing 25 mM 

HEPES pH 7.0, 75 mM NaCl, 5 mM MgCl2, 0.027% w/v LMNG, 0.00135% w/v CHS, 90 

μM ligand, ≤10 μM TCEP, ≤0.1 μM GDP. Complexes of A2AAR[W246F] and mini-Gs were 

prepared by first mixing the two proteins then concentrating to obtain samples with ~150 

μM receptor and 1.5 to 1.9 molar equivalent of mini-Gs as this procedure proved to be more 

robust. All samples were then incubated overnight at 4°C prior to starting experiments the 

following morning.

To assess complex formation of A2AAR–mini-Gs and A2AAR[W246F]–mini-Gs, samples 

were analyzed by SEC (Figures 1, S1B, and S1C) using a Superdex Increase 200 10/300 

GL column equilibrated at 4°C in 25 mM HEPES pH 7.0, 75 mM NaCl, 5 mM MgCl2, 

0.025% w/v LMNG, 0.00125% w/v CHS. The amount of A2AAR–mini-Gs complex formed 

was evaluated from the quantity of free mini-Gs and consideration of the stoichiometry of 

A2AAR and mini-Gs, as compared to reference samples with the mini-Gs alone. Fractions 

containing A2AAR–mini-Gs complexes were collected and the presence of both mini-Gs 

and A2AAR contained within the same fraction was confirmed by SDS-PAGE. SDS-PAGE 

samples were prepared with 50 mM DTT and analyzed using 12% acrylamide Tris-Tricine 

gels stained with Coomassie blue.

NMR experiments—[u-15N,~70% 2H]-A2AAR and [u-15N,~70% 2H]-A2AAR[W246F] 

samples were prepared according to the above procedure then exchanged into NMR buffer 

with a PD MiniTrap G25 column equilibrated with 25 mM HEPES pH 7.0, 75 mM NaCl, 

5 mM MgCl2, 0.025% w/v LMNG, 0.00125% w/v CHS, and excess ligand. Samples were 

concentrated and supplemented with 10% v/v 2H2O to final concentrations of 260 mM for 

A2AAR (with 310 μM mini-Gs) and 140 μM for A2AAR[W246F] (with 260 μM mini-Gs).
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After recording NMR experiments with A2AAR in complex with NECA and mini-Gs, the 

complexes were dissociated by ligand exchange. The sample was 7-fold diluted in NMR 

buffer containing 100 μM ZM241385 and incubated at 4°C for 6 h. Excess free NECA 

was removed by exchanging the sample buffer using a PD-10 column equilibrated with 

NMR buffer containing 100 μM ZM241385. The sample was then concentrated to 200 μM, 

supplemented with 10% v/v 2H2O to record NMR data.

All samples were pipetted into 5 mm Shigemi tubes, and NMR data were recorded at 

34°C and 800 MHz with a Bruker Avance III spectrometer equipped with a 5 mm TXI 

cryoprobe. Data were acquired with Topspin version 3.6.3 and analyzed with NMRFAM-

Sparky 1.470. 2D [15N,1H]-TROSY spectra were recorded with 2048 and 256 points in the 

direct and indirect dimensions, respectively. TROSY spectra of [u-15N,~70% 2H]-A2AAR in 

complexes with NECA or NECA and mini-GS were recorded with 672 scans (~54 h) and 

in complex with ZM241385 with 336 scans (~27 h). The TROSY spectrum of [u-15N,~70% 
2H]-A2AAR[W246F] in complex with NECA and mini-Gs was recorded with 832 scans 

(~66 h). All spectra were processed identically: prior to Fourier transformation, the data 

matrices were zero filled to 2048 (t1) × 4096 (t2) complex points and multiplied by a 

Gaussian window function (8.0 Hz LB and 0.1 GB) in the direct dimension and squared 

cosine window function in the indirect dimension.

QUANTIFICATION AND STATISTICAL ANALYSIS

The indole 15N–1H signals for W29, W32, W143, and W268 and backbone amide 15N–
1H signals for G114, G118, G142, G158, G160 and G218 could be assigned for the 

complexes with mini-Gs from literature data recorded without mini-Gs.35,36 The indole 
15N–1H signal for W246 was assigned for complexes with mini-Gs using literature data 

and additional experiments with [u-15N,~70% 2H]-A2AAR[W246F] in complex with NECA 

and mini-Gs (Figure S3). To rule out the possibility of unique indole 15N–1H signals for 

W246 in spectra of the A2AAR complex with mini-Gs, we compared spectra of [u-15N,~70% 
2H]-A2AAR[W246F] in complex with NECA and mini-GS and spectra of [u-15N,~70% 
2H]-A2AAR in complex with NECA and mini-Gs with additional spectra of [u-15N,~70% 
2H]-A2AAR in complex with ZM241385 or NECA. From this comparison, we concluded no 

new signals were observed in the tryptophan region and surrounding regions in the TROSY 

spectrum of the ternary complex with NECA and mini-GS.

Chemical shift perturbations (CSP) reported in Figures 4A and 4B were calculated with the 

following equation:

CSP = ω1 − ω2 H
2 + ω1 − ω2 N

2

where ω1 and ω2 are the resonance frequencies in Hertz of a given NMR signal for the 

compared spectra and H and N indicate the 1H and 15N dimensions, respectively. The 

intensity ratios, “I. ratio”, reported in Figure 4A and B were calculated from the intensities 

at the signal maxima and normalized relative to the intensity of the indole 15N–1H signal for 

W268. This signal appeared to be unresponsive to changes in efficacy of bound ligands or 
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the presence of mini-GS, likely because of its placement in a flexible extracellular region, 

and thus was used as an internal control.

Supplementary Material

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

• NMR comparison of A2AAR complex with agonist and ternary complex with 

partner protein

• Conformation of complex with agonist alone resembles active ternary 

complex structure

• “Fine-tuning” of receptor conformation observed for ternary complex

• Structural plasticity in key “hot spot” suggests dynamic receptor core in 

ternary complex
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Figure 1. Validation of A2AAR-mini-Gs complex formation for NMR studies
(A) Size-exclusion chromatograms of purified A2AAR bound to the agonist NECA and 

in the presence of mini-Gs (blue), bound to the antagonist ZM241385, in the presence of 

mini-Gs (orange), and mini-Gs alone (gray).

(B) Annotated SDS-PAGE analysis of fractions isolated from “peak A” in chromatograms 

presented in (A) and isolated samples of A2AAR and mini-Gs.

(C) Integrals of the free mini-Gs peak, labeled “peak B,” in the SEC chromatograms 

presented in (A). Dotted lines indicate calculated percentages of mini-Gs-bound A2AAR 

using a stoichiometric ratio of 1:1.2 A2AAR to mini-Gs.
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Figure 2. Comparison of structural fingerprints of A2AAR binary and ternary complexes
Superposition of [15N,1H]-TROSY correlation spectra of [u-15N,~70% 2H]-A2AAR in 

complex with the full agonist NECA (blue) and the ternary complex of A2AAR with NECA 

and mini-Gs (orange). Regions framed by the dotted boxes are expanded in Figure 3. 

Well-resolved signals indicated by the labels “a” to “z” have been used to compare structural 

fingerprints of A2AAR upon complex formation with mini-Gs.
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Figure 3. Site-specific views into A2AAR conformational changes upon ternary complex 
formation
(A) Assigned A2AAR NMR signals mapped onto the crystallographic structure of the 

A2AAR ternary complex with NECA and mini-Gs (PDB: 5G53). A2AAR and mini-Gs are 

shown in ribbon and stick representations, respectively. Assigned glycines are shown as 

orange spheres, and assigned tryptophans are shown in orange stick representations. G218 

and G158 are labeled but not shown, as electron density were not observed in the crystal 

structure for these residues. W129, observed only in ZM241385-bound A2AAR spectra, is 

shown in yellow.

(B–D) Expanded views from Figure 2 with selected signals annotated. The arrow indicates 

an observed chemical shift change for W29.
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(E) 1D projections through the 15N dimension of the spectral region indicated by the dashed 

rectangle in (D). In (D) and (E), different intensity scales are used to display the indole 
15N–1H signal for W246 in the spectrum of the ternary complex with mini-Gs, as indicated.

Ferré et al. Page 21

Cell Rep. Author manuscript; available in PMC 2023 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. NMR-observed conformational changes upon agonist and mini-Gs binding
(A) Histogram comparison of chemical shift perturbations (CSPs; green) and relative 

intensities (I. ratio; salmon) of NMR signals of A2AAR in complex with the agonist NECA 

with respect to signals of A2AAR in complex with the antagonist ZM241385. An I. ratio 

>1 indicates a larger intensity observed for a signal in the spectrum of the A2AAR complex 

with NECA relative to the spectrum for the complex with ZM241385. Chemical shift 

perturbations are given in units of Hertz.

(B) Histogram of CSP and I. ratio values of A2AAR in the ternary complex with NECA and 

mini-Gs with respect to A2AAR in complex with NECA.

(C) Schematic illustrating the impact of ligands and mini-Gs complex formation on the 

equilibrium of A2AAR conformations and corresponding functional states. Assigned NMR 

signals are displayed as filled-in circles, with the outer layer colored to show chemical shift 

changes and the interior colored to indicate line broadening. The gray oval represents the 

particular “hot spot” region highlighted in this study, with W2466.48 represented as a circle 

with lines representing different orientations of the W246 side chain in different complexes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG M2 Alkaline Phosphatase Sigma-Aldrich Cat#A9469; RRID: AB_439699

Bacterial and virus strains

E. coli BL21-CodonPlus (DE3)-RIL (chemocompetent) Agilent Cat#230245

Chemicals, peptides, and recombinant proteins

Pmel NEB Cat#R0560L

Yeast nitrogen base (YNB) without amino acids and ammonium sulfate Sigma-Aldrich Cat#Y1251

15N-labeled ammonium sulfate CIL Cat#NLM-713-50

Deuterium oxide (2H2O) CIL Cat#DLM-4-99.8

Theophylline Sigma-Aldrich Cat# T1633

Terrific Broth (TB) RPI Cat#T15000–1000.0

Biotin Sigma-Aldrich Cat#B4639

lodoacetamide Sigma-Aldrich Cat#I1149

Lauryl maltose neopentyl glycol (LMNG) Anatrace Cat#NG310

Cholesteryl hemisuccinate (CHS) Anatrace Cat#CH210

Adenosine 5’-triphosphate (ATP) Sigma-Aldrich Cat#A2383

ZM241385: 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

NECA: 5’-N-ethylcarboxamidoadenosine Tocris Cat#1691

Guanosine 5’-diphosphate (GDP) Sigma-Aldrich Cat#G7127

Apyrase NEB Cat#M0398S

Experimental models: Organisms/strains

P. pastoris BG12 (electrocompetent) BioGrammatics Cat#PS004-01

Recombinant DNA

pPIC9K-A2AAR Eddy et al., 201836 N/A

pPIC9K-A2AAR-W2466.48F Eddy et al., 201836 N/A

pET15b-Mini-Gs Carpenter et al., 201630 N/A

Software and algorithms

Topspin version 3.6.3 Bruker https://www.bruker.com/en/products-
and-solutions/mr/nmr-software.html

Other

TALON resin Clontech Cat#635504

Ni-NTA resin ThermoFisher Cat# 88222

His-Trap HP NiNTA 5 mL column Cytiva Cat#17524802
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REAGENT or RESOURCE SOURCE IDENTIFIER

PD-10 Cytiva Cat#17085101

PD MiniTrap G25 column Cytiva Cat#28918007

HiPrep 26/10 column Cytiva Cat#17508701

HiLoad Superdex 75 column Cytiva Cat#90100805

Increase Superdex 200 10/300 GL column Cytiva Cat#28990944
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