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ABSTRACT 

 

Investigating the Homo-Oligomerization of the Human Adenosine A2A Receptor 

 

Khanh Dinh Quoc Nguyen 

 

Oligomerization of G protein-coupled receptors (GPCRs) is a widespread phenomenon 

whose discovery generates a plethora of alternative targets for new therapeutic approaches 

towards human diseases. Nevertheless, challenges still exist in the characterization of these 

complexes, especially in terms of driving factors of formation, interfaces, and functional 

consequences. Despite their significance, structural and functional studies of GPCR oligomers 

have been hindered by their dynamic nature and their generally low suitability for biophysical 

techniques. 

Among these receptors, the human adenosine A2A receptor (A2AR) serves as an 

excellent target to conduct modeling studies into oligomerization of GPCRs, as there is solid 

evidence that this receptor forms homo- and hetero-oligomers both in vitro and in vivo. Its 

intrinsically disordered C-terminus is removed in all structural studies of A2AR for stability 

and homogeneity purposes, but a C-terminal mutation has been shown to prevent A2AR 

oligomer formation. We first aimed to understand the role of the C-terminus in driving the 

oligomerization of A2AR. Size-exclusion chromatography (SEC) was applied as the primary 

method to quantify the oligomer levels of multiple variants of A2AR with strategic mutations 

and truncations on the C-terminus. We discovered that the C-terminus of A2AR drives receptor 
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homo-oligomerization via multiple types of covalent and non-covalent interactions. 

Computational analysis revealed that A2AR dimers are formed via multiple interfaces, all 

involving the C-terminus. Variation of ionic strength of the buffer indicated depletion 

interactions via the C-terminus to be the main driving force of A2AR oligomerization. 

Experiments on the C-terminus sans the transmembrane (TM) helices demonstrated that A2AR 

C-terminus in and of itself can form insoluble aggregate at high salt concentrations. 

The inclusion of the C-terminus enables the production and isolation of A2AR 

oligomers, yet also further complicates biophysical and structural studies of this receptor. 

Electron paramagnetic resonance (EPR) spectroscopy offers unique capability of probing how 

the dynamic C-terminus is involved at the multiple interfaces of A2AR oligomers. Much effort 

had been made using cell sorting in engineering properly folded A2AR variants void of free 

cysteines to facilitate biophysical characterization by EPR, but the structure and function of 

these variants needed to be thoroughly investigated. We discovered that these A2AR mutants, 

selected with an agonist-based assay, showed reduced binding activity to antagonist. Further 

characterization with EPR power saturation experiments demonstrated that various 

extracellular disulfide bonds were disrupted in these variants, suggesting that the removed 

transmembrane cysteines may serve a role in maintaining the proper structure and function of 

the receptor. 

Moving forward, we next sought to visualize the oligomeric interfaces of A2AR and the 

structural role of the intrinsically disordered C-terminus by combining continuous-wave (CW) 

EPR with cryogenic electron microscopy (cryo-EM). CW-EPR revealed that a C-terminal 

residue was immobilized as A2AR formed oligomers, suggesting that the C-terminus is directly 
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involved at the oligomeric interface of the receptor. The related technique double electron 

electron resonance (DEER) revealed a large intermolecular distance between two C-terminal 

cysteines, suggesting that A2AR oligomers are not stabilized by direct disulfide bonds between 

the C-termini. Early cryo-EM data collection yielded a low-resolution 3D structure of A2AR 

dimers that showed the involvement of the TM regions at the interfaces. Therefore, it appears 

that both the C-terminus and the TM helices of A2AR contribute to forming the oligomeric 

interfaces of the receptor. 

Finally, in search of a membrane mimetic platform that can retain the native structure 

and function of A2AR oligomers, styrene maleic acid (SMA) lipid polymers were employed as 

a promising detergent-free method to isolate transmembrane proteins. We sought to assess the 

functional impact of extracting directly from the native host environment A2AR and 

proteorhodopsin (PR), a model bacterial transmembrane proton pump. We discovered that 

SMA-solubilized A2AR exhibited reduced binding activity to antagonist, likely due to the lack 

of functional cholesterol. For PR, SMA could only capture the monomeric form of the receptor 

and could not solubilize the functionally important hexameric form. Further analyses 

demonstrated that solubilizing PR with SMA severely reduced its active population and disrupt 

its photocycle properties. Taken together, despite retention of the native host membranes, SMA 

appeared to have negative impacts on the functional properties of both A2AR and PR. 
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Table 2-1. Results from curve fitting using OriginLab and calculations of the HMW oligomer 

and dimer levels for all A2AR variants used in the main text of this study. The variants are 

grouped by the order they appear and numbered corresponding to Figure 2-5. The levels of 

dimer and HMW oligomer are expressed relative to the monomeric population in arbitrary 

units as monomer-equivalent concentration ratios. The errors are calculated from the variance 

of the fit, not experimental variations, and are within 95% confidence interval. Only the WT 

replicates are represented with standard deviation as experimental variations (last row; n = 5; 

mean ± SD). 

Table 3-1. Spin labeling efficiency of the various TM-Cys-Free variants of A2AR (VSTGTS 

not shown) with C394S as the negative control. 
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Figure 1-1. Various effector pathways of GPCRs. Depending on the type of G protein a GPCR 

interacts with, different downstream signaling pathways are activated. The three most common 

types of G proteins include Gs, Gq, and Gi/o. 

Figure 1-2. General structure of a GPCR. It consists of a single polypeptide chain with an 

extracellular N-terminus, a 7-transmembrane-helix domain connected by 3 extracellular loops 

and 3 intracellular loops, and an intracellular C-terminus. The heterotrimeric G protein binds 

to the receptor on the intracellular side. 

Figure 1-3. There exists an intricate network of oligomers among GPCRs, in which one 

member can form oligomers with many others. (Figure from www.gpcr-hetnet.com) 

Figure 1-4. Adenosine A2A receptor is abundant in many locations in the human body and 

thus has various therapeutic implications depending on where it is found. (Figure from de Lera 

Ruiz, M.; Lim, Y.-H.; Zheng, J. J. Med. Chem. 2014, 57, 3623–3650.) 

Figure 1-5. A2AR may adopt multiple oligomeric interfaces as suggested via MD simulations. 

Fanelli and Felline predicted that there exist three interfaces for A2AR dimers (shown here as 

seen from the intracellular side in a direction perpendicular to the membrane plane). Numbers 

indicate the receptor portions that participate the most in the interface. (Figure from Fanelli 

and Felline, Biochim. Biophys. Acta Biomembr. 2011, 1808, 1256–1266.) 

Figure 1-6. (A) Active A2AR can be separated by SEC with peaks representing distinct 

oligomeric species as indicated. Dimer and higher-order oligomer are clearly observed in 

A2AR-WT but are almost completely abolished upon the mutation C394S. (Figure from 

Schonenbach, N. S. et al. FEBS Lett. 2016, 590, 3295–3306.) (B) The 122-residue long C-

terminus of A2AR with residue C394 indicated. 

Figure 1-7. The human adenosine A2A receptor can undergo oligomerization with many other 

GPCRs, most prominently the dopamine and purinergic receptors. (Figure from www.gpcr-

hetnet.com) 
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Figure 1-8. Analysis of (A) disorder and (B) protein binding probability of the C-terminus of 

A2AR (in box) using computational software. Y-axis values > 0.5 indicate disordered and 

putative binding regions. Increased disorder and decreased protein binding probability 

suggests destabilization of protein-protein association upon C394S mutation. (A) PONDR 

VSL2 suggests high disorder for the C-terminus, with the mutation C394S increasing its 

disorder. (B) ANCHOR predicts that the C-terminus is strongly prone to protein binding, with 

the mutation C394S decreasing this probability. 

Figure 2-1. Depletion interactions can occur via two mechanisms: (A) overlapping of exclusion 

volume and (B) dehydration. Both mechanisms are driven by entropy, favoring protein-protein 

association. 

Figure 2-2. Visual summary of the entire process of cloning, expression, purification, and 

separation of A2AR oligomeric species. Plasmids containing the A2AR gene is linearized with 

BsaBI, then transformed into the genome of S. cerevisiae. Protein expression is induced with 

galactose-containing media. Cells are then harvested with centrifugation, lysed with 

mechanical beads, and solubilized in an optimized system of detergent micelles containing 

DDM, CHAPS, and CHS.  IMAC with Ni-NTA resin is used to obtain a semi-pure mixture of 

A2AR, which is then subjected to ligand-affinity chromatography with a high-affinity 

antagonist (XAC) to select for ligand-active receptor. Finally, the various oligomeric species 

of A2AR is separated and isolated with SEC for further biophysical characterization. (Figure 

courtesy of Dr. Nicole S. Schonenbach.) 

Figure 2-3. (A) Representative total protein stain (upper panel) and western blot (lower panel) 

of A2AR-WT during purification. Positive ((+) ctrl) and negative ((–) ctrl) controls consist of 

5 OD cell lysate of S. cerevisiae BJ5464 cells expressing and not expressing A2AR WT, 

respectively. “IMAC FT” indicates the flow-through from IMAC step. “XAC inactive” and 

“XAC active” indicate the fractions that do not and do bind to XAC during the ligand-affinity 

chromatography step. (B) Representative western blot of A2AR-WT during SEC separation. 

The fractions are matched to the distinct oligomeric peaks in the SEC chromatogram. Each 

lane on the blot is from 0.5 mL fractions eluted from a Superdex 200 10/300 GL (GE 
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Healthcare) column. MagicMark protein ladder (LC5602) is used as the molecular weight 

standard. 

Figure 2-4. Method for collecting SEC data and assessing A2AR oligomerization. The SEC 

data is recorded every second as absorbance at 280 nm. The baseline is corrected to ensure 

uniform fitting and integration across the peaks. The areas under the curve, resulting from a 

multiple-Gaussian curve fit, express the population of each oligomeric species. The reported 

standard errors of integration are within a 95% confidence interval and are calculated from the 

variance of the fit, not experimental errors. The levels of HMW oligomer and dimer are 

expressed relative to the monomeric population in arbitrary units. A representative calculation 

defining the oligomer levels is given in the box. 

Figure 2-5. (A) Curve fitting using OriginLab of all A2AR variants used in the main text of 

this study, listed by the order they appear. By default, each oligomeric peak is fitted with one 

curve using Gaussian distribution and displayed by different color shades, with the HMW 

oligomer eluted first (dark orange), followed by the dimer (lighter orange), followed by the 

monomer (lightest orange). However, the HMW oligomer peak in some cases cannot be fitted 

with one curve and thus is fitted with two curves instead. This discrepancy can be explained 

by variation in HMW oligomerization order among the variants. The identity of each peak is 

confirmed with western blotting. The value and error from the curve fitting of each peak are 

given in Table 2-1. (B) Data distribution of all variants used in this study in comparison to five 

experimental replicates of A2AR-WT. The C-terminally truncated mutants are represented by 

different shades of green in increasing darkness corresponding to the increased length of the 

C-terminus, with the lightest shade representing the mutant with the shortest C-terminus 

(A316ΔC) and the darkest shade for the mutant with the longest C-terminus (P395ΔC).  The 

levels of dimer and HMW oligomer are expressed relative to the monomeric population in 

arbitrary unit, with reported errors calculated from the variance of the fit, not experimental 

variation. There are significant variations in the dimer and HMW oligomer levels among the 

WT replicates, stemming from experimental errors. These variations are mitigated when the 

two parameters are added, as the data distribution becomes more uniform. Also, the 
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oligomerization levels of the WT replicates are consistently higher than the mutated and 

truncated variants. 

Figure 2-6. Residue C394 helps stabilize A2AR oligomerization via disulfide bonds. (A) The 

effect of C394X substitutions on A2AR oligomerization. The levels of dimer (dark colors) and 

HMW oligomer (light colors) are expressed relative to the monomeric population in arbitrary 

units, with reported errors calculated from the variance of the fit, not experimental variation. 

(B) Line densitometry of Western Blot bands on SEC-separated dimeric populations of A2AR-

WT and Q372ΔC with and without 5 mM TCEP. The level of dimer is expressed relative to 

the monomeric population in arbitrary units similarly to the SEC analysis. MagicMark protein 

ladder (LC5602) is used as the molecular weight standard. 

Figure 2-7. Truncation of the C-terminus does not affect membrane localization of A2AR. 

Confocal microscopy images of S. cerevisiae cells expressing A2AR WT, A316ΔC, and 

V334ΔC tagged with a C-terminal green fluorescent protein trafficking to the plasma 

membrane. 

Figure 2-8. Truncating the C-terminus systematically affects A2AR oligomerization. (A) 

Depiction of where the truncation points are located on the C-terminus, with region 354–359 

highlighted (in black) showing critical residues. (B) The levels of dimer and HMW oligomer 

are expressed relative to the monomeric population as an arbitrary unit and plotted against the 

residue number of the truncation sites, with reported errors calculated from the variance of the 

fit, not experimental variation. Region 354–359 is emphasized (in black and gray) due to a 

drastic change in the dimer and HMW oligomer levels. (C) The dependence of A2AR 

oligomerization on three consecutive charged residues 355ERR357. The substitution of residues 
355ERR357 to 355AAA357 is referred to as the ERR:AAA mutations. The levels of dimer and 

HMW oligomer are expressed relative to the monomeric population as an arbitrary unit, with 

reported errors calculated from the variance of the fit, not experimental variation. 

Figure 2-9. Non-bonded interactions of the extended C-terminus of A2AR play a critical role 

in stabilization of the dimeric interface. (A) Dimer configurations from cluster analysis in 

GROMACS of the 394-residue variant identify two major clusters involving either 1) the C-
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terminus of one protomer and the C-terminus, ICL2, and ICL3 of the second protomer or 2) 

the C-terminus of one protomer and ICL2, ICL3, and ECL2 of the second protomer. Spheres: 

residues forming intermolecular electrostatic contacts. (B) Average number of residues that 

form electrostatic contacts as a function of sequence length of A2AR. (C) Average number of 

residues that form hydrogen bonds as a function of sequence length of A2AR. The criteria for 

designating inter-A2AR contacts as electrostatic interactions or hydrogen bonds are described 

in detail in 2.2 above. 

Figure 2-10. The effects of ionic strength on the oligomerization of various A2AR variants 

reveal the involvement of depletion interactions. The levels of dimer and HMW oligomer are 

expressed relative to the monomeric population as an arbitrary unit and plotted against ionic 

strength, with reported errors calculated from the variance of the fit, not experimental variation. 

NaCl concentration is varied to achieve ionic strengths of 0.15, 0.45, and 0.95 M. 

Figure 2-11. The dimer/oligomerization of A2AR is a thermodynamic process where the dimer 

and HMW oligomer once formed are kinetically trapped. (A) SEC chromatograms of the 

consecutive rounds of SEC performed on A2AR-WT and Q372ΔC. The first rounds of SEC 

are to separate the dimer/oligomer population and the monomer population, while the second 

rounds of SEC are performed on these SEC-separated populations to assess their stability and 

reversibility. The total oligomer level is expressed relative to the monomeric population in 

arbitrary units. (B) Energy diagram depicting A2AR oligomerization progress. The monomer 

needs to overcome an activation barrier (EA), driven by depletion interactions, to form the 

dimer/oligomer. Once formed, the dimer/oligomer populations are kinetically trapped by 

disulfide linkages. 

Figure 2-12. The A2AR C-terminus is prone to aggregation. (A) Absorbance at 450 nm of the 

A2AR C-terminus in solution, with NaCl and GdnHCl concentrations varied to achieve ionic 

strengths 0–4 M. Inset: the solution at ionic strength 4 M achieved with NaCl. The Hofmeister 

series is provided to show the ability of cations to salt out (blue) or salt in (red) proteins. (B) 

SYPRO orange fluorescence of solutions containing the A2AR C-terminus as the temperature 

was varied from 20 to 70°C (grey). The change in fluorescence, measured in relative 



 xxiv 

fluorescence unit (RFU), was calculated by taking the first derivative of the fluorescence curve 

(black). 

Figure 2-13. (A) Hydropathy plot against A2AR residue number showing the hydrophobicity 

of A2AR C-terminus, scored with ProtScale using method described by Kyte & Doolittle, 

window size of 3. Positive scores represent hydrophobicity and negative scores hydrophilicity. 

(B) The non-polar residues in A2AR C-terminus. (C) Average number of residues that form 

non-polar contacts as a function of sequence length of A2AR. The criteria for designating inter-

A2AR contacts as non-polar interactions are described in detail in 2.2. 

Figure 2-14. (A) Representative snapshot of A2AR-C394ΔC dimers shows salt bridge 

formation between a sample trajectory. The insets are close-ups of the salt bridges, which can 

be both intra- and intermolecular. The last inset shows a network of salt bridges with the 

charged cluster 355ERR357 involved. (B) Helical tilt angles for TM7 helix in A2AR as a function 

of protein length. Systematic truncations of the C-terminus lead to rearrangement of the 

heptahelical bundle. The participation of the C-terminus in A2AR dimerization increases the 

tilting of the TM7 domain, which is in closest proximity to the C-terminus. 

Figure 2-15. Helical tilt angles for TM1–6 helices in A2AR as a function of protein length. 

Systematic truncations of the C-terminus lead to rearrangement of the heptahelical bundle, 

propagated to the entire receptor and is especially pronounced in helices proximal to the C-

terminus, i.e., TM1, TM2, TM7. For almost all TM helices, a noticeable shift in tilt angle 

occurs upon modeling the full-length (394 residues) variant. This behavior is fundamentally 

different from the conventional model of GPCR activation, in which TM 1, 2, 4, and 7 remain 

rigid, with TM5 and TM6 undergoing an outward tilt/rotation to enable binding to the cognate 

G protein. Relaxation of the heptahelical bundle (i.e., an increase in helical tilt) as a function 

of protein length and dimerization could potentially be critical to our understanding of the 

activation mechanism of A2AR, as past studies have overwhelmingly focused on activation of 

the monomer. 



 xxv 

Figure 3-1. Reaction of the nitroxide spin label with cysteine to attach the label onto the protein 

via disulfide bond. The dot represents the free electron in the N–O bond stabilized by the 

methyl groups in vicinity. 

Figure 3-2. Snake diagram of A2AR secondary structure, highlighting TM cysteine residues 

that were mutated in this study. The human adenosine A2A receptor contains 15 cysteines in 

total. The pink cysteines are on the extracellular side and are disulfide-bonded, thus are not 

accessible to nitroxide spin labels. The blue transmembrane and the orange C-terminal 

cysteines are all exposed to spin label. Estimated location of the lipid membrane is indicated 

by the two black dash-dot lines. 

Figure 3-3. (A) Pipeline for construction, expression, and enrichment of TM-Cys-free A2AR 

Library. Illustration summary of steps to conduct mutagenesis, cloning, transformation, 

expression, and fluorescent ligand binding screen A2AR library designed for site-saturation 

mutagenesis at 6 transmembrane sites within A2AR. (B) Summary of FACS analysis of 13 

library variants, ranked qualitatively by the percent of cells within the sorting gate (i.e., ligand 

binding) relative to the average of three wild-type (WT) controls. Out of 100,000 events in 

each sample, variants that exhibited greater than 80% of the wild-type population of cells 

within the sorting gate were selected for further characterization, indicated by a shaded box 

with dashed lines. 

Figure 3-4. Agonist-active TM-Cys-free A2AR Variants Exhibit Reduced Affinity to 

Antagonist XAC and Incomplete Disulfide Formation. (A) Representative Western Blots of 

A2AR variants purified and analyzed for antagonist binding via xanthine amine congener 

(XAC) ligand affinity column. Negative control (–) is cell lysate for wild-type BJ5464 S. 

cerevisiae strain without the A2AR receptor. Positive control (WT) is cell lysate for BJ5464 

expressing the wild-type A2AR. "XAC Inactive" indicates improperly folded A2AR that has 

poor/reduced affinity to the XAC ligand affinity column. "XAC Active" indicates receptor that 

sufficiently bound to the affinity column. (B) EPR spectra for spin labeled A2AR library 

variants. 
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Figure 3-5. Power saturation experiments reveal differences in solvent exposure of spin labeled 

A2AR variants. (A–D) CW-EPR spectra for A2AR-WT, A2AR-C394L, A2AR-

C394S/C28M/C254S, and A2AR-TM-Cys-Free-53, respectively. The mobile (m) and 

immobile (i) components in these CW-EPR spectra indicate the mobility of the spin label in 

these variants. (E–H) Power saturation profiles for A2AR-WT, A2AR-C394L, A2AR-

C394S/C28M/C254S, and A2AR-TM-Cys-Free-53, respectively. The first integral values are 

normalized by the highest value in each curve and plotted against the square root of microwave 

power. In F, G, and H, the power curve in the presence of NiEDDA of each variant (orange) 

is overlaid with that of A2AR-WT (green). Solvent accessibility of each variant is assessed by 

how similar its power curve in NiEDDA is to that of A2AR-WT. 

Figure 3-6. The agonist-biased TM-Cys-Free variants of A2AR do not bind to the agonist 

adenosine amine congener. (A) Ligand-affinity chromatograms of A2AR-WT bound to XAC 

and ADAC. The protein is detected at 280 nm wavelength. Fractions 1–8 contain the inactive 

flow-through, while fractions 9–17 contain the active protein, which is saturated by the signals 

from the ligands. ADAC-affinity chromatogram (right) shows a much larger area under the 

curve of the inactive fractions compared with XAC-affinity chromatogram (left). (B) Western 

Blot analysis of SDS-PAGE of all fractions from ADAC-affinity chromatography. No bands 

were observed in the “ADAC Active” fractions. MagicMark protein ladder (LC5602) is used 

as the molecular weight standard. 

Figure 3-7. Visualization of A2AR-WT bound to XAC (PDB ID: 3REY) and adenosine (PDB 

ID: 2YDO) with PyMOL. The terminal amine group on XAC is clearly exposed, enabling 

attachment onto the resin. No crystal structure of A2AR bound to ADAC is available. Based 

on the structure of A2AR bound to adenosine, the point that would be attached to the amine 

congener on adenosine is directed towards the protein itself. Due to electron delocalization, 

attachment of the amine congener creates a planar structure that extends directly into the 

protein, leaving the terminal amine group unavailable for resin attachment. 

Figure 4-1. Four-pulse DEER sequence. Pump (red) and observer (blue) microwave pulses are 

used to selectively excite distinct spin populations, A and B. A two pulse Hahn echo is formed 

by exciting A spins at the observer frequency. A pump pulse is subsequently applied to flip the 
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B spins followed by a varying time delay, t, resulting in a modulation of the echo amplitude of 

A spins.  At some delay, τ2, the echo is refocused by an additional pulse at the observer 

frequency. The DEER experimental trace, 𝑽𝑽(𝒕𝒕), is the integral of refocused echo as a function 

of pump pulse position, t. 

Figure 4-2. CW-EPR spectra for A2AR-WT and C394S normalized by protein concentration 

to emphasize the difference in signal intensity and spin labeling efficiency upon removal of 

residue C394. Mobile and immobile features are indicated as “m” and “i”, respectively. The 

mobile:immobile ratio indicates tertiary contacts experienced by the side chain of the MTSL 

label. The center peak linewidth is designated as ΔH0 as an indicator of side chain mobility. 

Figure 4-3. CW-EPR measurements of SEC-separated A2AR monomer, dimer, and higher-

order oligomers, labeled with MTSL. The spectra are normalized by the intensity of the center 

peak. Mobile and immobile spectral features are indicated, and the mobile:immobile ratio can 

indicate tertiary contacts experienced by the side chain of the MTSL label. 

Figure 4-4. Distance distributions from DEER measurements of SEC-separated MTSL-labeled 

A2AR-WT dimers with at 0.15 mM and 0.95 mM ionic strength. The sample is dominantly 

labeled at site C394, and hence the targeted distance was the intermolecular distance between 

residues C394. The mutant C394S is used as a negative control for signals from residue C394. 

The spectra are denoised with Tikhonov regularization. 

Figure 4-5. TEM images at 100,000X magnification under negative stain of SEC-separated 

monomer vs. dimer forms of A2AR. The image of the monomer fraction (A) shows particles 

of high contrast and consistent size (~7 nm in diameter), while the image of the dimer fraction 

(B) shows significantly larger particles, with white arrows pointing at particles that are ~15 nm 

in size (particle sizes may vary depending on different orientations on the EM grid). 

Preliminary data shows that our sample preparation is free of interference from the buffer or 

contaminants. 

Figure 4-6. Preliminary cryo-EM data collection of SEC-separated A2AR dimers. 2D 

classification is performed on RELION 2.0 using ~4,000 auto picked particles from a reference. 
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Representative particles of A2AR monomer and dimer are provided. Final model (gray hollow 

sphere) was found to assume a C2 symmetry with the size approximately two times larger than 

the cryo-EM structure of A2AR monomer (purple, PDB ID: 6GDG128). 

Figure 5-1. Common membrane mimetic platforms for transmembrane protein solubilization. 

The protein is indicated in blue. Detergent micelle and amphipol are non-bilayer systems, while 

bicelle, MSP nanodisc, and SMA nanodisc are bilayer systems. (Figure from Dörr, J. M. et al, 

Eur. Biophys. J. 2016, 45, 3–21.) 

Figure 5-2. Chemical structure of the SMA polymer at 50% ionization. The S:MA ratio (n/m) 

varies among different types of SMA. (Figure from Scheidelaar et al, Biophys. J. 2016, 111, 

1974–1986.) 

Figure 5-3. Proteorhodopsin acts as a light-activated proton transporter, increasing the proton 

concentration on the exterior of the cell. ATP synthase is among the proteins that rely on proton 

gradient to carry out their functions. 

Figure 5-4. Western Blot analysis of SDS-PAGE of A2AR solubilized with SMALPs to track 

the presence of A2AR at every step from lysis to sterilization prior to ligand-affinity 

chromatography. Positive ((+) ctrl) and negative ((–) ctrl) controls consist of 5 OD cell lysate 

of S. cerevisiae BJ5464 cells expressing and not expressing A2AR WT, respectively.  

“SMALP’d A2a” indicates A2AR-containing S. cerevisiae membranes after SMA application 

but before ultracentrifugation. “2nd Centri” indicates the supernatant containing solubilized 

A2AR after ultracentrifugation. “Pellet 2nd Centri” indicates the pellet containing non-

solubilized materials. “IMAC FT” and “IMAC Elute” indicate the flow-through and elute from 

IMAC step. “Desalt” indicates the desalted sample, and “Sterile” indicates the sterilized 

sample prior to ligand-affinity chromatography. Line densitometry was performed on the 

bands representing the supernatant containing solubilized A2AR and the pellet containing non-

solubilized A2AR. MagicMark protein ladder (LC5602) is used as the molecular standard 

weight. 
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Figure 5-5. Western Blot analysis of SDS-PAGE of A2AR solubilized in SMALPs and in 

DDM detergent during purification with ligand-affinity column. “XAC inactive” and “XAC 

active” indicate the fractions that do not and to bind to XAC during the ligand-affinity 

chromatography step. MagicMark protein ladder (LC5602) is used as the molecular standard 

weight. 

Figure 5-6. SMALPs effectively solubilizes E. coli membranes regardless of the size of the 

embedded protein, but can only capture the monomeric form of PR. (A) Visualization of the 

PR-WT and PR-E50Q samples before and after SMA application. The 60,000 × g 

ultracentrifugation yields the supernatant, which contains the solubilized materials, and the 

pellet, which contains the non-solubilized debris. (B) The weights of the pellets before and 

after SMA application of the PR-WT and PR-E50Q samples were normalized by the buffer 

volume before centrifugation (in mg/mL buffer). (C) Western Blot analysis of SDS-PAGE and 

visualization of SMA-solubilized PR-WT and PR-E50Q samples. MagicMark protein ladder 

(LC5602) is used as the molecular standard weight. 

Figure 5-7. (A) pH-dependent absorbance transitions of PR E50Q in SMALPs (solid red line) 

at 570 nm, compared with those of PR E50Q in DDM detergent (dashed blue line) and in 

POPC/POPG liposomes (dashed pink line). (B) Transient absorbance data of PR E50Q 

extracted with SMALPs directly from E. coli membrane. Measurements were performed at pH 

8.0 and 10.0 at ~293 K. The transient absorbance changes at 410, 470, 550, and 590 nm were 

collected after PR is photoactivated by a green-light pulse laser. 

Figure 5-8. (A) Measurements of the diameters of PR hexamer and monomer using PyMOL. 

Measurements are done on the crystal structure of blue light-absorbing proteorhodopsin (PDB 

ID: 4JQ6). (B) Dimensions of styrene-maleic acid lipid particles consisting of DMPC synthetic 

lipids and a SMA polymer with a S:MA ratio of 2, as determined from small-angle neutron 

scattering experiments (Figure adapted from Jamshad, M. et al, Nano Res. 2015, 8, 774–789.) 

Figure 6-1. Cartoon representation of the experimental setup of SHG assay. A SHG-active dye 

is conjugated via cysteine to the protein molecule, which is then attached to a supported biotin 

surface via a Avidin-tag. The SHG intensity is dictated by the angle θ between the transition 
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dipole moment of the dye and the z axis perpendicular to the surface. This change in SHG 

intensity can be monitored and compared between when the protein is and is not bound to a 

ligand, indicating conformational changes upon activation. (Figure adapted from Young, T. A. 

et al, Methods Enzymol. 2018, 610.) 

Figure 6-2. The molecular structure of CHEAPS involves linking the cholesterol moiety native 

in cell membranes with zwitterionic sulfobetaine segment via an ester bond. The lack of 

hydrogen bond donors and acceptors render this molecule highly soluble in water containing 

detergents or amphiphilic polymers. (Figure from Trinh, T. K. H. et al, Biochim Biophys Acta 

2021, 1865, 129908.) 

Figure 6-3. (A) Synthesis of SMA-QA polymer by modifications of SMA polymer. The 

structure of SMA-QA contains a quaternary ammonium moiety that does not increase the local 

proton concentration when the nanodiscs are formed. (B) The size of the nanodiscs formed by 

SMA-QA can be tuned by varying the concentration of the polymer. (Figure adapted from 

Ravula, T. et al, Angew. Chem. Int. Ed. 2018, 57, 1342–1345.) 
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Chapter 1 |  INTRODUCTION 

1.1. G PROTEIN-COUPLED RECEPTORS 

G protein-coupled receptors (GPCRs) are the largest and most diverse superfamily of 

proteins in every eukaryotic cell. The coupling of G proteins to these receptors evolved even 

before the plant/fungi/animal split (~1.2 billion years ago)(Römpler et al. 2007). Often referred 

to as seven-transmembrane receptors, they transmit signals induced by not only a multitude of 

neurotransmitters and hormones but also light, smell, and taste. At least 4% of the entire human 

protein-coding genome have been predicted by genomics to code for GPCRs(Bjarnadóttir et 

al. 2006). Due to its vast size and extensive participation in many biological pathways, this 

superfamily of receptors is the most important validated drug targets in medicine(Römpler et 

al. 2007). In fact, GPCRs are involved in countless diseases and are the primary(Hazell et al. 

2012) target of approximately 40% of all modern medicinal drugs(Overington, Al-Lazikani, 

and Hopkins 2006; Rask-Andersen, Masuram, and Schiöth 2014). Nevertheless, only 4 out of 

24 novel drugs approved by FDA in 2013 target GPCRs(Mullard 2014), and this low 

percentage is attributable to a lack of thorough understanding of their functional consequences, 

which arise from structural changes at the molecular level. 

1.1.1. Biology 

Found only in eukaryotes, GPCRs play crucial roles in a wide variety of important 

physiological processes including, but not limited to, homeostasis modulation(Hazell et al. 

2012), regulation of immune system activity(Sharma, Akhade, and Qadri 2013), sensory 

signaling(Liman 2006), and even cancer(Dorsam and Gutkind 2007). These receptors function 

by sensing and binding to extracellular molecules, which causes a conformational change that 
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triggers their interaction with the coupled G proteins, eventually resulting in cellular signaling 

and responses. Their ligands include amino acids and ions (e.g., glutamate, γ-butyric acid 

(GABA), Ca2+), lipids (e.g., LPA, PAF, prostaglandins, leukotrienes)19, peptides and proteins 

(e.g., angiotensin, bradykinin, endorphins), biogenic amines (e.g., noradrenaline, dopamine, 

serotonin, acetylcholine), among various other types of molecules (e.g., odorants, pheromones, 

nucleotides, opiates). The binding of a ligand to a GPCR allows the receptor to act as a guanine 

nucleotide exchange factor (GEF) that can then activate the associated G protein by replacing 

the GDP bound on the G protein with a GTP. This exchange of molecules leads to the 

dissociation of the G protein’s α subunit from the β and γ subunits, allowing the G protein to 

interact with downstream intracellular proteins. This results in phosphorylation cascades of 

signaling molecules, producing second messengers such as cyclic adenosine monophosphate 

(cAMP), 1,2-diacylglycerol (DAG), and inositol 1,4,5-triphosphate (IP3). Activation of the 

downstream effector is terminated when the bound GTP molecule is hydrolyzed, allowing the 

trimeric G protein to reform and interact with other GPCRs (Figure 1-1). 
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Figure 1-1. Various effector pathways of GPCRs. Depending on the types of G protein the GPCR interacts with, 

different downstream signaling pathways are activated. The three most common types of G proteins include Gs, 

Gq, and Gi/o. 

GPCRs are deactivated by phosphorylation at the C-terminal end by G protein-coupled 

receptor kinases (GRKs), leading to the binding of β-arrestins, which sterically blocks the 

coupling of G proteins(Lefkowitz 2007). Since the binding site of β-arrestins and G proteins 

are the same, their coupling to the GPCR is competitive and thus can dictate the active/inactive 

equilibrium of the GPCR(Edelstein and Changeux 2016). Additionally, the preference of the 

GPCR to interact with either G proteins or β-arrestins can be mediated by different ligands, 

leading to various downstream signaling effects, including rapid G protein activation, long-

term β-arrestin-mediated responses, internalization of the GPCR, etc. (Lefkowitz 2007). 
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1.1.2. Families and Classifications 

Although all GPCRs share the same seven transmembrane (TM) helix (heptahelical) 

structure, they differ in other respects, primarily in the length of the extracellular N-terminus 

and the location of the ligand binding domain. There is significant sequence homology among 

the members in the same family, but those across different families have little similarity. 

Classically, the GPCR superfamily is grouped into six families: 

- Family A (rhodopsin-like) comprises the largest group of GPCRs, accounting 

for nearly 85% of the gene encoding GPCRs. It includes most monoamine, 

neuropeptide, and chemokine receptors. Family A GPCRs have short N-terminus, with 

ligands bound to the TM helices or to extracellular loops (ECLs). 

- Family B (secretin) includes GPCRs regulated by peptide hormones such as 

calcitonin, secretin, and glucagon. This family is characterized by members with longer 

N-termini as the primary ligand-binding domain(George, O’Dowd, and Lee 2002). 

- Family C (glutamate) is a small receptor family that includes metabotropic 

glutamate receptors, GABAB receptors, and Ca2+-sensing receptors. Receptors in this 

family have exceptionally long N-termini incorporating ligand-binding region. 

- Family D (fungal mating pheromone) consists of members that are specific to 

peptide pheromones, which control cell division and conjugation in the yeast 

Saccharomyces cerevisiae(Thorner 1980). 

- Family E (cAMP) includes receptors responsible for the aggregation of 

individual Dictyostelium discoideum (slime molds) cells into a multicellular 

organism(Klein et al. 1988). 
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- Family F (Frizzled/Taste2) serves in several biological pathways and facilitates 

the sensation of taste. 

1.1.3. Structure 

The first high-resolution structure of a GPCR was that of rhodopsin, obtained in 2000 

at a resolution of 2.8 Å(Palczewski et al. 2000). Since then, the difficulties of crystalizing 

GPCRs have been overcome(Weis and Kobilka 2008), allowing X-ray crystallography to 

blossom in the structure determination of such difficult targets. With the additional help from 

cryogenic electron microscopy (cryo-EM) in recent years, structural biologists have been able 

to obtain 321 experimental structures of 60 different GPCRs from 9 species(“GPCR-EXP for 

Experimentally-Solved and Predicted GPCR Structures” 2019). Also, ligand binding 

mechanism and the conformational changes induced by activation can now be sensibly studied 

using fluorescence methods(Lohse et al. 2009; Bockenhauer et al. 2011). These significant 

breakthroughs have helped scientists gain a sharper picture of how GPCRs work and eventually 

how to design better ligands that intervene in this process as desired. 

GPCRs are usually made up of a single polypeptide chain of 350–450 residues, 

sometimes up to 1,000 residues. Considering structure, GPCRs mainly consist of an 

extracellular N-terminus, a seven-transmembrane domain (TMD) bundle connected by three 

ECLs and three intracellular loops (ICLs), and an intracellular C-terminus (Figure 1-2). 

Varying greatly in lengths and amino acid sequences(Lagerström and Schiöth 2008), the N-

terminus has a few known functions, such as enhancing specificity in hydrophobic ligand 

recognition(Hurst et al. 2010) (rhodopsin(Palczewski et al. 2000) and S1P1 receptor(M. A. 

Hanson et al. 2012)), participating in ligand binding (class B GPCRs(Runge et al. 2003; 
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Grauschopf et al. 2000; Grace et al. 2007; Robberecht et al. 1992)), and even alone serving as 

ligand-binding domain (class C GPCRs(Takahashi et al. 1993; Hammerland et al. 1999; 

Bräuner-Osborne et al. 1999; O’Hara et al. 1993; Malitschek et al. 1999)). The seven TM 

helices form the ligand-binding pocket with the ECLs and the G protein-coupling region with 

the ICLs, especially the ICL3(Katritch, Cherezov, and Stevens 2012; Rasmussen et al. 2011). 

Communication between the ligand-binding pocket and the G protein-coupling region is 

enabled also by the receptor core, which assumes a tertiary structure that undergoes a change 

in the relative orientations among their helical domains, leading to an eventual structural 

rearrangement on the cytoplasmic side of the receptor that facilitates the coupling of G proteins. 

Furthermore, the canonical presence of disulfide bonds in the ECLs greatly contributes to 

receptor stability and activity(O’Malley et al. 2010a; De Filippo et al. 2016; Zhang et al. 1999; 

Perlman et al. 1995; Cook and Eidne 1997). 

  

Figure 1-2. General structure of a GPCR. It consists of a single polypeptide chain with an extracellular N-

terminus, a seven-transmembrane-helix domain connected by three extracellular loops and three intracellular 

loops, and an intracellular C-terminus. The heterotrimeric G protein binds to the receptor on the intracellular side. 
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The C-terminus in many GPCRs is a long, variable, intrinsically disordered 

structure(Veli-Pekka Jaakola et al. 2005) protein segment, which suggests that it may contain 

peptide motifs that help with partner recognition and binding(Gsponer and Madan Babu 2009). 

For example, the six-residue polybasic motif (KKKRRK) in the C-terminus of M3 muscarinic 

receptor and other Gq-coupled receptors is crucial for their preassembly with Gq 

heterotrimers(K. Qin et al. 2011). Moreover, serine and threonine residues in the C-terminus 

of many GPCRs are often targets of phosphorylation, which is necessary for the recruitment 

of β-arrestins for receptor desensitization(Oakley et al. 1999; 2001; Nobles et al. 2011; Luttrell 

and Lefkowitz 2002). 

1.1.4. Oligomerization of GPCRs 

It has been long recognized that the activity of GPCRs can be regulated by structural 

modifications, among which oligomerization is a key factor that leads to major functional 

changes or even is required for proper functioning, as exemplified by the studies of GABAB 

receptors(Margeta-Mitrovic, Jan, and Jan 2000),(White et al. 1998), α-factor receptor(Overton 

and Blumer 2000), opioid receptor(Waldhoer et al. 2005), or chemokine receptor(Wu et al. 

2010) (Figure 1-3). In fact, oligomerization is not limited to the formation of homo-oligomers, 

as scientists have widely accepted the concept of “receptor hetero-oligomer”, which referred 

to the resulted substantial changes in biochemical and functional characteristics as receptors of 

the same or different families combine among themselves to form high-order entities(Agnati 

2003; Ferré et al. 2007; Pin et al. 2007). In fact, there is a published list of requirements, 

proposed by the International Union of Basic and Clinical Pharmacology, for a multimeric 

receptor to be accepted by the science community. At least two of the following criteria should 



 8 

be met, which includes: (1) physical association in native environment; (2) colocalization of 

the two protomers in the same subcellular unit of the same cell; (3) physical interaction of the 

two protomers in native tissue demonstrated by coimmunoprecipitation, energy transfer 

techniques, or transgenic animals expressing fluorescently labeled proteins; (4) evidence of 

functions uniquely exhibited by the heteromer; and (5) in vivo interaction proved by knockout 

animals or RNAi technology(Pin et al. 2007). 

 

Figure 1-3. There exists an intricate network of oligomers among GPCRs, in which one member can form 

oligomers with many others. (Figure from www.gpcr-hetnet.com) 
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How many active protomers are needed to couple to and activate a G protein? In the 

case of family C GPCRs, dimerization is obligatory for the receptor to form a physiologically 

functional complex. The GABAB receptor is composed of two subunits GbR1 and GbR2, one 

needed for ligand binding and the other for G protein coupling, making both subunits required 

for the formation of a fully active receptor complex(Margeta-Mitrovic, Jan, and Jan 2000; 

Robbins et al. 2001; Ng et al. 1999). Taste T1 receptor has also been shown to detect sweet and 

umami only as heteromers(Prezeau et al. 2010; Nelson et al. 2001). When it comes to class A 

GPCRs, the monomeric form is usually sufficient to perform a physiological function. 

However, there is vast evidence that confirms the existence of functional homo- and hetero- 

oligomers of class A GPCRs, including those formed between adenosine A1R-dopamine 

D1R(Gines et al. 2000), D1R-D2R(Beaulieu, Espinoza, and Gainetdinov 2015), D2R homo-

oligomers(Strange 2005), D1R-D3R(Marcellino et al. 2008), A2AR-D2R(Kamiya et al. 2003), 

serotonin 5-HT2CR homo-dimers(Herrick-Davis et al. 2015), or even a trimeric mGlu5R-D2R-

A2AR complex(Cabello et al. 2009), and so on. 

Not only that, this multitude of GPCR oligomeric species may also adopt multiple 

interfaces. Using molecular dynamics (MD) simulations, it was shown that the β2-adrenergic 

receptor (β2AR) dimers can form via six distinct interfaces, some of which are more 

energetically favorable than others(Ghosh, Sonavane, and Joshi 2014a). Similarly, the crystal 

structure of the turkey β1AR showed that this receptor dimerizes via two different interfaces, 

one formed by TMD4/TMD5 and the other by TMD1/TMD2/H8 (helix 8)(J. Huang et al. 2013). 

This phenomenon was also observed in the crystal structure of μ-opioid receptor (μ-OR), in 

which the protomers appear to dimerize via two interfaces(Manglik et al. 2012). Besides, 

various studies also suggest that such multiple oligomeric interfaces may dynamically 
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rearrange to activate receptor function. For example, the metabotropic glutamate receptors 

(mGluRs) have been shown to undergo major ligand-induced rearrangement of dimeric 

interfaces from TMD4/TMD5 to TMD6; this rearrangement is in fact required for receptor 

activity(Xue et al. 2015). Furthermore, a recent study combining experimental and 

computational data suggested that neurotensin receptor 1 (NTS1R) dimers are formed via 

multiple interfaces that coexist and interconvert when the receptor is activated(Dijkman et al. 

2018).  

It is not the sheer physical interaction between the protomers that gives emphasis to 

GPCR oligomerization, as this phenomenon transforms how GPCRs function in many ways. 

The basic molecular mechanism leading to the functional changes of these receptor assemblies 

appear to be allosteric interactions(Changeux and Christopoulos 2016). As an example, the 

dimerization of cell chemokine receptor CCR2B and CCR5 causes the latter to bind monocyte 

chemoattractant protein-1 (MCP-1), which is not a native ligand of CCR5(L. El-Asmar 2004). 

Another study showed that in the βAR-AT1R heterodimer, inhibition of one subunit leads to 

blockade of the other subunit(Barki-Harrington, Luttrell, and Rockman 2003). An MD 

simulation study discovered that the dimers of the muscarinic M2 receptor exhibit higher 

conformational flexibility that enhances ligand binding compared with the monomeric form, 

indicating positive cooperativity(Shivnaraine et al. 2016). Moreover, GPCR oligomerization 

can also affect the preference of the receptor complex to couple with different types of G 

proteins. For example, D1R and D2R are natively linked to Gs and Gi, respectively, but their 

heterodimeric complex is coupled to Gq/11, eliciting a novel pathway that leads to an increase 

in intracellular calcium level(S. P. Lee et al. 2004). More impressively, as in the case of the κ 
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opioid receptor, its dimerization with neurotensin receptor 1 switches κOR’s downstream 

effector from G protein to β-arrestin 2(H. Liu et al. 2016).   

Since oligomerization of GPCRs can lead to drastic changes in downstream signaling, 

its implication in diseases and drug discovery is immense. Hasbi et al., 2014 was able to design 

an interfering peptide that disrupts the interaction between the D1R and D2R in the same 

heteromer, a complex that has been linked to drug addiction and depression, resulting in anti-

depressant effects(Hasbi et al. 2014). In the case of CB1R-5-HT2AR heterodimer, disrupting 

this complex results in the beneficial pain-relieving effect disconnected from the harmful 

anxiolytic and amnesic impacts usually exhibited by delta-9-tetrahydrocannabinol (THC), thus 

enhancing the therapeutic potential of THC(Viñals et al. 2015). Furthermore, μOR-δOR dimer 

exhibited enhanced β-arrestin recruitment, counteracting the impairment of internalization of 

individual receptors due to chronic morphine exposure(Gomes et al. 2004). As a result, μOR-

δOR dimer could be a valid target for treatment of conditions that requires long-term use of 

morphine. 

In brief, the aforementioned examples showed clear evidence of how GPCR 

oligomerization leads to completely altered downstream signaling effects and thus different 

neurological and pathological behaviors in the human body. Apparently, the molecular 

mechanism of oligomerization and its functional consequences should be at the center of 

attention when it comes to research into GPCRs. 
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1.1.5. Difficulties in Biophysical and Structural Studies of GPCRs 

Despite their importance, many structural and biophysical aspects of GPCR oligomers 

are still poorly understood or debated, such as the driving factors of their formation, the 

oligomeric interfaces, or their functional consequences. The dynamic nature of their 

conformations and interfaces suggests that the interactions at play should be reversible, 

rendering non-covalent interactions such as hydrogen bonds, electrostatic interactions, and 

hydrophobic interactions particularly important. Indeed, electrostatic interactions have been 

shown to be crucial in the formation of GPCR dimers (A2AR-D2R, A2AR-CB1R, and CB1R-

D2R) and trimers (A2AR-D2R-CB1R)(Navarro et al. 2010; Ciruela et al. 2004; Woods and Ferré 

2005). In terms of functional outcomes, allostery modulation upon receptor oligomerization 

would be maximized if the allosteric sites are made up of flexible, non-covalent interactions. 

In that sense, protein regions that dynamically fluctuate would be more apt than “rigid” 

structures in enabling GPCR oligomerization and the consequent allosteric modulation of 

functions. The occurrence of intrinsic disorder in proteins has been demonstrated as necessary 

for structure formation and assemblies(Milles et al. 2018; Wicky, Shammas, and Clarke 2017; 

Szasz et al. 2011; Goldenberg and Argyle 2014; S. Qin and Zhou 2013; Cino, Karttunen, and 

Choy 2012; Soranno et al. 2014; Zosel et al. 2020), as well as the allosteric coupling of many 

protein families(Motlagh et al. 2014; Hilser and Thompson 2007; Eginton et al. 2015), as 

detailed later in Chapter 2. 

Most difficulties associated with the study of GPCR oligomers stem from the 

heterogeneity in their conformations and assemblies. Most notably, there exist major hurdles 

in applying well-established structural tools, such as X-ray crystallography and nuclear 

magnetic resonance (NMR) spectroscopy, in solving the structures of GPCR oligomeric 
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complexes. The harsh and non-physiological condition involved in the crystallization 

procedure may render the resulted structure physiologically irrelevant. Additionally, 

significant modifications required for successful crystallization often involve removal of 

intrinsically disordered regions, thus excluding a lot of information about dynamics in protein 

assembly or conformational changes. Meanwhile, NMR spectroscopy can be used to probe 

dynamic features of proteins, but the deciphering of NMR spectra could prove taxing due to 

spectral overlap between the loop regions and the TM domains(Fox and Columbus 2013). 

Two other viable options to study the dynamics of GPCR assembly and conformation 

are electron paramagnetic resonance (EPR) spectroscopy and cryo-EM. At the cost of lower 

resolution, EPR and the related technique double electron-electron resonance (DEER) can be 

exploited to investigate the mobility and dynamic of disordered regions as well as distances 

among protomers in an oligomeric GPCR complex. However, this technique requires the 

substitution of free endogenous cysteines in the investigated protein, which could lead to 

structural and functional changes, as detailed later in Chapter 3. Meanwhile, unlike EPR and 

X-ray crystallography, cryo-EM does not require harmful modifications or truncation of 

disordered protein regions. However, most GPCRs are ~50 kDa in size in their monomeric 

form, so the contrast on the cryo-EM micrographs would be poor even for a trimer of GPCRs. 

Furthermore, the detergent micelles commonly used in isolating GPCRs could result in altered 

structure and function, as detailed later in Chapter 5.  
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1.2. THE HUMAN ADENOSINE A2A RECEPTOR 

After many years of intense research since 1929, when adenosine was discovered 

to have pronounced effects on many biological pathways(Drury and Szent-Györgyi 1929), it 

is now well demonstrated that adenosine is among the most crucial neurotransmitters in the 

human body. This naturally occurring nucleoside binds to the adenosine receptors, members 

of the GPCR family that are divided into four subtypes: A1, A2A, A2B, and A3. Among these 

receptors, the human adenosine A2A receptor serves as an excellent target to conduct modeling 

studies into oligomerization of GPCRs, as there is solid evidence that this receptor forms 

homo-oligomers(Canals et al. 2003; Schonenbach et al. 2016) as well as heteromers, especially 

with D2 receptor(Ferré et al. 2016; Kamiya et al. 2003), playing an impactful role in several 

central nervous system (CNS) disorders(Morelli et al. 2007; Ferré et al. 2004; Vallano et al. 

2011; Schwarzschild et al. 2006). Nevertheless, since the monomeric form is sufficient for 

ligand binding(V.-P. Jaakola et al. 2008), the exact mechanism of this interaction as well as its 

functional consequences, which should be at the spotlight, remains elusive. 

1.2.1. Biology and Therapeutic Impacts 

In the human body, A2AR is abundant in the striatum, the nucleus accumbens, and the 

olfactory tubercle(Kull et al. 2000). Its endogenous ligand is adenosine, while other more 

familiar binding molecules include caffeine and theophylline, both of which are antagonists. 

Upon agonist binding, A2AR activates Gs protein, which stimulates the production of adenylyl 

cyclase to generate cAMP, turning on protein kinase A (PKA). The effect of A2AR on Gs leads 

to an upregulation of cAMP, which plays a critical role in vasodilation(Schindler et al. 2005), 

decreased dopaminergic activity in the CNS(Yao et al. 2002), etc. (Figure 1-4). 
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Due to its critical role in regulating blood flow, A2AR is targeted to stimulate the heart 

to help patients achieve the required heart rate during treadmill exercise. In fact, adenosine has 

been widely accepted as a pharmacologic stress agent to induce coronary arterial 

vasodilation(Cerqueira 2004). Regadenoson, a more A2AR-specific agonist(Palle et al. 2002), 

was approved by FDA in 2008 for myocardial perfusion imaging and bears the trade name 

Lexiscan. At lower doses, A2AR agonists inhibit inflammation by modulating the activity of 

various inflammatory cells, including neutrophils, macrophages, T cells, etc., and thus can be 

used to treat inflammation(Lappas, Sullivan, and Linden 2005). Meanwhile, A2AR antagonists 

give hope mostly to patients suffering from Parkinson’s disease (PD), which is caused by a 

lack of dopaminergic activity, leading to impairment in motor functions. Blockade of A2AR 

leads to enhanced D2R-dependent downstream signaling(Pollack and Fink 1995) and reduces 

the risk of motor fluctuations and hallucinations associated with long-term use of drugs directly 

targeting D2R(Antonini and Cilia 2009). However, many of the A2AR antagonists designed for 

treatment of PD, such as preladenant, vipadenant, tozadenant, or istradefylline, never made it 

to the market due to toxicity or lack of efficacy in human trials(de Lera Ruiz, Lim, and Zheng 

2014). 

1.2.2. Structure and Conformational Changes upon Activation 

Like any other GPCRs, A2A receptor consists of a seven-transmembrane-helix core 

connected by three ICLs and three ECLs. Succeeding the 7th helix is a short helix 8 that lies 

parallel to the surface of the lipid membrane. Its N-terminus is insignificant in length, while 

the C-terminus is 122-residue long and intrinsically disordered. The structure of A2AR is further 

stabilized by a network of four highly-conserved extracellular disulfide bonds(V.-P. Jaakola et 



 16 

al. 2008). X-ray structures of A2AR bound to ligands revealed that its binding pocket is formed 

by the extracellular part of TMD5, 6, and 7(V.-P. Jaakola et al. 2008; Doré et al. 2011; Xu et 

al. 2011). 

 

Most papers describing available crystal structures of A2AR agree that its 

conformational changes upon activation mainly involve movements of TMD3, 5, 6, and 7(V.-

P. Jaakola et al. 2008; Doré et al. 2011; Xu et al. 2011; Hino et al. 2012; Sun et al. 2017; 

Carpenter et al. 2016). In fact, an ionic lock is formed between TMD3 and 6 (R102/R107 and 

E228)(Doré et al. 2011; Sun et al. 2017), and this combination of movements is required to 

break this ionic lock for the G-protein to bind to the receptor(Ye et al. 2016). TMD5 and 6, 

Figure 1-4. Adenosine A2A receptor is abundant in many locations in the human body and thus has various 

therapeutic implications depending on where it is found. (Figure from de Lera Ruiz, M.; Lim, Y.-H.; Zheng, J. 

J. Med. Chem. 2014, 57, 3623–3650.) 
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connected by ICL3, sit most closely to the core of the receptor(Doré et al. 2011). Again, this 

emphasizes the importance of investigating the role of ICL3 upon activation. 

It has been suggested that A2AR can be partially or fully activated upon binding to 

specific ligands(Doré et al. 2011). In fact, a 19F NMR study done on A2AR-A316ΔC (a variant 

truncated at position A316), with V229C labeled (next to E228, which is involved in the ionic 

lock), suggested that an ensemble of four states were found in equilibrium: two inactive states 

in millisecond exchange, consistent with a formed (S1) and a broken (S2) ionic lock, and two 

active states (S3 and S3’)(Ye et al. 2016). Activation of A2AR is found to be via conformational 

selection, which means that the four states all exist in the apo form in equilibrium, and addition 

of different types of ligand shift the equilibrium to different states – antagonist binding shifts 

the equilibrium to S1 and S2, partial agonist shifts it to S3 (a “less open” conformation), while 

agonist shifts it to S3’ (a “more open” and therefore fully agonist-binding conformation)(Ye et 

al. 2016). Upon activation, there is a concomitant proton uptake from the aqueous environment 

to the conserved D(E)RY motif on TM3. As a result, the population of the four states is also 

pH-dependent(Ye et al. 2016). 

1.2.3. Oligomerization of A2AR 

A2AR has been shown by bimolecular fluorescence complementation (BiFC) and 

fluorescence resonance energy transfer (FRET) to exist as homodimers and even higher-order 

oligomers at the plasma membrane in living neuronal cells(Vidi et al. 2008). Such homo-

oligomers of A2AR, like other GPCR oligomeric complexes, can form via multiple interfaces. 

Using computational method, Fanelli and Felline predicted three A2AR dimer interfaces(Fanelli 

and Felline 2011) (Figure 1-5) as follows: 
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- DIM1 (H1-H1/H2-H2): (a) the ECL end of TM1 and TM3, (b) the ICL end of 

TM1, (c) the ECL half of TM2. 

- DIM2 (H1-H4/H2-H2): (a) TM1 and TM4, (b) ECL ends of TM2 and TM3, (c) 

ECL half of TM2. 

- DIM3 (H6-H6/H6-H7): (a) ICL half of TM6 of monomer A to ICL halves of 

TM6 and TM7 and vice versa, (b) ECL halves of TM6 and TM7, (c) H8 and both ICL3 

and the ECL extension of TM6. 

According to this study, DIM1 and DIM2 seem to enhance antagonist-mediated 

communication of A2AR, while DIM3 appears to reduce this. The impairing effect of DIM3 

architecture is expected to be even more remarkable for the agonist-bound forms, as the TMD6 

movement required for receptor activation would be hindered in this architecture(Fanelli and 

Felline 2011). In fact, a BiFC study strongly supported that TMD5 and 7 are not included in 

the A2AR homodimer interfaces(Bonaventura et al. 2015). The evidence above makes DIM3 

less convincing as a pursuit. However, this deduction contradicts with a study working with 

peptide, which suggested that TMD5 peptides of A2AR per se can form dimers and that a 

mutation M193A significantly reduced the dimer/monomer ratio as shown on sodium dodecyl 

sulphate–polyacrylamide gel electrophoresis (SDS-PAGE), suggesting that M193 is involved 

in the dimerization of A2AR(Thévenin et al. 2005). A recent study using computational 

prediction method also revealed that M193A (but not M193I) completely changed the contact 

interface between TMD5, thus supporting that TMD5 is involved in A2AR 

dimerization(Altwaijry et al. 2017). Also, using bioluminescence resonance energy transfer 

(BRET) and information on TM interfaces based on crystal structures of other GPCRs, 

TMD4/5 interface was modeled to be the A2AR (and A1R) homodimer interface(Navarro et al. 
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2016). Another prominent study recently demonstrated that A2AR oligomers can adopt eight 

distinct interfaces that interconvert when the receptor is activated or when there are changes in 

the local membrane environment, with TMD4/5 again involved in the most commonly formed 

interfaces(Song, Duncan, and Sansom 2020). As a result, DIM1 and DIM2 seem more 

worthwhile to pursue if this computational study is used as a guide, while TMD5 remains to 

be investigated as a possible homodimer interface. 

Furthermore, Schonenbach et al., 2016, employing a tandem two-step affinity 

chromatography approach followed by SEC-MALS and EPR measurements, demonstrated 

that A2AR exists as three distinct oligomer species and that residue C394 may have a critical 

stabilizing effect on the dimer species, since the mutation C394S disrupts this 

architecture(Schonenbach et al. 2016) (Figure 1-6). 

Figure 1-5. A2AR may adopt multiple oligomeric interfaces as suggested via MD simulations. Fanelli and Felline 

predicted that there exist three interfaces for A2AR dimers (shown here as seen from the intracellular side in a 

direction perpendicular to the membrane plane). Numbers indicate the receptor portions that participate the most 

in the interface. (Figure from Fanelli and Felline, Biochim. Biophys. Acta Biomembr. 2011, 1808, 1256–1266.)  
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Figure 1-6. (A) Active A2AR can be separated by SEC with peaks representing distinct oligomeric species as 

indicated. Dimer and higher-order oligomer are clearly observed in A2AR-WT but are almost completely abolished 

upon the mutation C394S. (Figure from Schonenbach, N. S. et al. FEBS Lett. 2016, 590, 3295–3306.) (B) The 

122-residue long C-terminus of A2AR with residue C394 indicated. 

Besides homo-oligomers, A2AR can also form hetero-oligomers with many other 

GPCRs, including A1R as well as various dopamine receptors and purinoreceptors (Figure 

1-7).  Its most well-known partner is D2 receptor: heterodimerization(Kamiya et al. 2003) and 

even heterotetramerization(Casadó-Anguera et al. 2016a) between A2AR and D2R have been 

reported. Recently, TMD5 of both A2AR and D2R was strongly suggested to form part of the 

oligomeric interface by a study using BiFC(Bonaventura et al. 2015). It is important to note 

that TMD5 is adjacent to ICL3, which has been at the limelight of attention in elucidating A2AR 

function. Other studies with pull-down assay, mass spectrometry (MS)(Ciruela et al. 2004), 
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BRET(Borroto-Escuela, Romero-Fernandez, et al. 2010; Navarro et al. 2010) and ligand-

binding assay(Bonaventura et al. 2015) (with mutations at specific sites) indicated that A2AR-

D2R heteromerization is dictated by a strong electrostatic interaction between an Arg-rich 

epitope from ICL3 of D2R (217–222) and two adjacent DD 401–402 or a phosphorylated S374 

in the C-terminus of A2AR(Bonaventura et al. 2015; Ciruela et al. 2004; Borroto-Escuela, 

Romero-Fernandez, et al. 2010; Navarro et al. 2010). 

 

It is also worthy to mention that A2AR has also been found to oligomerize with the 

angiotensin AT1R (a possible target to treat tardive dyskinesia)(Oliveira et al. 2017), 

metabotropic glutamate mGlu5R(Ferré et al. 2002), dopamine D3R(Torvinen 2004), 

cannabinoid CB1R(Ferré et al. 2009), adenosine A2BR (A2AR ligand recognition is blocked 

upon this interaction)(Hinz et al. 2018), or form even a heterotrimeric CB1R-D2R-A2AR 

complex(Navarro et al. 2008). 

  

Figure 1-7. The human adenosine A2A receptor can undergo oligomerization with many other GPCRs, most 

prominently the dopamine and purinergic receptors. (Figure from www.gpcr-hetnet.com) 
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1.2.4. The Intrinsically Disordered C-Terminus 

The C-terminus is a unique structural feature of A2AR: in contrast to many other GPCRs 

and, specifically to the other members of the adenosine receptor family, A2AR has an unusually 

long C-terminus (122 residues compared with only 34 residues in A1 receptor). High-resolution 

crystal structures and most previous structural studies of A2AR up to now involve the truncation 

of this long C-terminus to enhance conformational and thermostability of the receptor.  

Most class A GPCRs have one or two palmitoylated cysteines in the C-terminus close 

to the end of the TMD7 to stabilize this segment in an α-helical conformation (helix 8). Instead 

of these canonical cysteines, A2AR only has one cysteine (C394) very close to the end of the 

C-terminus that is not involved in the stabilization of the helix 8(Zezula and Freissmuth 2009). 

It has been shown that the mutation C394S significantly reduced the dimer/oligomerization of 

the receptor, as quantified with size-exclusion chromatography (SEC)(Schonenbach et al. 

2016). Furthermore, the C-terminus of A2AR has been characterized in terms of disorder and 

protein binding probability using computational software PONDR VSL2 and ANCHOR, 

respectively. As shown in Figure 1-8, the C-terminus of A2AR-WT showed high disorder and 

strong propensity to protein binding. As outlined in 1.1.5 above, intrinsically disordered 

regions appear to promote protein-protein interactions via non-covalent bonds. Upon C394S 

mutation, A2AR C-terminus showed increased disorder and decreased protein binding 

probability, suggesting destabilization of protein-protein interaction in agreement with the 

aforementioned study(Schonenbach et al. 2016). Therefore, we hypothesized that the 

intrinsically disordered C-terminus of A2AR may promote protein-protein association, leading 

to homo- or hetero-oligomerization of this receptor with other GPCRs. 
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Figure 1-8. Analysis of (A) disorder and (B) protein binding probability of the C-terminus of A2AR (in box) using 

computational software. Y-axis values > 0.5 indicate disordered and putative binding regions. Increased disorder 

and decreased protein binding probability suggests destabilization of protein-protein association upon C394S 

mutation. (A) PONDR VSL2 suggests high disorder for the C-terminus, with the mutation C394S increasing its 

disorder. (B) ANCHOR predicts that the C-terminus is strongly prone to protein binding, with the mutation C394S 

decreasing this probability. 
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1.3. APPROACH AND PROJECT GOALS 

The preliminary data presented above suggest that a thorough structural study on the 

full-length construct of A2AR be carried out, as it will provide an original perspective on the 

oligomerization of not only A2A receptor but also GPCRs in general. The hypothesis is that 

(1) there is a specific mechanism that allows the intrinsically disordered C-terminus to stabilize 

A2AR oligomers and that (2) the interfaces among A2AR oligomers directly involve the C-

terminus. To answer these perplexing questions, I aim to address two underlying questions:  

• Identifying the role of the C-terminus in A2AR oligomerization, either at the interface 

or as a critical structural feature in stabilizing A2AR oligomers, can be key to answering 

a lot of questions, given the unique length and unusual behavior of this C-terminus (e.g., 

the C-terminal C394 residue is important for oligomerization (1.2.4 above)) 

• Mapping the network of connection at the oligomeric interface is crucial to probe the 

dynamics and mechanism of A2AR oligomerization, as the stability and even 

dissociation constants for the complex, together with how to disrupt and further control 

the oligomerization and activity of A2AR, can be determined. 

To understand the role of the C-terminus in A2AR oligomerization, one should first 

learn the specific residues that are involved, together with the mechanism of bonding 

associated with each residue. The first logical speculation is covalent disulfide bonding 

involving the C-terminal cysteine C394. However, non-covalent interactions may also be of 

importance due to their potential role in accommodating dynamic protein assembly and 

conformational changes (see 1.2.4 above). One approach to understand how the C-terminus 

affects A2AR dimerization is to systematically truncate the C-terminus and assess oligomeric 
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distribution using SEC. Impact of different parts of the C-terminus on oligomerization can be 

evaluated, which will help narrow the specific segments needed and potentially the specific 

residues. Once a list of residues needed for oligomerization is known, it should be easier to 

understand the overall mechanism of bonding. This effort will be described in detail in 

Chapter 2. 

As mentioned in 1.2.4 above, GPCRs are notoriously challenging targets in biophysical 

and structural studies due to their dynamic nature and the generally low suitability for 

biophysical techniques. EPR and DEER are most probing protein dynamics, especially when 

the intrinsically disordered C-terminus is involved. In Chapter 3, I will describe the 

characterization of the A2AR constructs void of free cysteines that are required for the 

employment of EPR and DEER, as well as the role of its TM cysteines in maintaining receptor 

structure and function. Furthermore, styrene maleic acid (SMA) copolymers, a novel nanodisc 

platform, offer a promising avenue towards detergent-free isolation of A2AR that retains its 

native structure and function. Chapter 5 explains efforts in applying SMA to isolate and 

stabilize A2AR as well as proteorhodopsin, a model bacterial transmembrane proton pump. The 

findings described in these two chapters offer valuable insights into sample preparation of 

A2AR for further structural analysis. 

In order to elucidate A2AR dimer/oligomer interface, one should first identify which 

residues are involved in the interaction. A logical prediction of such residues has been made 

using MD simulations, from which three possible dimeric interfaces have been identified, 

indicated based on the regions most involved in the interaction as H1 (helix 1)-H1/H2-H2 

(DIM1), H1-H4/H2-H2 (DIM2), and H6-H6/H6-H7 (DIM3) dimers(Fanelli and Felline 2011). 
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Additionally, a number of experimental and computational studies on the hetero-

oligomerization of A2AR with other GPCRs such as angiotensin II type 1 AT1R, dopamine D2R, 

and adenosine A1R provide agree that the TMD5, 6, and 7 of A2AR are most likely to participate 

in these interfacial interactions(Casadó-Anguera et al. 2016a; Navarro et al. 2016; Oliveira et 

al. 2017). This great amount of preliminary data makes it conducive to carry out dynamic 

studies of the A2AR homodimer interface. The role of the C-terminus, which may or may not 

be at the actual interface, should be investigated alongside. From here, the immediate plan is 

to visualize the interface of the A2AR dimers. One method is to use cryo-EM to directly 

visualize this interface, which seems to be promising as our sample preparation has been 

proved to exceed the quality required to obtain good cryo-EM images. The potential role of 

cryo-EM in this project is limited by the poor resolution, an inherent problem for a membrane 

protein like A2AR, as only secondary structures can be seen. However, this finding from cryo-

EM will allow inter-A2AR distance measurements with double electron electron resonance 

(DEER) at Q-band (33–50 GHz) using nitroxides (for 4–7 nm distance) and W-band (50–75 

GHz) using Gd3+ probes (for 2.5–3.5 nm distance) to characterize the interfaces of detergent-

constituted A2AR. Subsequently, continuous wave EPR (cw-EPR) lineshape analysis at 240 

GHz can be performed on A2AR to obtain mobility information to compare and support the 

results from the distance measurements. Chapter 4 aims to describe the preliminary data 

obtained from this approach to visualize the oligomeric interfaces of A2AR. 
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Chapter 2 |  HOMO-OLIGOMERIZATION OF THE HUMAN ADENOSINE A2A 

RECEPTOR IS DRIVEN BY THE INTRINSICALLY DISORDERED C-TERMINUS 

Most of the content in this chapter has been published in eLife(Nguyen et al. 2021), which is 

distributed under the terms of a Creative Commons Attribution License that permits unrestricted use 

and redistribution provided that the original author and source are credited. 

2.1. INTRODUCTION 

G protein-coupled receptors (GPCRs) have long been studied as monomeric units, but 

accumulating evidence demonstrates that these receptors can also form homo- and hetero-

oligomers with far-reaching functional implications. The properties emerging from these 

oligomers can be distinct from those of the monomeric protomers in ligand binding(Laïla El-

Asmar et al. 2005; Casadó-Anguera et al. 2016b; Guitart et al. 2014; Yoshioka, Saitoh, and 

Nakata 2001), G protein coupling(Cristóvão-Ferreira et al. 2013; Cordomí et al. 2015; 

González-Maeso et al. 2007; S. P. Lee et al. 2004; Rashid et al. 2007), downstream signaling(H. 

Liu et al. 2016; Hilairet et al. 2003; Rozenfeld and Devi 2007; Borroto-Escuela, Narvaez, et al. 

2010), and receptor internalization/desensitization(Ecke et al. 2008; Stanasila et al. 2003; 

Faklaris et al. 2015). With the vast number of genes identified in the human genome(Takeda 

et al. 2002), GPCRs are able to form a daunting number of combinations with unprecedented 

functional consequences. The existence of this intricate network of interactions among GPCRs 

presents major challenges and opportunities for the development of novel therapeutic 

approaches(Dorsam and Gutkind 2007; Farran 2017; Schonenbach, Hussain, and O’Malley 

2015; Ferré et al. 2014; Bräuner-Osborne, Wellendorph, and Jensen 2007; George, O’Dowd, 

and Lee 2002). Hence, it is crucial to identify the driving factors of GPCR oligomerization, 

https://creativecommons.org/licenses/by/4.0/
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such that this process can be more deliberately controlled to facilitate structure-function studies 

of GPCRs. 

GPCR oligomers with multiple interfaces(Song, Duncan, and Sansom 2020; Ghosh, 

Sonavane, and Joshi 2014b; Periole et al. 2012; Fanelli and Felline 2011; W. Liu et al. 2012) 

can give rise to myriad ways by which these complexes can be formed and their functions 

modulated. In the crystal structure of the turkey β1-adrenergic receptor (β1AR), the receptor 

appears to dimerize via two different interfaces, one formed via TM4/TM5 (transmembrane 

domains 4/5) and the other via TM1/TM2/H8 (helix 8) contacts(J. Huang et al. 2013). Similarly, 

in the crystal structure of the antagonist-bound μ-opioid receptor (μ-OR), the protomers also 

dimerize via two interfaces; however, only one of them is predicted to induce a steric hindrance 

that prevents activation of both protomers(Manglik et al. 2012), hinting at interface-specific 

functional consequences. A recent computational study predicted that the adenosine A2A 

receptor (A2AR) forms homodimers via three different interfaces and that the resulting dimeric 

architectures can modulate receptor function in different or even opposite ways(Fanelli and 

Felline 2011). All the above-mentioned interfaces are symmetric, meaning that the two 

protomers are in face-to-face orientations, hence forming strictly dimers. Asymmetric 

interfaces, reported in M3 muscarinic receptor(Thorsen et al. 2014), rhodopsin(Fotiadis et al. 

2006; 2003; Liang et al. 2003), and opsin(Liang et al. 2003), are in contrast formed with the 

protomers positioning face-to-back, possibly enabling the association of higher-order 

oligomers. 

Not only do GPCRs adopt multiple oligomeric interfaces, but various studies also 

suggest that these interfaces may dynamically rearrange to activate receptor function(Xue et 
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al. 2015). According to a recent computational study, A2AR oligomers can adopt eight different 

interfaces that interconvert when the receptor is activated or when there are changes in the 

local membrane environment(Song, Duncan, and Sansom 2020). Similarly, a recent study that 

combined experimental and computational data proposed that neurotensin receptor 1 (NTS1R) 

dimer is formed by “rolling” interfaces that co-exist and interconvert when the receptor is 

activated(Dijkman et al. 2018). Clearly, meaningful functional studies of GPCRs require 

exploring their dynamic, heterogeneous oligomeric interfaces. 

The variable nature of GPCR oligomeric interfaces suggests that protomers of GPCR 

oligomers may be connected by tunable interactions. In this study, we explore the role of an 

intrinsically disordered region (IDR) of a model GPCR that could engage in diverse non-

covalent interactions, such as electrostatic interactions, hydrogen bonds or hydrophobic 

interactions. These non-covalent interactions are readily tunable by external factors, such as 

pH, salts, and solutes, and further can be entropically enhanced by depletion 

interactions(Asakura and Oosawa 1958; Yodh et al. 2001; Marenduzzo, Finan, and Cook 2006), 

leading to structure formation and assembly(Milles et al. 2018; Wicky, Shammas, and Clarke 

2017; Szasz et al. 2011; Goldenberg and Argyle 2014; S. Qin and Zhou 2013; Cino, Karttunen, 

and Choy 2012; Soranno et al. 2014; Zosel et al. 2020). In a system where large protein 

molecules and small solute particles typically coexist in solution, assembly of the protein 

molecules causes their excluded volumes to overlap and the solvent volume accessible to the 

non-protein solutes to increase, raising the entropy of the system (Figure 2-1A). The type and 

concentration of solutes or ions can also remove water from the hydration shell around the 

proteins, further enhancing entropy-driven protein-protein association in what is known as the 

hydrophobic effect (Figure 2-1B) (Charles Tanford 1980; C Tanford 1978; Pratt and Chandler 
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1977; van der Vegt and Nayar 2017). This phenomenon is applied in the precipitation of 

proteins upon addition of so-called salting-out ions according to the Hofmeister 

series(Hofmeister 1888; Hyde et al. 2017; Yang 2009). The ability of IDRs to readily engage 

in these non-covalent interactions motivates our focus on the potential role of IDRs in driving 

GPCR oligomerization. 

 

Figure 2-1. Depletion interactions can occur via two mechanisms: (A) overlapping of exclusion volume and (B) 

dehydration. Both mechanisms are driven by entropy, favoring protein-protein association. 

The cytosolic carboxy (C-)terminus of GPCRs is usually an IDR(Tovo-Rodrigues et al. 

2014; Veli-Pekka Jaakola et al. 2005). Varying in length among different GPCRs, the C-

terminus is commonly removed in structural studies of GPCRs to enhance receptor stability 

and conformational homogeneity. A striking example is A2AR, a model GPCR with a 

particularly long, 122-residue, C-terminus that is truncated in all published structural biology 



 31 

studies(Song, Duncan, and Sansom 2020; Fanelli and Felline 2011; Garcıa-Nafrıa et al. 2018; 

Sun et al. 2017; Lebon et al. 2011; Xu et al. 2011; Doré et al. 2011; V.-P. Jaakola et al. 2008; 

Carpenter et al. 2016; Hino et al. 2012). However, evidence is accumulating that such 

truncations—shown to affect GPCR downstream signaling(Koretz et al. 2021; Navarro, 

Cordomí, Brugarolas, et al. 2018; A. Jain, McGraw, and Robinson 2020)—may abolish 

receptor oligomerization(Schonenbach et al. 2016; Cvejic and Devi 1997). A study using 

immunofluorescence has demonstrated that C-terminally truncated A2AR does not show 

protein aggregation or clustering on the cell surface, a process readily observed in the wild-

type form(Burgueño et al. 2003). Our recent study employing a tandem three-step 

chromatography approach uncovered the impact of a single residue substitution of a C-terminal 

cysteine, C394S, in reducing the receptor homo-oligomerization in vitro(Schonenbach et al. 

2016). In the context of heteromerization, mass spectrometry and pull-down experiments have 

demonstrated that A2AR-D2R dimerization occurs via direct electrostatic interactions between 

the C-terminus of A2AR and the third intracellular loop of D2R(Ciruela et al. 2004). These 

results all suggest that the C-terminus may participate in A2AR oligomer formation. However, 

no studies to date have directly and systematically investigated the role of the C-terminus, or 

any IDRs, in GPCR oligomerization. 

This study focuses on the homooligomerization of the human adenosine A2AR, a model 

GPCR, and seeks to address: (i) whether the C-terminus engages in A2AR oligomerization, and 

if so, (ii) whether the C-terminus forms multiple oligomeric interfaces. We use size-exclusion 

chromatography (SEC) to assess the oligomerization levels of A2AR variants with strategic C-

terminal modifications: mutations of a cysteine residue C394 and a cluster of charged residues 

355ERR357, as well as systematic truncations at eight different sites along its length. We 
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complemented our experimental study with an independent molecular dynamics (MD) 

simulation study of A2AR dimers of five C-terminally truncated A2AR variants designed to 

mirror the experimental constructs. We furthermore examined the oligomerization level of 

select C-terminally modified A2AR variants under conditions of varying ionic strength ranging 

from 0.15 to 0.95 M. To verify whether the A2AR oligomer populations are thermodynamic 

products, we performed a series of SEC analyses on SEC-separated monomer and 

dimer/oligomer populations to observe their repopulation into monomer and dimer/oligomer 

populations. Finally, to test whether the C-termini directly and independently promote A2AR 

oligomerization, we recombinantly expressed the entire A2AR C-terminal segment sans the 

transmembrane portion of the receptor and investigated its solubility and assembly properties 

with increasing ion concentration and temperature. This is the first study designed to uncover 

the role of the intrinsically disordered C-terminus on the oligomerization of a GPCR. 
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2.2. MATERIALS AND METHODS 

2.2.1. Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Recombinant DNA 
reagent 

pITy (plasmid) (Parekh, Shaw, and 
Wittrup 1996) 

  

Strain, strain 
background 
(Saccharomyces 
cerevisiae) 

BJ5464 Robinson Lab – 
Carnegie Mellon 
University 

  

Strain, strain 
background 
(Escherichia coli) 

BL21 (DE3) Sigma, St. Louis, 
MO, USA 

#CMC0014  

Chemical 
compound, drug 

DDM Anatrace, Maumee, 
OH, USA 

#D310  

Chemical 
compound, drug 

CHAPS Anatrace, Maumee, 
OH, USA 

#C216  

Chemical 
compound, drug 

CHS Anatrace, Maumee, 
OH, USA 

#CH210  

Chemical 
compound, drug 

Xanthine amine 
congener 

Sigma, St. 
Louis, MO, USA 

#X103  

Chemical 
compound, drug 

Theophylline Sigma, St. Louis, 
MO, USA 

#T1633  

Commercial assay, 
kit 

Affigel 10 resin BioRad, Hercules, 
CA, USA 

#1536099  

Commercial assay, 
kit 

Tricorn Superdex 
200 10/300 GL 
column 

GE Healthcare, 
Pittsburgh, PA, 
USA 

#17-5175-01  

Antibody Anti-A2AR, clone 
7F6-G5-A2 
(Mouse 
monoclonal) 

Millipore, 
Burlington, MA, 
USA 

#05-717 (1:500) dilution 

Antibody Anti-Mouse IgG 
H&L DyLight 550 
(Goat monoclonal) 

Abcam, Cambridge, 
MA, USA 

#ab96880 (1:600) dilution 

Software, algorithm MODELLER 9.23 (Eswar et al. 2006)   
Software, algorithm martinize.py script (de Jong et al. 2013)   
Software, algorithm ELNeDyn elastic 

network 
(Periole et al. 2009)   

Software, algorithm MARTINI coarse-
grained force field 
v2.2 

(Monticelli et al. 
2008) 

  

Software, algorithm GROMACS 2016 (Abraham et al. 
2015) 

  

Software, algorithm backward.py script (Wassenaar et al. 
2014) 

  

Software, algorithm LINCS (Hess et al. 1997)   
Software, algorithm CHARMM36 and 

TIP3P force fields 
(Best et al. 2012; 
Jorgensen et al. 
1983) 
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Software, algorithm LOOS (Romo and 
Grossfield 2009) 

  

Software, algorithm VMD (Humphrey, Dalke, 
and Schulten 1996) 

  

2.2.2. Cloning, Gene Expression, and Protein Purification 

The entire process of cloning, gene expression, protein purification, and separation of 

oligomeric species is visually depicted in Figure 2-2. 

The multi-integrating pITy plasmid(Parekh, Shaw, and Wittrup 1996), previously used 

for overexpression of A2AR in Saccharomyces cerevisiae(O’Malley et al. 2009), was employed 

in this study. pITy contains a Gal1–10 promoter for galactose-induced expression, a synthetic 

pre-pro leader sequence which directs protein trafficking(Clements et al. 1991; Parekh, 

Forrester, and Wittrup 1995), and the yeast alpha terminator. The genes encoding A2AR 

variants with 10-His C-terminal tag were cloned into pITy downstream of the pre-pro leader 

sequence, using either splice overlapping extension(Bryksin and Matsumura 2010) or USER 

cloning using X7 polymerase(Nørholm 2010; Nour-Eldin et al. 2006). The plasmids were then 

transformed into S. cerevisiae strain BJ5464 (MATα ura3-52 trp1 leu2∆1 his3∆200 

pep4::HIS3 prb1∆1.6R can1 GAL) (provided by the lab of Anne Robinson at Carnegie Mellon 

University) using the lithium-acetate/PEG method(Gietz 2014). Transformants were selected 

on YPD G-418 plates (1% yeast extract, 2% peptone, 2% dextrose, 2.0 mg/mL G-418).  

Receptor was expressed and purified following the previously described 

protocol(Niebauer and Robinson 2006).  In brief, from freshly streaked YPD plates (1% yeast 

extract, 2% peptone, 2% dextrose), single colonies were grown in 5-mL YPD cultures 

overnight at 30ºC. From these 5-mL cultures, 50-mL cultures were grown with a starting OD 

of 0.5 overnight at 30ºC. To induce expression, yeast cells from these 50-mL cultures were 
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centrifuged at 3,000 × g to remove YPD before resuspended in YPG medium (1% yeast, 2% 

peptone, 2% D-galactose) at a starting OD of 0.5. The receptor was expressed for 24 hours 

overnight at 30ºC with 250 r.p.m shaking. Cells were pelleted by centrifugation at 3,000 × g, 

washed in sterile PBS buffer, and pelleted again before storage at –80ºC until purification. 

Mechanical bead lysis of cells was done, per 250 mL of cell culture, by performing 12 

pulses of 60 s intense vortexing (with at least 60 s of rest in between pulses) in 10 mL 0.5-mm 

zirconia silica beads (BioSpec, Bartlesville, OK, USA; #11079105z), 25 mL of lysis buffer (50 

mM sodium phosphate, 300 mM sodium chloride, 10% (v/v) glycerol, pH = 8.0, 2% (w/v) n-

Dodecyl-β-D-maltopyranoside (DDM; Anatrace, Maumee, OH, USA; #D310), 1% (w/v) 3-

[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS; Anatrace; #C216), 

and 0.2% (w/v) cholesteryl hemisuccinate (CHS; Anatrace; #CH210) and an appropriate 

amount of 100x Pierce Halt EDTA-free protease inhibitor (Pierce, Rockford, IL, USA 

#78439)). Beads were separated using a Kontex column. Unlysed cells were removed by 

centrifugation at 3,220 × g for 10 min. Receptor was let solubilized on rotary mixer for 3 hours 

before cell debris was removed by centrifugation at 10,000 × g for 30 min. Solubilized protein 

was incubated with Ni-NTA resin (Pierce; #88221) overnight. Protein-resin mixture was then 

washed extensively in purification buffer (50 mM sodium phosphate, 300 mM sodium chloride, 

10% (v/v) glycerol, 0.1% (w/v) DDM, 0.1% (w/v) CHAPS and 0.02% (w/v) CHS, pH = 8.0) 

containing low imidazole concentrations (20–50 mM). A2AR was eluted into purification 

buffer containing 500 mM imidazole. Prior to further chromatographic purification, imidazole 

was removed using a PD-10 desalting column (GE Healthcare, Pittsburgh, PA, USA; # 

17085101).  
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Ligand affinity resin was prepared as previously described for purification of active 

A2AR.(O’Malley et al. 2007), (Weiß and Grisshammer 2002) In brief, 8 mL of isopropanol-

washed Affigel 10 resin (BioRad, Hercules, CA, USA; #1536099) was mixed gently in an 

Erlenmeyer flask for 20 h at room temperature with 48 mL of DMSO containing 24 mg of 

xanthine amine congener (XAC, high-affinity A2AR antagonist, KD = 32 nM; Sigma, St. Louis, 

MO, USA; #X103). The absorbance at 310 nm of the XAC-DMSO solution before and after 

the coupling reaction was measured in 10 mM HCl and compared to a standard curve. The 

amount of resin bound to ligand was estimated to be 5.6 μM. The coupling reaction was 

quenched by washing the resin with DMSO, then with Tris-HCl 50 mM (pH = 7.4), then with 

20% (v/v) ethanol. The resin was packed into a Tricorn 10/50 column (GE Healthcare) under 

pressure via a BioRad Duoflow FPLC (BioRad). 

For purification of active A2AR, the column was equilibrated with 4 CV of purification 

buffer. The IMAC-purified A2AR was desalted and diluted to 5.5 mL before applied to a 5-mL 

sample loop on the BioRad Duoflow FPLC, from which the sample was loaded onto the 

column at a rate of 0.1 mL/min. Inactive A2AR was washed from the column by flowing 10 

mL of purification buffer at 0.2 mL/min, followed by 16 mL at 0.4 mL/min. Active A2AR was 

eluted from the column by flowing purification buffer containing 20 mM theophylline (low-

affinity A2AR antagonist, KD = 1.6 μM; Sigma; #T1633). Western blot analysis was performed 

to determine 4-mL fractions with active A2AR collected with a BioFrac fraction collector 

(BioRad), which were then concentrated through a 30-kDa MWCO centrifugal filter (Millipore, 

Billerica, MA, USA; # UFC803096) and desalted to remove excess theophylline. For the 

experiments where the salt concentrations were varied, the buffer exchange was done also by 

this last desalting step. 
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2.2.3. Size-Exclusion Chromatography 

To separate oligomeric species of active A2AR, a prepacked Tricorn Superdex 200 

10/300 GL column (GE Healthcare; #17-5175-01) connected to a BioRad Duoflow FPLC was 

equilibrated with 60 mL of running buffer (150 mM sodium chloride except for the ionic 

strength experiments where NaCl concentration is adjusted to achieve the desired ionic 

strengths, 50 mM sodium phosphate, 10% (v/v) glycerol, 0.1% (w/v) DDM, 0.1% (w/v) 

CHAPS, 0.02% (w/v) CHS, pH = 8.0) at a flow rate of 0.2 mL/min. 0.5-mL fractions were 

collected with a BioFrac fraction collector in 30 mL of running buffer at the same flow rate. 

The subsequent SEC analysis performed on the SEC-separated oligomeric populations also 

followed this protocol. 

2.2.4. SEC Peak Analysis 

SEC chromatograms were analyzed using OriginLab using the nonlinear curve fit 

(Gaussian) function. The area under the curve and the peak width were manually defined in 

cases where the SNR of the SEC trace were too low. The R2 values reached > 0.96 for most 

cases. The population of each oligomeric species was expressed as the integral of each 

Gaussian this curve fit of the SEC signal. The HMW oligomer peak in some cases could not 

be fitted with one curve and thus was fitted with two curves instead. The reported standard 

errors were calculated from the variance of the fit and did not correspond to experimental errors. 

The results are detailed in Figure 2-5 and Table 2-1. 
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2.2.5. SDS-PAGE and Western Blotting 

10% SDS-PAGE gels were hand-casted in BioRad Criterion empty cassettes (BioRad; 

#3459902, 3459903). Lysate controls were prepared by lysis of 5 OD cell pellets with 35 μL 

of YPER (Fisher Scientific, Waltham, MA, USA # 8990) at RT for 20 min, incubation with 2x 

Laemmli buffer (4% (w/v) SDS, 16% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 167 M 

Figure 2-2. Visual summary of the entire process of cloning, expression, purification, and separation of A2AR 

oligomeric species. Plasmids containing the A2AR gene is linearized with BsaBI, then transformed into the 

genome of S. cerevisiae. Protein expression is induced with galactose-containing media. Cells are then harvested 

with centrifugation, lysed with mechanical beads, and solubilized in an optimized system of detergent micelles 

containing DDM, CHAPS, and CHS.  IMAC with Ni-NTA resin is used to obtain a semi-pure mixture of A2AR, 

which is then subjected to ligand-affinity chromatography with a high-affinity antagonist (XAC) to select for 

ligand-active receptor. Finally, the various oligomeric species of A2AR is separated and isolated with SEC for 

further biophysical characterization. (Figure courtesy of Dr. Nicole S. Schonenbach.) 
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Tris, pH 6.8) at 37ºC for 1 h, and centrifugation at 3,000 × g for 1 min to pellet cell debris. 

Protein samples were prepared by incubation with 2x Laemmli buffer at 37ºC for 30 min. For 

all samples, 14 μL (for 26-well gel) or 20 μL (for 18-well gel) was loaded per lane, except for 

7 μL of Magic Mark XP Western protein ladder (Thermo Scientific, Waltham, MA, USA; 

#LC5602) as a standard. Electrophoresis was carried out at 120 V for 100 min. Proteins were 

transferred to 0.2-μm nitrocellulose membranes (BioRad; # 170-4159) via electroblotting using 

a BioRad Transblot Turbo, mixed MW protocol. Membranes were blocked in Tris-buffered 

saline with Tween (TBST; 150 mM sodium chloride, 15.2 mM Tris-HCl, 4.6 mM Tris base, 

pH = 7.4, 0.1% (v/v) Tween 20 (BioRad; #1706531)) containing 5% (w/v) dry milk, then 

probed with anti-A2AR antibody, clone 7F6-G5-A2, mouse monoclonal (Millipore, Burlington, 

MA, USA; #05-717) at 1:500 in TBST with 0.5% (w/v) dry milk. Probing with secondary 

antibody was done with a fluorescent anti-mouse IgG H&L DyLight 550 antibody (Abcam, 

Cambridge, MA, USA; #ab96880) at 1:600 in TBST containing 0.5% (w/v) milk. 

Western blot was analyzed with Image Lab 6.1 software (Bio-rad), with built-in tool to 

define each sample lane and to generate an intensity profile. Peaks were manually selected and 

integrated with the measure tool to determine the amount of protein present.  

2.2.6. Confocal Microscopy 

Yeast cells expressing fluorescently tagged A2AR were cultured for confocal imaging 

following the same protocol as above, but only induced into 5 mL of YPG. After 20 hours of 

expression, enough cells for an OD of 1 in 1 mL were pelleted at 4,000 × g and resuspended 

in 1 mL sterile phosphate buffer saline (PBS) (137 mM sodium chloride, 2.7 mM potassium 

chloride, 10 mM sodium phosphate, 1.8 mM potassium phosphate). Samples of diluted cell 
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slurry (250 µL) were aliquoted onto chambered slides (Labtek) pre-coated with poly-L-lysine 

and allowed to settle for 10 minutes at room temperature. Confocal images of GFP-tagged 

A2AR variants were collected on an Olympus Fluoview 1000 Spectral Confocal at the NRI-

MCDB Microscopy Facility at UC Santa Barbara, using a 10-mW argon laser at 488 nm 

excitation and detected with a 530 nm filter under a 60x objective.  

2.2.7. Coarse-Grained MD Simulations 

Initial configuration of A2AR was based on the crystal structure of the receptor in the 

active state (PDB 5G53). Since this structure does not include the entire C-terminus, we 

resorted to using homology modeling software (i.e., MODELLER 9.23) (Eswar et al. 2006) to 

predict the structures of the C-terminus. After removing all non-receptor components, the first 

segment of the C-terminus consisting of residues 291–314 were modeled as a helical segment 

parallel to the cytoplasmic membrane surface while the rest of the C-terminus was modeled as 

intrinsically disordered. MODELLER is much more accurate in structural predictions for 

segments less than 20 residues. This limitation necessitated that we run an equilibrium MD 

simulation for 2 µs to obtain a well equilibrated structure that possesses a more viable starting 

conformation. To validate our models of all potential variants of A2AR, we calculated the 

RMSD and RMSF for each respective system. Default protonation states of ionizable residues 

were used. The resulting structure was converted to MARTINI coarse-grained topology using 

the martinize.py script(de Jong et al. 2013). The ELNeDyn elastic network(Periole et al. 2009) 

was used to constrain protein secondary and tertiary structures with a force constant of 500 

kJ/mol/nm2 and a cutoff of 1.5 nm. To optimize loop refinement of the model, a single copy 

was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer using 
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the insane.py script, solvated with MARTINI polarizable water, neutralized with 0.15 M NaCl, 

and a short MD (1.5 µs) run to equilibrate the loop regions. Subsequently, two monomers of 

the equilibrated A2AR were randomly rotated and placed at the center of a 13 nm × 13 nm × 11 

nm (xyz) box, 3.5 nm apart, with their principal transmembrane axis aligned parallel to the z 

axis. The proteins were then embedded in a POPC bilayer using the insane.py script. Sodium 

and chloride ions were added to neutralize the system and obtain a concentration of 0.15 M 

NaCl. Total system size was typically in the range of 34,000 CG particles, with a 280:1 

lipid:protein ratio. Ten independent copies were generated for each A2AR truncated variant.  

v2.2 of the MARTINI coarse-grained force field(Monticelli et al. 2008) was used for 

the protein and water, and v2.0 was used for POPC. All coarse-grained simulations were 

carried out in GROMACS 2016(Abraham et al. 2015) in the NPT ensemble (P = 1 atm, T = 

310 K). The Bussi velocity rescaling thermostat was used for temperature control with a 

coupling constant of τt = 1.0 ps(Bussi, Donadio, and Parrinello 2007), while the Parrinello-

Rahman barostat(Martoňák, Laio, and Parrinello 2003) was used to control the pressure semi-

isotropically with a coupling constant of τt = 12.0 ps and compressibility of 3 x 10–4 bar–1. 

Reaction field electrostatics was used with Coulomb cut-off of 1.1 nm. Non-bonded Lennard-

Jones interactions were treated with a cut-off of 1.1 nm. All simulations were run with a 15 fs 

timestep, updating neighbor lists every 10 steps. Cubic periodic boundary conditions along the 

x, y and z axes were used. Each simulation was run for 8 µs. 
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2.2.8. Atomistic MD Simulations 

Three snapshots of symmetric dimers of A2AR for each respective truncated variant 

were randomly selected from the CG simulations as starting structures for backmapping. 

Coarse-grained systems were converted to atomistic resolution using the backward.py 

script(Wassenaar et al. 2014). All simulations were run in Gromacs2019 in the NPT ensemble 

(P = 1 bar, T = 310 K) with all bonds restrained using the LINCS method(Hess et al. 1997). 

The Parrinello-Rahman barostat was used to control the pressure semi-isotropically with a 

coupling constant of τt = 1.0 ps and a compressibility of 4.5 x 10–5 bar–1, while the Bussi 

velocity rescaling thermostat was used for temperature control with a coupling constant of τt = 

0.1 ps. Proteins, lipids, and solvents were separately coupled to the thermostat. The 

CHARMM36 and TIP3P force fields(Best et al. 2012; Jorgensen et al. 1983)  were used to 

model all molecular interactions. Periodic boundary conditions were set in the x, y, and z 

directions. Particle mesh Ewald (PME) electrostatics was used with a cut-off of 1.0 nm. A 2-

fs time step was used for all atomistic runs, and each simulation was run for 50 ns. 

2.2.9. Analysis of Computational Results 

All trajectories were post-processed using gromacs tools and in-house scripts. We ran 

a clustering analysis of all dimer frames from the CG simulations using Daura et. al.’s 

clustering algorithm(Daura et al. 1999) implemented in GROMACS, with an RMSD cutoff of 

1.5 Å. An interface was considered dimeric if the minimum center of mass distance between 

the protomers was less than 5 Å. This method uses an RMSD cutoff to group all conformations 

with the largest number of neighbors into a cluster and eliminates these from the pool, then 

repeats the process until the pool is empty. We focused our analysis on the most populated 
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cluster from each truncated variant. Electrostatic interactions in the dimer were calculated from 

CG systems with LOOS(Romo and Grossfield 2009) using a distance cutoff of 5.0 Å.  

Transmembrane helical tilt angles were also calculated in LOOS from CG simulations. 

Hydrogen bonds were calculated from AA simulations using the hydrogen bonds plugin in 

VMD(Humphrey, Dalke, and Schulten 1996), with a distance cutoff of 3.5 Å and an angle 

cutoff of 20º. Only C-terminal residues were included in hydrogen bond analysis. PyMOL(The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC., n.d.) was used for 

molecular visualizations. 

2.2.10. Assessing A2AR Oligomerization with Increasing Ionic Strength 

Na2HPO4 and NaH2PO4 in the buffer make up an ionic strength of 0.15 M, to which 

NaCl was added to increase the ionic strength to 0.45 M and furthermore to 0.95 M. The A2AR 

variants were purified at 0.45 M ionic strength and then exchanged into buffers of different 

ionic strengths using a PD-10 desalting column prior to subjecting the samples to SEC. The 

buffer composition is detailed below. 

Buffers Components Conc. (mM) Ionic Strength (mM) 
0.15 M Ionic Strength NaCl 0 0 

NaH2PO4 4 4 
Na2HPO4 49 146 

0.45 M Ionic Strength NaCl 300 300 
NaH2PO4 4 4 
Na2HPO4 49 146 

0.95 M Ionic Strength NaCl 800 800 
NaH2PO4 4 4 
Na2HPO4 49 146 
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2.2.11. Isolated C-Terminus Purification 

Escherichia coli BL21 (DE3) cells (Sigma; #CMC0014) were transfected with pET28a 

DNA plasmids containing the desired A2AR sequence with a 6x His tag attached for 

purification. Cells from glycerol stock were grown in 10 mL luria broth (LB, Sigma Aldrich, 

L3022) overnight at 37°C and then used to inoculate 1 L of fresh LB and 10 μg/mL kanamycin 

(Fisher Scientific, BP906). Growth of cells were performed at 37°C, 200 rpm until optical 

density at λ = 600 nm reached 0.6–0.8. Expression was induced by incubation with 1 mM 

isopropyl-β-D-thiogalactoside (Fisher Bioreagents, BP175510) for 3 hrs.  

Cells were harvested with centrifugation at 5000 rpm for 30 min. Harvested cells were 

resuspended in 25 mL Tris-HCl, pH = 7.4, 100 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA with 

1 Pierce protease inhibitor tablet (Thermo Scientific, A32965), 1 mM PMSF, 2 mg/mL 

lysozyme, 20 μg/mL DNase (Sigma, DN25) and 10 mM MgCl2, and incubated on ice for 30 

min. Samples were then incubated at 30ºC for 20 minutes, then flash frozen and thawed 3 times 

in LN2. Samples were then centrifuged at 10,000 rpm for 10 min to remove cell debris. 1 mM 

PMSF was added again, and the resulting supernatant was incubated while rotating for at least 

4 hrs with Ni-NTA resin. The resin was loaded to a column and washed with 25 mL 20 mM 

sodium phosphate, pH = 7.0, 1 M NaCl, 20 mM imidazole, 0.5 mM DTT, 100 μM EDTA. 

Purified protein was eluted with 15 mL of 20 mM sodium phosphate, pH = 7.0, 0.5 mM DTT, 

100 mM NaCl, 300 mM imidazole. The protein was concentrated to a volume of 2.5mL and 

was buffer exchanged into 20 mM ammonium acetate buffer, pH = 7.4, 100 mM NaCl using a 

GE PD-10 desalting column. Purity of sample was confirmed with SDS-PAGE and western 

blot. 
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2.2.12. Aggregation Assay to Assess A2AR C-Terminus Assembly 

Absorbance was measured at 450 nm using a Shimadzu UV-1601 spectrophotometer 

with 120 µL sample size. Prior to reading, samples were incubated at 40°C for 5 minutes. 

Samples were vigorously pipetted to homogenize any precipitate before absorbance was 

measured. Protein concentration was 50 µM in a 20 mM ammonium acetate buffer (pH = 7.4). 

2.2.13. Differential Scanning Fluorimetry 

DSF was conducted with a Bio-rad CFX90 real-time PCR machine. A starting 

temperature 20ºC was increased at a rate of 0.5ºC per 30 seconds to a final temperature of 85ºC. 

All samples contained 40 μL of 40 µM A2AR C-terminus, 9x SYPRO orange (ThermoFisher 

S6650), 200 mM NaCl, and 20 mM MES. Fluorescence was detected in real-time at 570 nm. 

All samples were conducted in triplicate.    

2.2.14. Hydrophobicity and Charge Profile of C-Terminus 

The hydrophobicity profile reported in Figure 2-13 was determined with ProtScale 

using method described by Kyte & Doolittle(Kyte and Doolittle 1982), window size of 3. 
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2.3. RESULTS 

This study systematically investigates the role of the C-terminus on A2AR 

oligomerization and the nature of the involved interactions through strategic mutations and 

truncations at the C-terminus as well as modulation of the ionic strength of solvent. All 

experiments were done at 4°C unless stated otherwise. The experimental assessment of A2AR 

oligomerization relies on size-exclusion chromatography (SEC) analysis. 

2.3.1. SEC Quantifies A2AR Oligomerization 

We performed SEC analysis on a mixture of ligand-active A2AR purified from a custom 

synthesized antagonist affinity column (Figure 2-3A). Distinct oligomeric species were 

separated and eluted in the following order: high-molecular-weight (HMW) oligomer, dimer, 

and monomer (Figure 2-4 and Figure 2-3B). This peak assignment has been verified with 

SEC-MALS (multi-angle light scattering) experiments, as detailed in a previous 

publication(Schonenbach et al. 2016). The population of each oligomeric species was 

quantified as the integral of each Gaussian from a multiple-Gaussian curve fit of the SEC signal. 

The reported standard errors were calculated from the variance of the fit that do not correspond 

to experimental errors (see Table 2-1 and Figure 2-5 for SEC data corresponding to all A2AR 

variants in this study). As this study sought to identify the factors that promote A2AR 

oligomerization, the populations with oligomeric interfaces (i.e., dimer and HMW oligomer) 

were compared with those without such interfaces (i.e., monomer). Hence, the populations of 

the HMW oligomer and dimer were expressed relative to the monomer population in arbitrary 

units as monomer-equivalent concentration ratios, henceforth referred to as population levels 

(Figure 2-4).  
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Figure 2-3. (A) Representative total protein stain (upper panel) and western blot (lower panel) of A2AR-WT 

during purification. Positive ((+) ctrl) and negative ((–) ctrl) controls consist of 5 OD cell lysate of S. cerevisiae 

BJ5464 cells expressing and not expressing A2AR WT, respectively. “IMAC FT” indicates the flow-through from 

IMAC step. “XAC inactive” and “XAC active” indicate the fractions that do not and do bind to XAC during the 

ligand-affinity chromatography step. (B) Representative western blot of A2AR-WT during SEC separation. The 

fractions are matched to the distinct oligomeric peaks in the SEC chromatogram. Each lane on the blot is from 

0.5 mL fractions eluted from a Superdex 200 10/300 GL (GE Healthcare) column. MagicMark protein ladder 

(LC5602) is used as the molecular weight standard. 
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Figure 2-4. Method for collecting SEC data and assessing A2AR oligomerization. The SEC data is recorded every 

second as absorbance at 280 nm. The baseline is corrected to ensure uniform fitting and integration across the 

peaks. The areas under the curve, resulting from a multiple-Gaussian curve fit, express the population of each 

oligomeric species. The reported standard errors of integration are within a 95% confidence interval and are 

calculated from the variance of the fit, not experimental errors. The levels of HMW oligomer and dimer are 

expressed relative to the monomeric population in arbitrary units. A representative calculation defining the 

oligomer levels is given in the box. 
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Table 2-1. Results from curve fitting using OriginLab and calculations of the HMW oligomer and dimer levels 

for all A2AR variants used in the main text of this study. The variants are grouped by the order they appear and 

numbered corresponding to Figure 2-5. The levels of dimer and HMW oligomer are expressed relative to the 

monomeric population in arbitrary units as monomer-equivalent concentration ratios. The errors are calculated 

from the variance of the fit, not experimental variations, and are within 95% confidence interval. Only the WT 

replicates are represented with standard deviation as experimental variations (last row; n = 5; mean ± SD). 

Fig Variants No. HMW 
Oligomer 
Level 

Dimer 
Level 

Total 
Oligomer 
Level 

[HMW 
Oligomer] 

[Dimer] [Monomer] 

2-
6A 

WT 1 0.20 ± 0.01 1.14 ± 0.01 1.34 ± 0.01 1.77 ± 0.05 10.39 ± 0.05 9.09 ± 0.07 

C394S 2 0.28 ± 0.06 0.57 ± 0.01 0.85 ± 0.06 1.66 ± 0.35 3.36 ± 0.07 5.90 ± 0.06 

C394A 3 0.31 ± 0.08 0.28 ± 0.06 0.59 ± 0.10 0.49 ± 0.11 0.44 ± 0.10 1.57 ± 0.08 

C394L 4 0.78 ± 0.01 0.43 ± 0.01 1.21 ± 0.01 9.09 ± 0.13 5.07 ± 0.07 11.73 ± 0.09 

C394M 5 0.50 ± 0.08 0.38 ± 0.03 0.88 ± 0.09 2.70 ± 0.42 2.05 ± 0.18 5.44 ± 0.05 

C394V 6 0.64 ± 0.01 0.23 ± 0.01 0.88 ± 0.01 9.94 ± 0.13 3.65 ± 0.06 15.44 ± 0.07 

2-
8B 
 
  

WT 1 0.20 ± 0.01 1.14 ± 0.01 1.34 ± 0.01 1.77 ± 0.05 10.39 ± 0.05 9.09 ± 0.07 

P395ΔC 7 0.58 ± 0.01 1.15 ± 0.01 1.73 ± 0.02 3.34 ± 0.05 6.69 ± 0.05 5.80 ± 0.06 

Q372ΔC 8 0.22 ± 0.01 0.65 ± 0.01 0.87 ± 0.01 1.64 ± 0.05 4.95 ± 0.05 7.59 ± 0.06 

N359ΔC 9 0.28 ± 0.01 0.81 ± 0.01 1.09 ± 0.01 2.31 ± 0.06 6.72 ± 0.05 8.30 ± 0.06 

P354ΔC 10 0.42 ± 0.01 0.19 ± 0.01 0.62 ± 0.02 2.17 ± 0.05 0.99 ± 0.05 5.12 ± 0.05 

G349ΔC 11 0.48 ± 0.02 0.09 ± 0.01 0.58 ± 0.02 2.23 ± 0.07 0.42 ± 0.06 4.60 ± 0.03 

G344ΔC 12 0.44 ± 0.10 0.06 ± 0.06 0.50 ± 0.12 0.80 ± 0.18 0.11 ± 0.11 1.81 ± 0.04 

V334ΔC 13 0.04 ± 0.01 0.10 ± 0.01 0.14 ± 0.01 0.29 ± 0.06 0.83 ± 0.06 8.23 ± 0.06 

A316ΔC  14 0.03 ± 0.01 0.03 ± 0.01 0.06 ± 0.01 0.08 ± 0.02 0.08 ± 0.02 2.89 ± 0.02 

2-
8C 

WT 15 0.88 ± 0.04 0.49 ± 0.01 1.37 ± 0.01 5.37 ± 0.22 2.98 ± 0.07 6.10 ± 0.04 

WT-
ERRAAA 

16 0.66 ± 0.03 0.29 ± 0.01 0.95 ± 0.03 3.76 ± 0.16 1.64 ± 0.08 5.72 ± 0.07 

N359ΔC 17 0.68 ± 0.04 0.33 ± 0.03 1.01 ± 0.05 1.10 ± 0.06 0.53 ± 0.04 1.61 ± 0.04 

N359ΔC-
ERRAAA 

18 0.38 ± 0.03 0.48 ± 0.02 0.85 ± 0.04 1.05 ± 0.08 1.32 ± 0.06 2.78 ± 0.05 

2-
10 

WT 0.15 M 19 0.07 ± 0.01 0.09 ± 0.01 0.16 ± 0.02 0.19 ± 0.04 0.27 ± 0.04 2.87 ± 0.04 

WT 0.45 M 15 0.88 ± 0.04 0.49 ± 0.01 1.37 ± 0.04 5.37 ± 0.22 2.98 ± 0.07 6.10 ± 0.04 

WT 0.95 M 20 2.20 ± 0.04 1.31 ± 0.02 3.51 ± 0.05 14.54 ± 0.25 8.62 ± 0.11 6.60 ± 0.06 

WT-
ERRAAA 
0.15 M 

21 0.17 ± 0.05 0.02 ± 0.01 0.19 ± 0.05 0.62 ± 0.17 0.07 ± 0.01 3.73 ± 0.03 

WT-
ERRAAA 
0.45 M 

16 0.47 ± 0.08 0.45 ± 0.04 0.92 ± 0.09 2.55 ± 0.45 2.45 ± 0.23 5.45 ± 0.07 
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WT-
ERRAAA 
0.95 M 

22 1.20 ± 0.03 0.38 ± 0.01 1.58 ± 0.03 7.41 ± 0.18 2.37 ± 0.08 6.21 ± 0.04 

N359ΔC 
0.15 M 

23 0.11 ± 0.01 0.11 ± 0.01 0.21 ± 0.02 0.72 ± 0.08 0.71 ± 0.08 6.67 ± 0.07 

N359ΔC 
0.45 M 

17 0.68 ± 0.04 0.33 ± 0.03 1.01 ± 0.05 1.10 ± 0.06 0.53 ± 0.04 1.61 ± 0.04 

N359ΔC 
0.95 M 

24 0.04 ± 0.01 0.04 ± 0.01 0.09 ± 0.01 0.51 ± 0.05 0.59 ± 0.05 11.90 ± 0.06 

V334ΔC 
0.15 M 

25 0.13 ± 0.01 0.08 ± 0.01 0.21 ± 0.01 0.65 ± 0.04 0.41 ± 0.03 5.03 ± 0.03 

V334ΔC 
0.45 M 

13 0.04 ± 0.01 0.10 ± 0.01 0.14 ± 0.01 0.29 ± 0.06 0.83 ± 0.06 8.23 ± 0.06 

V334ΔC 
0.95 M 

26 0.09 ± 0.02 0.15 ± 0.04 0.23 ± 0.01 0.85 ± 0.19 1.41 ± 0.34 9.68 ± 0.27 

WT Replicates  
(with Variations from 
the Fit) 

1.16 ± 0.05 0.65 ± 0.03 1.81 ± 0.06 9.45 ± 0.39 5.34 ± 0.20 8.16 ± 0.04 

0.98 ± 0.03 0.57 ± 0.01 1.56 ± 0.04 6.44 ± 0.20 3.76 ± 0.09 6.55 ± 0.04 

1.48 ± 0.05 0.57 ± 0.01 2.05 ± 0.05 12.02 ± 0.35 4.66 ± 0.06 8.12 ± 0.05 

0.20 ± 0.01 1.14 ± 0.01 1.34 ± 0.01 1.77 ± 0.05 10.39 ± 0.05 9.09 ± 0.07 

0.88 ± 0.04 0.49 ± 0.01 1.37 ± 0.04 5.37 ± 0.22 2.98 ± 0.07 6.10 ± 0.04 

WT Replicates 
(with Experimental 
Variations: Mean ± SD; 
n = 5) 

0.94 ± 0.47 0.68 ± 0.26 1.63 ± 0.30 7.01 ± 3.92 5.42 ± 2.92 7.60 ± 1.24 
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Figure 2-5. (A) Curve fitting using OriginLab of all A2AR variants used in the main text of this study, listed by 

the order they appear. By default, each oligomeric peak is fitted with one curve using Gaussian distribution and 

displayed by different color shades, with the HMW oligomer eluted first (dark orange), followed by the dimer 

(lighter orange), followed by the monomer (lightest orange). However, the HMW oligomer peak in some cases 

cannot be fitted with one curve and thus is fitted with two curves instead. This discrepancy can be explained by 

variation in HMW oligomerization order among the variants. The identity of each peak is confirmed with western 
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blotting. The value and error from the curve fitting of each peak are given in Table 2-1. (B) Data distribution of 

all variants used in this study in comparison to five experimental replicates of A2AR-WT. The C-terminally 

truncated mutants are represented by different shades of green in increasing darkness corresponding to the 

increased length of the C-terminus, with the lightest shade representing the mutant with the shortest C-terminus 

(A316ΔC) and the darkest shade for the mutant with the longest C-terminus (P395ΔC).  The levels of dimer and 

HMW oligomer are expressed relative to the monomeric population in arbitrary unit, with reported errors 

calculated from the variance of the fit, not experimental variation. There are significant variations in the dimer 

and HMW oligomer levels among the WT replicates, stemming from experimental errors. These variations are 

mitigated when the two parameters are added, as the data distribution becomes more uniform. Also, the 

oligomerization levels of the WT replicates are consistently higher than the mutated and truncated variants.  



 53 

2.3.2. C-Terminal Amino Acid Residue C394 Contributes to A2AR Oligomerization 

To investigate whether the C-terminus of A2AR is involved in receptor oligomerization, 

we first examined the role of residue C394, as a previous study demonstrated that the mutation 

C394S dramatically reduced A2AR oligomer levels(Schonenbach et al. 2016). The C394S 

mutation was replicated in our experiments, alongside other amino acid substitutions for the 

cysteine, namely alanine, leucine, methionine, or valine, generating five A2AR-C394X variants. 

The HMW oligomer and dimer levels of A2AR wild-type (WT) were compared with those of 

the A2AR-C394X variants. We found that the dimer level of A2AR-WT was significantly higher 

than that of the A2AR-C394X variants (WT: 1.14; C394X: 0.24–0.57; Figure 2-6A). A similar 

result, though less pronounced, was observed when the HMW oligomer and dimer levels were 

considered together (WT: 1.34; C394X: 0.59–1.21; Figure 2-6A). This suggests that residue 

C394 plays a role in A2AR oligomerization, and even more prominently in A2AR dimerization. 

To test whether residue C394 stabilizes A2AR dimerization by forming disulfide 

linkages, we incubated the SEC-separated dimers of A2AR-WT and A2AR-Q372ΔC with 5 mM 

of the reducing agent TCEP, followed by SDS-PAGE and Western Blotting. The population 

of each species was determined as the area under the densitometric trace. The dimer level was 

then expressed as monomer-equivalent concentration ratios in a manner similar to that of the 

SEC experiment described above. Upon incubation with TCEP, the dimer level of the A2AR-

WT sample decreased from 1.14 to 0.51 (Figure 2-6B). This indicates that disulfide bond 

formation via residue C394 is one possible mechanism for A2AR dimerization. Interestingly, 

the dimer level of the A2AR-Q372ΔC sample also decreased from 0.68 to 0.22 (Figure 2-6B). 

This suggests that there may exist other inter-A2AR disulfide bonds that do not involve residue 
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C394. Still, in both cases, a clearly visible population of A2AR dimer persists, even after 

reduction of disulfide bonds via TCEP (Figure 2-6B), suggesting that there must be additional 

interfacial sites that help drive A2AR dimer/oligomerization. 

 

Figure 2-6. Residue C394 helps stabilize A2AR oligomerization via disulfide bonds. (A) The effect of C394X 

substitutions on A2AR oligomerization. The levels of dimer (dark colors) and HMW oligomer (light colors) are 

expressed relative to the monomeric population in arbitrary units, with reported errors calculated from the 

variance of the fit, not experimental variation. (B) Line densitometry of Western Blot bands on SEC-separated 

dimeric populations of A2AR-WT and Q372ΔC with and without 5 mM TCEP. The level of dimer is expressed 

relative to the monomeric population in arbitrary units similarly to the SEC analysis. MagicMark protein ladder 

(LC5602) is used as the molecular weight standard. 
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2.3.3. C-Terminus Truncation Systematically Reduces A2AR Oligomerization 

To determine which interfacial sites in the C-terminus other than the disulfide-bonded 

cysteines drive A2AR dimer/oligomerization, we carried out systematic truncations at eight 

sites along the C-terminus (A316, V334, G344, G349, P354, N359, Q372, and P395), 

generating eight A2AR-ΔC variants (Figure 2-8A). The A2AR-A316ΔC variant corresponds to 

the removal of the entire disordered C-terminal region and is used in all published structural 

studies of A2AR (Martynowycz et al. 2020; Song, Duncan, and Sansom 2020; Garcıa-Nafrıa et 

al. 2018; Sun et al. 2017; Carpenter et al. 2016; Hino et al. 2012; Xu et al. 2011; Lebon et al. 

2011; Doré et al. 2011; V.-P. Jaakola et al. 2008; Fanelli and Felline 2011). Confocal 

microscopy revealed that the largest truncations at sites A316 and V334 did not affect 

membrane localization of the receptor compared with A2AR-WT (Figure 2-7).  

 

  

Figure 2-7. Truncation of the C-terminus does not affect membrane localization of A2AR. Confocal microscopy 

images of S. cerevisiae cells expressing A2AR WT, A316ΔC, and V334ΔC tagged with a C-terminal green 

fluorescent protein trafficking to the plasma membrane.   
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Using the SEC analysis described earlier (2.3.1 above), we evaluated the HMW 

oligomer and dimer levels of the A2AR-ΔC variants relative to that of the A2AR full-length-

wild-type (FL-WT) control. Both the dimer and the total oligomer levels of A2AR decreased 

progressively with the shortening of the C-terminus, with almost no oligomerization detected 

upon complete truncation of the C-terminus at site A316 (Figure 2-8B). This result shows that 

the C-terminus drives A2AR oligomerization, with multiple potential interaction sites 

positioned along its length. 
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Figure 2-8. Truncating the C-terminus systematically affects A2AR oligomerization. (A) Depiction of where the 

truncation points are located on the C-terminus, with region 354–359 highlighted (in black) showing critical 

residues. (B) The levels of dimer and HMW oligomer are expressed relative to the monomeric population as an 

arbitrary unit and plotted against the residue number of the truncation sites, with reported errors calculated from 

the variance of the fit, not experimental variation. Region 354–359 is emphasized (in black and gray) due to a 

drastic change in the dimer and HMW oligomer levels. (C) The dependence of A2AR oligomerization on three 

consecutive charged residues 355ERR357. The substitution of residues 355ERR357 to 355AAA357 is referred to as the 

ERR:AAA mutations. The levels of dimer and HMW oligomer are expressed relative to the monomeric 

population as an arbitrary unit, with reported errors calculated from the variance of the fit, not experimental 

variation. 
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Interestingly, there occurred a dramatic decrease in the dimer level between the N359 

and P354 truncation sites, from a value of 0.81 to 0.19, respectively (Figure 2-8B). A similar 

result, though less pronounced, was observed on the total oligomer level, with a decrease from 

1.09 to 0.62 for the N359 and P354 truncation sites, respectively (Figure 2-8B). Clearly, the 

C-terminal segment encompassing residues 354–359 (highlighted in black in Figure 2-8A) is 

a key constituent of the A2AR oligomeric interface. 

Since segment 354–359 contains three consecutive charged residues (355ERR357; 

Figure 2-8A), which could be involved in electrostatic interactions, we hypothesized that this 

355ERR357 cluster could strengthen inter-protomer A2AR-A2AR association. To test this 

hypothesis, residues 355ERR357 were substituted by 355AAA357 on A2AR-FL-WT and A2AR-

N359ΔC to generate A2AR-ERR:AAA variants (Figure 2-8C). We then compared the HMW 

oligomer and dimer levels of the resulting variants with controls (same A2AR variants but 

without the ERR:AAA mutations). We found that the ERR:AAA mutations had varied effects 

on the dimer level: decreasing for A2AR-FL-WT (ctrl: 0.49; ERR:AAA: 0.29) but increasing 

for A2AR-N359ΔC (ctrl: 0.33; ERR:AAA: 0.48) (Figure 2-8C). In contrast, the ERR:AAA 

mutations reduced the HMW oligomer level of both A2AR-FL-WT (ctrl: 0.88; ERR:AAA: 0.66) 

and A2AR-N359ΔC (ctrl: 0.68; ERR:AAA: 0.38) (Figure 2-8C). Consistently, the ERR:AAA 

mutation lowered the total oligomer level of both A2AR-FL-WT (ctrl: 1.37; ERR:AAA: 0.94) 

and A2AR-N359ΔC (ctrl: 1.01; ERR:AAA: 0.85) (Figure 2-8C). These results suggest that the 

charged residues 355ERR357 participate in A2AR oligomerization, with a greater effect in the 

context of a longer C-terminus and for forming higher-order oligomers.  The question then 

arises as to what types of interactions are formed along the C-terminus that help stabilize A2AR 

oligomerization. 
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2.3.4. C-Terminus Truncation Disrupts Complex Network of Non-Bonded Interactions 

Necessary for A2AR Dimerization 

Given that the structure of A2AR dimers or oligomers are unknown, we next used MD 

simulations to seek molecular-level insights into the role of the C-terminus in driving A2AR 

dimerization and to gain an understanding of what types of interactions and sites may be 

involved in this process. First, to explore A2AR dimeric interface, we performed coarse-grained 

(CG) MD simulations using the Martini force field (see 2.2.10 above for details). The Martini 

force field can access the length and time scales relevant to membrane protein oligomerization, 

albeit at the expense of atomic-level details.  We carried out a series of CGMD simulations on 

five A2AR-ΔC variants designed to mirror the experiments by systematic truncation at five sites 

along the C-terminus (A316, V334, P354, N359, and C394). Our results revealed that A2AR 

dimers were formed with multiple interfaces, all involving the C-terminus only (Figure 2-9A). 

The transmembrane heptahelical bundles were not a part of the dimeric interfaces as they all 

showed distances greater than the minimum distance criterion of 7 Å for interacting helices. 

The vast majority of A2AR dimers were symmetric, with the C-termini of the protomers directly 

interacting with each other. A smaller fraction of the dimers had asymmetric orientations, with 

the C-terminus of one protomer interacting with other parts of the other protomer, such as ICL2 

(the second intracellular loop) and ICL3 (Figure 2-9A). 
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Figure 2-9. Non-bonded interactions of the extended C-terminus of A2AR play a critical role in stabilization of 

the dimeric interface. (A) Dimer configurations from cluster analysis in GROMACS of the 394-residue variant 

identify two major clusters involving either 1) the C-terminus of one protomer and the C-terminus, ICL2, and 

ICL3 of the second protomer or 2) the C-terminus of one protomer and ICL2, ICL3, and ECL2 of the second 

protomer. Spheres: residues forming intermolecular electrostatic contacts. (B) Average number of residues that 

form electrostatic contacts as a function of sequence length of A2AR. (C) Average number of residues that form 

hydrogen bonds as a function of sequence length of A2AR. The criteria for designating inter-A2AR contacts as 

electrostatic interactions or hydrogen bonds are described in detail in 2.2 above. 
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Our observation of multiple A2AR oligomeric interfaces, which is consistent with 

previous studies(Fanelli and Felline 2011; Song, Duncan, and Sansom 2020), suggests that 

tunable, non-covalent intermolecular interactions may be involved in receptor dimerization. 

We first dissected two key non-covalent interaction types: electrostatic and hydrogen bonding 

interactions. Electrostatic interactions were calculated from CGMD simulations, while 

hydrogen bonds were quantified from atomistic MD simulation as the CG model merges all 

hydrogens into a coarse-grained bead and hence cannot report on hydrogen bonds. This 

analysis was performed on the symmetric dimers as they constituted the more dominant 

population. With the least truncated A2AR variant containing the longest C-terminus, A2AR-

C394ΔC, we observed an average of 15.9 electrostatic contacts (Figure 2-9B) and 26.7 

hydrogen bonds (Figure 2-9C) between the C-termini of the protomers. This result shows that 

both electrostatic interactions and hydrogen bonds can play important roles in A2AR dimer 

formation. 

Upon further C-terminus truncation, the average number of both electrostatic contacts 

and hydrogen bonds involving C-terminal residues progressively declined, respectively 

reaching 5.4 and 6.0 for A2AR-A316ΔC (in which the disordered region of the C-terminus is 

removed) (Figure 2-9B and C). This result is consistent with the experimental result, which 

demonstrated a progressive decrease of A2AR oligomerization with the shortening of the C-

terminus (Figure 2-8B). Interestingly, upon systematic truncation of the C-terminal segment 

335–394, we observed in segment 291–334 a steady decrease in the average number of 

electrostatic contacts, from 10.4 to 7.4 (Figure 2-9B). This trend was even more pronounced 

with hydrogen bonding contacts involving segment 291–334 decreasing drastically from 21.0 

to 7.0 as segment 335–394 was gradually removed (Figure 2-9C). This observation that 
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truncation of a C-terminal segment reduces inter-A2AR contacts elsewhere along the C-

terminus, indicates that an allosteric mechanism of dimerization exists, in which an extended 

C-terminus of A2AR stabilizes inter-A2AR interactions near the heptahelical bundles of the 

dimeric complex. These results demonstrate that A2AR dimers can be formed via multiple 

interfaces and stabilized by an allosteric network of electrostatic interactions and hydrogen 

bonds along much of its C-terminus. 

2.3.5. Ionic Strength Modulates Oligomerization of C-Terminally Truncated A2AR 

So far, we have demonstrated that the C-terminus clearly plays a role in forming A2AR 

oligomeric interfaces. However, it remains unclear what the driving factors of A2AR 

oligomerization are and whether the oligomeric populations are thermodynamic products. The 

variable nature of A2AR oligomeric interfaces suggests that the main driving forces must be 

non-covalent interactions, such as electrostatic interactions and hydrogen bonds. Modulating 

the solvent ionic strength is an effective method to identify the types of non-covalent 

interaction(s) at play. Specifically, with increasing ionic strength, electrostatic interactions are 

weakened (based on Debye-Hückel theory, most electrostatic bonds at a distance greater than 

5 Å are screened out at an ionic strength of 0.34 M at 4°C) and depletion interactions are 

enhanced with salting-out salts, while hydrogen bonds remain relatively impervious. For this 

reason, we subjected various A2AR variants (FL-WT, FL-ERR:AAA, N359ΔC, and V334ΔC) 

to ionic strength ranging from 0.15 to 0.95 M by adding NaCl (buffer composition shown in 
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2.2.10 above). The HMW oligomer and dimer levels of the four A2AR variants were 

determined and plotted as a function of ionic strengths. 

The low ionic strength of 0.15 M should not affect hydrogen bonds or electrostatic 

interactions if present. We found that the dimer and total oligomer levels of all four variants 

were near zero (Figure 2-10). This is a striking experimental observation: despite being shown 

to play a role in stabilizing A2AR dimers according to our MD simulations (Figure 2-9B and 

C), we can conclude that electrostatic and hydrogen-bonding interactions are not the dominant 

driving force for A2AR association. The question remains whether depletion interactions could 

facilitate A2AR oligomerization.  

At higher ionic strengths of 0.45 M and 0.95 M, the dimer and total oligomer levels of 

A2AR-V334ΔC still remained near zero (Figure 2-10). In contrast, we observed a progressive 

Figure 2-10. The effects of ionic strength on the oligomerization of various A2AR variants reveal the involvement 

of depletion interactions. The levels of dimer and HMW oligomer are expressed relative to the monomeric 

population as an arbitrary unit and plotted against ionic strength, with reported errors calculated from the variance 

of the fit, not experimental variation. NaCl concentration is varied to achieve ionic strengths of 0.15, 0.45, and 

0.95 M. 
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and significant increase in the dimer and total oligomer levels of A2AR-FL-WT with increasing 

ionic strength (Figure 2-10). This result indicates A2AR oligomerization is driven by depletion 

interactions enhanced with increasing ionic strength, and that these interactions must involve 

the C-terminal segment after residue V334. 

Upon closer examination, we recognize that at the very high ionic strength of 0.95 M, 

the increase in the dimer and total oligomer levels was robust for A2AR-FL-WT, but less 

pronounced for A2AR-FL-ERR:AAA (Figure 2-10). Furthermore, this high ionic strength even 

had an opposite effect on A2AR-N359ΔC, with both its dimer and total oligomer levels 

abolished (Figure 2-10). These results indicate that the charged cluster 355ERR357 and the C-

terminal segment after residue N359 promote the depletion interactions to drive A2AR 

oligomerization. Taken together, we can conclude that A2AR oligomerization is more robust 

when the C-terminus is fully present and the ionic strength higher, suggesting that depletion 

interactions via the C-terminus are strong driving factors of A2AR oligomerization.  

The discussion of depletion interactions as driving factors assumes that A2AR 

dimer/oligomer populations are thermodynamics products at equilibrium with the A2AR 

monomer population. However, some of the A2AR dimer/oligomer populations may be 

kinetically stabilized. To address this question, we tested the stability and reversibility of A2AR 

oligomers by performing a second round of SEC on the monomer and dimer/oligomer 

populations of the A2AR-WT and Q372ΔC variants. We found that the SEC-separated 

monomers repopulate into dimer/oligomer, with the total oligomer level after redistribution 

comparable with that of the initial samples for both A2AR-WT (initial: 2.87; redistributed: 1.60) 

and Q372ΔC (initial: 1.49; redistributed: 1.40) (Figure 2-11A). This observation indicates that 
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A2AR oligomer is a thermodynamic product with a lower free energy compared with that of 

the monomer (Figure 2-11B). This agrees with the results we have shown in Table 2-1 that 

the oligomer levels of A2AR-WT are consistent among replicates (1.34–2.05) and that A2AR 

oligomerization can be modulated with ionic strengths via depletion interactions (Figure 2-10). 

 

In contrast, the SEC-separated dimer/oligomer populations do not repopulate to form 

monomers (Figure 2-11A). This observation is consistent with a published study of ours on 

A2AR dimers(Schonenbach et al. 2016), indicating that once the oligomers are formed, some 

are kinetically trapped and thus cannot redistribute into monomers. We believe that disulfide 

Figure 2-11. The dimer/oligomerization of A2AR is a thermodynamic process where the dimer and HMW 

oligomer once formed are kinetically trapped. (A) SEC chromatograms of the consecutive rounds of SEC 

performed on A2AR-WT and Q372ΔC. The first rounds of SEC are to separate the dimer/oligomer population and 

the monomer population, while the second rounds of SEC are performed on these SEC-separated populations to 

assess their stability and reversibility. The total oligomer level is expressed relative to the monomeric population 

in arbitrary units. (B) Energy diagram depicting A2AR oligomerization progress. The monomer needs to overcome 

an activation barrier (EA), driven by depletion interactions, to form the dimer/oligomer. Once formed, the 

dimer/oligomer populations are kinetically trapped by disulfide linkages. 
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linkages are likely candidates to kinetically stabilize A2AR oligomers, as demonstrated by their 

redistribution into monomers only in the presence of a reducing agent (Figure 2-6B). 

Taken together, we suggest that A2AR oligomerization is a thermodynamic process 

(Figure 2-11B), with the free energy of the dimer/oligomers lowered by depletion forces that 

hence increase their population relative to that of the monomers (there always exists a 

distribution between the two). Once formed, the redistributed dimer/oligomer populations may 

be kinetically stabilized by disulfide linkages. The question then arises whether inter-A2AR 

interactions are primarily a result of the C-termini directly interacting with one another. This 

question motivated us to carry out a study focused on investigating the behavior of A2AR C-

terminus sans the transmembrane domains. 

2.3.6. The Isolated A2AR C-Terminus Is Prone to Aggregation 

To test whether A2AR oligomerization is driven by direct depletion interactions among 

the C-termini of the protomers, we assayed the solubility and assembly properties of the stand-

alone A2AR C-terminus—an intrinsically disordered peptide—sans the upstream 

transmembrane regions. Since depletion interactions can be manifested via the hydrophobic 

effect(van der Vegt and Nayar 2017), we examined whether this effect can also drive the 

assembly of the A2AR C-terminal peptides. 

It is an active debate whether the hydrophobic effect can be promoted or suppressed by 

ions with salting-out or salting-in tendency, respectively(Thomas and Elcock 2007; Graziano 

2010; Zangi, Hagen, and Berne 2007; Grover and Ryall 2005). We increased the solvent ionic 

strength using either sodium (salting-out) or guanidinium (salting-in) ions and assessed the 

aggregation propensity of the C-terminal peptides using UV-Vis absorption at 450 nm, which 
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indicates the turbidity of the solution. We first observed the behavior of the C-terminus with 

increasing salting-out NaCl concentrations. At NaCl concentrations below 1 M, the peptide 

was dominantly soluble, despite showing slight aggregation at NaCl concentrations between 

250–500 mM (Figure 2-12A). At NaCl concentrations above 1 M, A2AR C-terminal peptides 

strongly associated into insoluble aggregates (Figure 2-12A). Consistent with the observations 

made with the intact receptor (Figure 2-10), the A2AR C-terminus showed the tendency to 

progressively associate and eventually precipitate with increasing ionic strengths, suggesting 

that depletion interactions drive the association and precipitation of the peptides. We next 

observed the behavior of the C-terminus with increasing concentrations of guanidine 

hydrochloride (GdnHCl), which contains salting-in cations that do not induce precipitation and 

instead facilitate the solubilization of proteins(Heyda et al. 2017; Baldwin 1996). Our results 

demonstrated that the A2AR C-terminus incubated in 4 M GdnHCl showed no aggregation 

propensity (Figure 2-12A), validating our expectation that salting-in salts do not enhance 

depletion interactions. These observations demonstrate that the C-terminal peptide in and of 

itself, outside the context of the lipid membrane and TM domain, can directly interact with 

other C-terminal peptides to form self-aggregates in the presence of ions, and presumably 

solutes, that have salting-out effects. 
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Figure 2-12. The A2AR C-terminus is prone to aggregation. (A) Absorbance at 450 nm of the A2AR C-terminus 

in solution, with NaCl and GdnHCl concentrations varied to achieve ionic strengths 0–4 M. Inset: the solution at 

ionic strength 4 M achieved with NaCl. The Hofmeister series is provided to show the ability of cations to salt 

out (blue) or salt in (red) proteins. (B) SYPRO orange fluorescence of solutions containing the A2AR C-terminus 

as the temperature was varied from 20 to 70°C (grey). The change in fluorescence, measured in relative 

fluorescence unit (RFU), was calculated by taking the first derivative of the fluorescence curve (black). 

Attractive hydrophobic interactions among the hydrophobic residues are further 

enhanced when the water that solvate the protein surface have more favorable interactions with 

other water molecules, ions or solutes than with the protein surface, here the truncated C-

terminus(Larsen, Olson, and Goodsell 1998; Tsai and Nussinov 1997; Tsai et al. 1997). We 

explored the possible contribution of hydrophobic interactions to the aggregation of the C-

terminal peptides using both experimental and computational approaches. Using differential 

scanning fluorimetry (DSF), we gradually increased the temperature to melt the C-terminal 

peptides, exposing any previously buried hydrophobic residues (Figure 2-13A and B), which 

then bound to the SYPRO orange fluorophore, resulting in an increase in fluorescence signal. 

Our results showed that as the temperature increased, a steady rise in fluorescence was 

observed (Figure 2-12B), indicating that multiple hydrophobic residues were gradually 

exposed to the SYPRO dye. However, at approximately 65°C, the melt peak signal was 
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abruptly quenched (Figure 2-12B), indicating that the hydrophobic residues were no longer 

exposed to the dye. This observation suggests that, at 65°C, enough hydrophobic residues in 

the C-terminal peptides become exposed such that they collapse on one another (thus expelling 

the bound dye molecules), resulting in aggregation. This experimental result is further 

supported by our CGMD computational analysis of C-terminal non-polar contacts found in 

A2AR symmetrical dimers (Figure 2-13C). Specifically, we observed an average of 60 non-

polar contacts for A2AR-C394ΔC. This number progressively declined upon further C-terminus 

truncation, reaching 15 for A2AR-A316ΔC. Clearly, the hydrophobic effect can cause A2AR C-

terminal peptides to directly associate. These results demonstrate that A2AR oligomer 

formation can be driven by depletion interactions among the C-termini of the protomers by 

non-polar contacts. 
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Figure 2-13. (A) Hydropathy plot against A2AR residue number showing the hydrophobicity of A2AR C-terminus, 

scored with ProtScale using method described by Kyte & Doolittle, window size of 3. Positive scores represent 

hydrophobicity and negative scores hydrophilicity. (B) The non-polar residues in A2AR C-terminus. (C) Average 

number of residues that form non-polar contacts as a function of sequence length of A2AR. The criteria for 

designating inter-A2AR contacts as non-polar interactions are described in detail in 2.2. 
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2.4. DISCUSSION 

The key finding of this study is that the C-terminus of A2AR, removed in all previously 

published structural studies, directly responsible for receptor oligomerization. Using a 

combination of experimental and computational approaches, we demonstrate that the C-

terminus stabilizes A2AR oligomers via a combination of disulfide linkages, hydrogen bonds, 

electrostatic interactions, and hydrophobic interactions. This diverse combination of 

interactions is greatly enhanced by depletion interactions, forming a network of malleable 

bonds that drives A2AR oligomerization and gives rise to multiple oligomeric interfaces. 

Intermolecular disulfide linkages play a role in A2AR oligomerization, potentially by 

kinetically trapping the receptor oligomers. Among the seven cysteines that do not form 

intramolecular disulfide bonds(De Filippo et al. 2016; Naranjo et al. 2015; O’Malley et al. 

2010a), residue C394 is largely involved in stabilizing A2AR oligomers (2.3.2 above). Indeed, 

this cysteine is highly conserved and a C-terminal cysteine is almost always present in A2AR 

homologs(Pándy-Szekeres et al. 2018), suggesting that it may serve an important role in vivo. 

There may also exist inter-A2AR disulfide linkages that do not involve residue C394 at all, as 

the SEC-separated dimer/oligomer populations of A2AR-Q372ΔC, which lack residue C394, 

were still resistant to TCEP reduction (Figure 2-6B) and appear to be kinetically trapped 

(Figure 2-11). Such disulfide linkages may involve other cysteines in the hydrophobic core of 

A2AR, namely C281.54, C823.30, C1284.49, C1855.46, C2456.47, or C2546.56. Many examples exist 

where disulfide linkages help drive GPCR oligomerization, including the CaR-mGluR1 

heterodimer(Gama, Wilt, and Breitwieser 2001), homodimers of mGluR5(Romano, Yang, and 

O’Malley 1996), M3R(Zeng and Wess 1999), V2R(Zhu and Wess 1998), 5-HT4R(Berthouze 
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et al. 2007) and 5-HT1DR(Xie et al. 1999), and even higher-order oligomers of D2R(Guo et al. 

2008). Although unconventional cytoplasmic disulfide bonds have been reported(Saaranen and 

Ruddock 2013; Locker and Griffiths 1999), no study has shown how such linkages would be 

formed in vivo, as the cytoplasm lacks the conditions and machinery required for disulfide 

bond formation(Gaut and Hendershot 1993; Hwang, Sinskey, and Lodish 1992; Helenius, 

Marquardt, and Braakman 1992; Creighton, Hillson, and Freedman 1980).  

The electrostatic interactions that stabilize A2AR oligomer formation come from 

multiple sites along the C-terminus. From a representative snapshot of a A2AR-C394ΔC dimer 

from our MD simulations (Figure 2-14A), we could visualize not only the intermolecular 

interactions calculated from the CGMD simulations (Figure 2-9B), but also intramolecular 

salt bridges. In particular, the 355ERR357 cluster of charged residues lies distal from the dimeric 

interface but still forms several salt bridges (Figure 2-14A, inset). This observation is 

supported by our experimental results showing that substituting this charged cluster with 

alanines reduces the total A2AR oligomer levels (Figure 2-7C). However, it is unclear how 

such salt bridges involving this 355ERR357 cluster are enhanced by depletion interactions 

(Figure 2-10), as electrostatic interactions are usually screened out at high ionic strengths. In 

our MD simulations, we also observed networks of salt bridges along the dimeric interface, for 

example between K315 of one monomer and D382 and E384 of the other monomer (Figure 

2-14A, inset). The innate flexibility of the C-terminus could facilitate the formation of such 

salt bridges, which then help stabilize A2AR dimers. 
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Figure 2-14. (A) Representative snapshot of A2AR-C394ΔC dimers shows salt bridge formation between a sample 

trajectory. The insets are close-ups of the salt bridges, which can be both intra- and intermolecular. The last inset 

shows a network of salt bridges with the charged cluster 355ERR357 involved. (B) Helical tilt angles for TM7 helix 

in A2AR as a function of protein length. Systematic truncations of the C-terminus lead to rearrangement of the 

heptahelical bundle. The participation of the C-terminus in A2AR dimerization increases the tilting of the TM7 

domain, which is in closest proximity to the C-terminus. 

Our finding that A2AR forms homo-oligomers via multiple interfaces (Figure 2-9A) 

agrees with the increasing number of studies reporting multiple and interconverting oligomeric 

interfaces in A2AR and other GPCRs(Song, Duncan, and Sansom 2020; Ghosh, Sonavane, and 

Joshi 2014b; Periole et al. 2012; Fanelli and Felline 2011; W. Liu et al. 2012; J. Huang et al. 

2013; Manglik et al. 2012; Thorsen et al. 2014; Fotiadis et al. 2006; 2003; Liang et al. 2003; 

Xue et al. 2015; Dijkman et al. 2018). When translated to in vivo situations, GPCR oligomers 

can also transiently associate and dissociate(Kasai et al. 2018; Tabor et al. 2016; Möller et al. 
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2020; Vilardaga et al. 2008). Such conformational changes require that the oligomeric 

interfaces be formed by interactions that can easily be modulated. This is consistent with our 

study, which demonstrates that depletion interactions via the intrinsically disordered, malleable 

C-terminus drive A2AR oligomerization. Because depletion interactions can be readily tuned 

by environmental factors, such as ionic strength, molecular crowding, and temperature, the 

formation of GPCR oligomeric complexes could be dynamically modulated in response to 

environmental cues to regulate receptor function.  

Not only did we find multiple A2AR oligomeric interfaces, we also found that these 

interfaces can be either symmetric or asymmetric. This finding is supported by a growing body 

of evidence that there exists both symmetric and asymmetric oligomeric interfaces for 

A2AR(Song, Duncan, and Sansom 2020) and many other GPCRs. Studies using various 

biochemical and biophysical techniques have shown that heterotetrameric GPCR complexes 

can be formed by dimers of dimers, including μOR-δOR(Golebiewska et al. 2011), CXC4R-

CC2R(Armando et al. 2014), CB1R/D2R(Bagher et al. 2017) as well as those involving A2AR, 

such as A1R-A2AR(Navarro, Cordomí, Brugarolas, et al. 2018; Navarro et al. 2016) and A2AR-

D2R(Navarro, Cordomí, Casadó-Anguera, et al. 2018). The quaternary structures identified in 

these studies required specific orientations of each protomer, with the most viable model 

involving a stagger of homodimers with symmetric interfaces(Cordomí et al. 2020). On the 

other hand, since symmetric interfaces limit the degree of receptor association to dimers, the 

HMW oligomer of A2AR observed in this(Song, Duncan, and Sansom 2020) and other 

studies(Schonenbach et al. 2016; Vidi et al. 2008) can only be formed via asymmetric 

interfaces. It is indeed tempting to suggest that the formation of the HMW oligomer of A2AR 

may even arise from combinations of different interfaces. In any case, the wide variation of 
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GPCR oligomerization requires the existence of both symmetric and asymmetric oligomeric 

interfaces. 

The ultimate question to answer is how oligomerization alters A2AR function. In the 

case of A2AR, displacement of the transmembrane domains have been demonstrated to be the 

hallmark of receptor activation(Eddy et al. 2018; Sušac et al. 2018; Prosser et al. 2017; Ye et 

al. 2016), but no studies have linked receptor oligomerization with the arrangement of the TM 

bundles in A2AR. Our MD simulations revealed that C-terminus truncation resulted in 

structural changes in the heptahelical bundles of A2AR dimers. Specifically, as more of the C-

terminus was preserved, we observed a progressive increase in the helical tilt of TM7 (Figure 

2-14B). This change in helical tilt occurred for the entire heptahelical bundle, with an increase 

in tilt for TM1, TM2, TM3, TM5, and TM7, and a decrease in tilt for TM4 and TM6 (Figure 

2-15). The longer C-terminus in the full-length A2AR permits greater rearrangements in the 

transmembrane regions, leading to the observed change in helical tilt. Furthermore, in the 

cellular context, it has been demonstrated that truncation of the C-terminus significantly 

reduced receptor association with Gαs and cAMP production in cellular assays(Koretz et al. 

2021). These results hint at potential conformational changes of A2AR upon oligomerization, 

necessitating future investigation on functional consequences. 
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Figure 2-15. Helical tilt angles for TM1–6 helices in A2AR as a function of protein length. Systematic truncations 

of the C-terminus lead to rearrangement of the heptahelical bundle, propagated to the entire receptor and is 

especially pronounced in helices proximal to the C-terminus, i.e., TM1, TM2, TM7. For almost all TM helices, a 

noticeable shift in tilt angle occurs upon modeling the full-length (394 residues) variant. This behavior is 

fundamentally different from the conventional model of GPCR activation, in which TM 1, 2, 4, and 7 remain 

rigid, with TM5 and TM6 undergoing an outward tilt/rotation to enable binding to the cognate G protein. 

Relaxation of the heptahelical bundle (i.e., an increase in helical tilt) as a function of protein length and 

dimerization could potentially be critical to our understanding of the activation mechanism of A2AR, as past 

studies have overwhelmingly focused on activation of the monomer. 
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Like all biophysical studies of membrane proteins in non-native environments, a 

drawback in our study is the question whether the above results, conducted in detergent 

micelles, can be translated to bilayer or cellular context. It has been demonstrated that the 

propensity of membrane proteins to associate and oligomerize is greater in lipid bilayers 

compared to that in detergent micelles(Popot and Engelman 1990). Furthermore, in the cellular 

context, A2AR has been shown to assemble into homo-oligomers in transfected HEK293 

cells(Canals et al. 2003) and in Cath.A differentiated neuronal cells(Vidi et al. 2008), while C-

terminally truncated A2AR shows no protein aggregation or clustering on the cell surface, in 

contrast with its WT form(Burgueño et al. 2003).  Therefore, we speculate that A2AR 

oligomerization will be present in the lipid bilayer and cellular environment. Regardless, given 

that most biophysical structure-function studies of GPCRs are conducted in detergent micelles 

and other artificial membrane mimetics, it is critical to understand the role of the C-terminus 

in the oligomerization of A2AR reconstituted in detergent micelles. 

C-terminal truncations prior to crystallization and structural studies may be the main 

reason for the scarcity of GPCR structures featuring oligomers. In that context, this study offers 

valuable insights and approaches into how the oligomerization of A2AR and potentially of other 

GPCRs can be tuned by modifying the intrinsically disordered C-terminus and varying salt 

types and concentrations. The presence of A2AR oligomeric populations with partial C-terminal 

truncations means that one can now study its oligomerization with less perturbation from the 

C-terminus. We also present evidence that the multiple C-terminal interactions that drive A2AR 

oligomerization can be easily modulated by ionic strength and specific salts (Figure 2-10 and 

Figure 2-12A). Given that ~75% and ~15% of all class-A GPCRs possess a C-terminus of > 

50 and > 100 amino acid residues(Mirzadegan et al. 2003), respectively, it will be worthwhile 
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to explore the prospect of tuning GPCR oligomerization not only by shortening the C-terminus 

but also with simpler approaches such as modulating ionic strength and the surrounding salt 

environment. 

2.5. CONCLUSION 

This study emphasizes for the first time the definite impact of the C-terminus on A2AR 

oligomerization, which can be extended to include the oligomers formed by other GPCRs with 

a protracted C-terminus. We have shown that the oligomerization of A2AR is strongly driven 

by depletion interactions along the C-terminus, further modulating and enhancing the multiple 

interfaces formed via a combination of hydrogen, electrostatic, hydrophobic, and covalent 

disulfide interactions. The task remains to link A2AR oligomerization to functional roles of the 

receptor. From a structural biology standpoint, visualizing the multiple oligomeric interfaces 

of A2AR in the presence of the full-length C-terminus is key to investigating whether these 

interfaces give rise to different oligomer functions.  
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Chapter 3 |  CHARACTERIZATION OF CYSTEINE-FREE CONSTRUCTS OF 

THE HUMAN ADENOSINE A2A RECEPTOR FOR STUDIES USING ELECTRON 

PARAMAGNETIC RESONANCE SPECTROSCOPY 

So far, this thesis has provided deeper insights into how the intrinsically disordered C-

terminus promotes the oligomerization of the human adenosine A2A receptor (A2AR). As 

mentioned in 1.3 above, the second aim of this thesis is to visualize the oligomeric interfaces 

of A2AR and decipher the structural role of the C-terminus at such interfaces. This chapter seek 

to describe the challenges associated with structural studies of GPCR oligomers using electron 

paramagnetic resonance (EPR) spectroscopy, a biophysical technique with unique capabilities 

of provide dynamic information into the role of the disordered C-terminus in A2AR oligomer 

formation. 

3.1. INTRODUCTION 

3.1.1. Methods to Study Membrane Protein Structure 

Membrane proteins play a crucial role in a vast number of biological processes. Nearly 

30% of all open reading frames in eukaryotic cells have been predicted to encode for membrane 

proteins(Wallin and Heijne 1998). Changes in structure of these proteins due to mutations or 

improper folding is linked with a multitude of human diseases, including cystic fibrosis, 

depression, cardiovascular diseases, Alzheimer’s and Parkinson’s, cancer, among many others. 

G protein-coupled receptors (GPCRs) in particular are targeted by ~40% of all modern 

drugs(Overington, Al-Lazikani, and Hopkins 2006; Rask-Andersen, Masuram, and Schiöth 

2014). The field of drug discovery has benefited greatly from methods such as high-throughput 

screening (HTS) or computational methods, but it is structural information from three-
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dimensional (3D) atomic structures that reveals how drug candidates bind to proteins and what 

conformational changes proteins consequently undergo.  

X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are the 

two most used techniques for obtaining structural information on biological targets. However, 

both techniques have limitations critical to deciphering structures of membrane proteins, 

especially of GPCRs. NMR is excellent at capturing dynamics and structure of proteins, but it 

is only useful and easy to perform on targets of ≤ 50 kDa in size. As the protein gets as large 

as the typical size of a GPCR, the slow tumbling rate results in band broadening and intensity 

loss, decreasing spectral resolution. This problem can be overcome by applying certain pulse 

sequences to cancel out unwanted signals, but such method cannot mitigate the significant 

increase in linewidth caused by interference from detergent micelles typically used to 

solubilize membrane proteins (Torres, Stevens, and Samsó 2003). An alternative to sidestep 

the problem of slow tumbling is to use solid-state NMR by magic-angle spinning (MAS), 

which is spinning the sample at 40–100 kHz on an axis 54.74º relative to the magnetic field 

B0, such that the sample undergoes only anisotropic motions. However, the amount of sample 

that can be packed into a MAS rotor is physically limited, as the rotor must be small enough 

to be spun at such ultra-high speed. Together with the presence of the required amount of 

membrane mimetics detergent, such sample limitation poses serious problems associated with 

low sensitivity, requiring prolonged data acquisition time. 

Meanwhile, although X-ray crystallography can provide valuable structural 

information of proteins, it usually takes years to obtain a crystal structure that reflects a 

membrane protein at high enough resolution (< 3 Å). Although structural details are needed to 
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visualize A2AR oligomeric interfaces, X-ray crystallography is not the optimal method for 

several reasons. First, the detergent system used to solubilize membrane proteins can undergo 

phase separation upon increase of precipitant concentration in the hanging-drop method, 

negatively impacting crystallization(Lacapère et al. 2007). Secondly, the micelles surrounding 

the protein can hinder crystal contacts, although this problem can be overcome by co-

crystallizing the protein with antibody fragments(Hunte and Michel 2002). Thirdly, due to 

weak crystal contact and the presence of amphiphilic detergent molecules, the protein crystals 

are often unstable and sensitive to temperature, thus difficult to handle(Lacapère et al. 2007). 

(Note that all of the above three reasons are associated with the use of detergent micelles, 

adding to the various problems posed by this membrane mimetic platform in membrane protein 

structure determination. Efforts to replace detergent micelles with styrene maleic acid (SMA) 

lipid polymers, a promising nanodisc platform, will be discussed in Chapter 5.) 

Last but most importantly, as mentioned in Chapter 2, the intrinsically disordered C-

terminus is critical for the formation of A2AR oligomers. Crystalizing the full-length wild-type 

form of A2AR means crystalizing the long and intrinsically disordered C-terminus of the protein. 

This is not a practical goal, as intrinsically disordered proteins (IDPs) usually fail to crystalize 

due to the inherent flexibility. Even when successfully crystalized, their numerous 

conformations cannot be captured by just a single snapshot(Timsit et al. 2006). In fact, all 

crystal structures of A2AR up to date required the truncation of the C-terminus(V.-P. Jaakola 

et al. 2008; Hino et al. 2012; Sun et al. 2017; Xu et al. 2011; Doré et al. 2011; Carpenter et al. 

2016), which essentially excludes the purpose of this project. As a result, X-ray crystallography 

is insufficient to probe the role of protein disorder in not only GPCR oligomerization but also 

conformational changes of proteins. 
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Apart from X-ray crystallography and NMR spectroscopy, cryogenic electron 

microscopy (cryo-EM) is the other viable option for the purpose of the project. This method 

involves plunge-freezing the sample within milliseconds to prevent ice crystal formation, 

which can destroy the protein of interest(Thompson et al. 2016). Cryo-EM exceeds the 

limitations of crystallography in the sense that it does not require thermostabilizing mutations 

and special conditions to induce crystallization, which are harmful for proteins in general. Also, 

no C-terminus truncation is needed so images of A2AR dimers can be captured. However, to 

membrane proteins, especially GPCRs, there still exist major hurdles to employing cryo-EM 

for structural studies. These challenges will be further discussed in Chapter 4, but can be listed 

briefly: (1) A2AR dimers do not exceed the size required (> 150 kDa) for the particle to be 

recognized in the low-contrast micrographs; (2) the detergent and salt required to stabilize the 

receptor in the current protocol may scatter the electrons so much that it becomes hard to tell 

apart the protein particles from the buffer atoms using phase contrast; (3) micelle is a dynamic 

and deformable structure, which may decrease the rigidity of the A2AR dimer structure of 

interest, making it difficult to identify the dimer for automatic particle boxing in single particle 

analysis. 

3.1.2. Electron Paramagnetic Resonance in Structural Biology 

Electron paramagnetic resonance (EPR) spectroscopy and other EPR-based techniques, 

on the other hand, serve as a potential solution to overcome these obstacles and to obtain both 

structural and dynamic information on various biological systems(Klug and Feix 2008). EPR 

spectroscopy does not suffer from the restriction in size and optical properties of the protein 

since it offers sensitivity of 50- to several hundred-fold higher than that of NMR. Additionally, 
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EPR measurements can be performed on samples of many different types(Hustedt and Beth 

1999), including membrane-embedded proteins, to answer structural and dynamic questions 

that could not be probed by conventional techniques(Hustedt and Beth 1999; Bordignon and 

Steinhoff 2007; Hubbell et al. 1996). Furthermore, continuous-wave (CW) EPR spectroscopy 

of spin-labeled molecules can provide information about the motion as well as distances 

between different paramagnetic centers in the system(Klare 2013).   

EPR and the related techniques require a label to be incorporated into the system of 

interest to make it “EPR-active”. This incorporation of labels with unpaired electrons is 

performed by introducing a cysteine residue into a recombinant protein via site-directed 

mutagenesis, which is then conventionally reacted with a paramagnetic nitroxide reagent to 

generate an EPR-active side chain(Klare 2013) (Figure 3-1). In order for this incorporation to 

be site-specific, a method referred to as site-directed spin labeling (SDSL), all accessible free 

cysteines must be removed, usually by mutating them to serines (which can form hydrogen 

bond) or alanines (relatively non-reactive). 

 

Figure 3-1. Reaction of the nitroxide spin label with cysteine to attach the label onto the protein via disulfide 

bond. The dot represents the free electron in the N–O bond stabilized by the methyl groups in vicinity. 
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3.1.3. Fluorescent-Activated Cell Sorting (FACS) to Screen for Cysteine-Free A2AR 

Constructs 

The A2A receptor contains 15 cysteine residues in total, with eight forming four 

disulfide bonds on the extracellular loops (ECLs) of the receptor, six in the transmembrane 

(TM) domains, and one C394 on the C-terminus. Since the spin labeling procedure uses the 

same chemistry of disulfide bond formation, the extracellular cysteines are not available for 

spin labeling. The other seven, on the other hand, are very much exposed to spin labeling, as 

cw-EPR measurements of A2AR-WT and A2AR-C394S showed significant background 

signals(Schonenbach et al. 2016). 

 

Figure 3-2. Snake diagram of A2AR secondary structure, highlighting TM cysteine residues that were mutated in 

this study. The human adenosine A2A receptor contains 15 cysteines in total. The pink cysteines are on the 

extracellular side and are disulfide-bonded, thus are not accessible to nitroxide spin labels. The blue 

transmembrane and the orange C-terminal cysteines are all exposed to spin label. Estimated location of the lipid 

membrane is indicated by the two black dash-dot lines. 
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To make A2AR EPR-inactive (with no cysteines available for spin labeling), these seven 

free cysteines needed to be substituted. Modeling and simulation (in this case with 

RosettaDesign) were considered a good approach to identify the best mutations to remove 

cysteines without disrupting the function of the protein.  However, Rosetta modeling could 

only predict combinations of mutations that are thermodynamically favorable for the 

associated constructs to traffic to the membrane of the heterologous expressing system. To this 

end, FACS became a much more robust experimental platform to screen for mutants with so 

many simultaneous mutations. The technique involves having the fluid containing the cells to 

be sorted injected into a flow cytometer through a laser beam. Depending on the properties of 

interest, wanted cells are often tagged with a fluorophore that scatters the laser beam differently, 

thus sorted into a separate batch one at a time. In this case, the FACS-based agonist binding 

assay developed used the following three criteria: (1) good expression, (2) membrane 

localization, and (3) ligand binding (Figure 3-3A). All three criteria had to be met for the cells 

carrying the cysteine-free A2AR constructs to be collected during cell sorting. 
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Figure 3-3. (A) Pipeline for construction, expression, and enrichment of TM-Cys-free A2AR Library. Illustration 

summary of steps to conduct mutagenesis, cloning, transformation, expression, and fluorescent ligand binding 

screen A2AR library designed for site-saturation mutagenesis at 6 transmembrane sites within A2AR. (B) Summary 

of FACS analysis of 13 library variants, ranked qualitatively by the percent of cells within the sorting gate (i.e., 

ligand binding) relative to the average of three wild-type (WT) controls. Out of 100,000 events in each sample, 

variants that exhibited greater than 80% of the wild-type population of cells within the sorting gate were selected 

for further characterization, indicated by a shaded box with dashed lines. 

After three rounds of sorting, 50 colonies were randomly chosen for sequencing 

analysis, yielding 13 variants for further functional characterization (Figure 3-3B). These 

variants include three identified multiple times (ATCGCC, VACGCA, and VSCGGL), five 

containing no TM cysteines, and five containing 1–3 TM cysteines with no bulky or charged 

amino acid substitutions. The ligand binding activity of these variants was verified individually 

by FACS analysis using the same ligand binding protocol as for library sorting. Approximately 

100,000 events were analyzed, reporting the percent of cells that exhibited fluorescence 

intensity high enough to place them within the sorting gate (relative fluorescence above 

background). Variants’ agonist binding activities were compared to wild-type agonist binding 

by dividing the percent of variant cells within the gate by the average percent of wild-type cells 



 87 

within the gate. These normalized relative fluorescence intensities for each variant reported in 

Figure 3-3B indicate whether variant cells bound FITC-APEC as well as or better than wild-

type (≥ 1) or not as well (< 1). These mean fluorescence intensities do not necessarily translate 

directly to agonist binding affinity, but rather a combined effect of agonist binding and 

expression levels. In other words, variants that bind to FITC-APEC with slightly lower 

affinities could still yield a normalized relative fluorescence ≥ 1 if it is expressed more highly 

than wild-type. False positives were observed (variants PVNKVR and MGPLFV) due to the 

nature of cell sorting within a sorting gate set to allow a small percentage (≤ 0.5%) of negative 

control cells to be collected during sorting. Eight out of 13 select variants had considerable 

normalized fluorescence (89–145%) relative to that of A2AR-WT (Figure 3-3B). These include 

three completely void of TM cysteines, two retaining only one TM cysteine, and three with 

two TM cysteines. The variant with the highest normalized fluorescence relative to WT (145%; 

sequence LSSGCL) retained only the highly conserved C245BW6.47 cysteine. 

Although the above results were promising toward engineering a TM-Cys-free A2AR 

variant that expresses well in yeast, binds ligand, and has lower predicted energy than wild-

type A2AR, the FITC-APEC ligand used to enrich the library is an agonist with high affinity to 

A2AR. As such, the nature of this FACS-based screen allowed for the enrichment of "active 

structure" variants, which could increase the chances of observing reduced antagonist binding, 

as has been observed previously(Magnani et al. 2008). Furthermore, such simultaneous 

elimination of cysteines could disrupt the receptor’s function or structure, which are partially 

maintained by cysteines linked via hydrogen bonds or disulfide bonds(O’Malley et al. 2010a; 

De Filippo et al. 2016). 
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3.1.4. Goals and Approaches 

To ensure that the FACS-sorted A2AR variants were EPR-dark, cw-EPR was employed 

on these cysteine-free constructs. It was later revealed that the cysteine-free A2AR variants 

were still spin labeled, which can only be explained by the nitroxide label being attached to 

the remaining extracellular cysteines. These ECL cysteines were more exposed to the solvent 

phase compared to the TM cysteines. As a result, the spin label molecules attached to the ECL 

cysteines can be distinguished from those attached to the TM cysteines using the power 

saturation technique. 

In terms of function, the cysteine-free A2AR, the variants were expressed, purified, and 

subjected to ligand-affinity chromatography using an antagonist (XAC), which was used to 

purify A2AR-WT and other variants(Schonenbach et al. 2016). Attempts to build an agonist-

based ligand-affinity column to enhance protein yield will also be presented below. 
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3.2. MATERIALS AND METHODS 

3.2.1. Expression of A2AR Variants in S. cerevisiae 

Variants of the human adenosine A2A receptor (A2AR) tagged with 10 C-terminal 

histidines (pITy-A2AR-10His) or GFP-10His(pITy-A2AR-eGFP-10His) were cloned and 

expressed in the vacuolar protease deficient S. cerevisiae strain BJ5464 (MATα ura3-52 trp1 

leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL) (provided by the lab of Anne Robinson 

at Carnegie Mellon University) and purified as described previously(Schonenbach et al. 2016). 

Expression screens were performed by selecting four colonies from transformation plates and 

cultured overnight at 30°C in 5 mL of YPD (1% w/v yeast extract, 2% w/v peptone, 2% 

dextrose) with shaking at 250 rpm. Expression was induced in 5 mL of YPG (1% yeast, 2% 

peptone, 2% galactose) at an initial optical density at 600 nm (OD) of 0.5 and allowed to grow 

for 24 hours. After 24 hours, 5 OD of cells were pelleted and prepared for SDS-PAGE. Western 

blotting was carried out with an anti-GFP antibody conjugated to horseradish peroxidase (HRP) 

(Abcam, ab6663).  Colonies for each variant that exhibited the highest expression levels by 

Western blot analysis were cryo-preserved. 

For expression, S. cerevisiae BJ5464 transformed with A2AR variants were grown at 

30°C overnight in 5 mL of YPD with shaking at 250 rpm. These overnight cultures were then 

sub-cultured into 50 mL of YPD at an initial OD of 0.5 and allowed to grow for 24 hours. Cells 

from these 50-mL cultures were pelleted at 2,000 × g for 5 minutes and resuspended in 1-L 

YPG expression cultures at an initial OD of 0.5. Cells in the induction medium were grown for 

24 hours at 30°C with shaking at 250 rpm. Cells were harvested by centrifugation at 2,000 × g 

for 5 minutes, washed in sterile phosphate buffer saline (PBS) (137 mM sodium chloride, 2.7 
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mM potassium chloride, 10 mM sodium phosphate dibasic, 1.8 mM potassium phosphate 

monobasic, pH 7.4) buffer and centrifuged again before storage at –80°C until needed for 

protein preparation. 

3.2.2. Purification of A2AR Variants 

Cells were lysed using mechanical bead lysis in lysis buffer (50 mM sodium phosphate, 

300 mM sodium chloride, 10% v/v glycerol, pH = 8.0) containing 2% (w/v) n-dodecyl-β-D-

maltopyranoside (DDM), 1% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), and 0.2% (w/v) cholesteryl hemisuccinate (CHS) (Anatrace, 

Maumee, OH #D310, C216, CH210, respectively) and an appropriate quantity of 100X Pierce 

Halt EDTA-free protease inhibitor #78439). After removing unlysed cells and cell debris by 

centrifugation at 3,200 × g for 10 minutes, solubilized protein in this supernatant was gently 

mixed with Nickel NTA resin (Pierce, #88221) resin overnight. After extensive washing in 

purification buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10% (v/v) glycerol, 

0.1% DDM, 0.1% CHAPS and 0.2% CHS, pH 8.0 and low imidazole concentrations (20–50 

mM), protein was either (1) eluted with purification buffer containing 0.1% DDM, 0.1% 

CHAPS and 0.2% CHS and 500 mM imidazole (if only purifying for ligand affinity 

chromatography) or (2) spin labeled overnight by adding 2.5 µL of 340 mM S-(1-oxyl-2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) (Toronto 

Research Chemicals, #0875000) (if purifying for EPR). Prior to further chromatography 

purification and separation, imidazole was removed using a PD-10 desalting column (GE 

Healthcare, # 17085101). For experiments destined for EPR, after spin labeling, the resin was 
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extensively washed with several long washes (at least 20 minutes at 4°C) of imidazole-free 

purification buffer to remove un-reacted spin label before elution. 

To purify ligand-active A2AR, a ligand affinity column was equilibrated thoroughly in 

4 column volumes of purification buffer containing 50 mM sodium phosphate, 300 mM 

sodium chloride, pH = 8.0, 10% (v/v) glycerol, 0.1% DDM, 0.1% CHAPS, 0.02% CHS. After 

desalting IMAC-purified receptor, the sample was diluted to 5.5 mL and applied to a 5 mL 

sample loop on a BioRad Duoflow FPLC which loaded the sample onto the column at a rate 

of 0.1 mL/min. Inactive receptor was washed from the column by flowing 10 mL of 

purification buffer at 0.2 mL/min, followed by 16 mL at 0.4 mL/min. Ligand-active receptor 

was eluted from the column by switching to purification buffer containing 20 mM of low 

affinity (Kd = 1.6 µM) antagonist theophylline (Sigma, #T1633). For ligand-active variants, 

the first four 4 mL elution fractions were pooled, concentrated through a 30 kDa molecular 

weight cutoff centrifugal filter (Millipore, #UFC803096) and passed through a PD-10 desalting 

column to remove the theophylline prior to EPR.  

3.2.3. SDS-PAGE and Western Blotting 

10% SDS-PAGE gels were hand-casted in BioRad Criterion empty cassettes (BioRad; 

#3459902, 3459903). Lysate controls were prepared by lysis of 5 OD cell pellets with 35 μL 

of YPER (Fisher Scientific, Waltham, MA, USA # 8990) at RT for 20 min, incubation with 2x 

Laemmli buffer (4% (w/v) SDS, 16% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 167 M 

Tris, pH 6.8) at 37ºC for 1 h, and centrifugation at 3,000 × g for 1 min to pellet cell debris. 

Protein samples were prepared by incubation with 2x Laemmli buffer at 37ºC for 30 min. For 

all samples, 14 μL (for 26-well gel) or 20 μL (for 18-well gel) was loaded per lane, except for 
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7 μL of Magic Mark XP Western protein ladder (Thermo Scientific, Waltham, MA, USA; # 

LC5602) as a standard. Electrophoresis was carried out at 120 V for 100 min. Proteins were 

transferred to 0.2-μm nitrocellulose membranes (BioRad; # 170-4159) via electroblotting using 

a BioRad Transblot Turbo, mixed MW protocol. Membranes were blocked in Tris-buffered 

saline with Tween (TBST; 150 mM sodium chloride, 15.2 mM Tris-HCl, 4.6 mM Tris base, 

pH = 7.4, 0.1% (v/v) Tween 20 (BioRad; # 1706531)) containing 5% (w/v) dry milk, then 

probed with anti-A2AR antibody, clone 7F6-G5-A2 (Millipore, Burlington, MA, USA; # 05-

717) at 1:500 in TBST with 0.5% (w/v) dry milk. Probing with secondary antibody was done 

with a fluorescent DyLight 550 antibody (Abcam, Cambridge, MA, USA; ab96880) at 1:600 

in TBST containing 0.5% (w/v) milk. 

For quantitation of protein concentration, BCA assay was applied using Pierce BCA 

Protein Assay Kit (Thermo Scientific, #23225) following manufacturer’s instructions. 

Alternatively, UV-Vis spectroscopy was employed to measure absorption at 280 nm using a 

NanoDropTM 2000 Spectrophotometer (Thermo Scientific, #ND-2000) 

3.2.4. Electron Paramagnetic Resonance (EPR) and Quantitation of Spin Labeling 

Efficiency 

For samples that were planned for EPR experiments, the spin labeling reaction was 

implemented while A2AR was bound to IMAC resin to facilitate sufficient washing steps to 

remove excess spin label. Solubilized protein samples bound to IMAC resin were spin labeled 

overnight by adding 2.5 µL of 340 mM S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-

3-yl) methylmethanesulfonothioate (MTSL) (Toronto Research Chemicals, #0875000) and 

gentle mixing. Excess MTSL was removed by washing the resin was extensively with at least 
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5 washes of 40 mL wash buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10% 

(v/v) glycerol, 0.1% DDM, 0.1% CHAPS and 0.02% CHS, pH 8.0) for at least 20 minutes at 

4°C before elution. 

Continuous wave (cw) EPR measurements were performed at RT on a 0.35 T Bruker 

EMX spectrometer equipped with dielectric cavity (ER4123D). Samples were loaded at a 

volume of 3.5 µL into a quartz capillary (0.6 mm i.d., 0.84 mm o.d.), which were then sealed 

on one end with Critoseal® (Oxford Labware; Catalog No. 8889-215003) and the other with 

beeswax. The experiments were done by irradiating the samples with 6 mW of microwave 

power at 9.74 GHz using a 2.5 G modulation amplitude, a sweep width of 150 G, and signal 

averaged over 40 21-second scans. 

For quantitation of spin labeling efficiency, a calibration curve was obtained using 4-

hydroxy-TEMPO dissolved in buffer (50 mM sodium phosphate, 300 mM sodium chloride, 

10% v/v glycerol, pH = 8.0) at various concentrations from 12.5–200 μM. All cw-EPR spectra 

was background corrected with LabVIEW program Multicomponent by applying interpolation 

on the absorption spectrum. The amount of spin in each sample was calculated based on the 

second integral of the spectrum with the new baseline.  

3.2.5. Power Saturation Experiment 

Continuous-wave EPR (CW-EPR) spectra were recorded on a Bruker EMX 

spectrometer equipped with a rectangular cavity resonator at a microwave frequency of about 

9.75 GHz (X-band). Protein sample volumes of 3 μL (20–100 μM) were inserted into a gas-

permeable plastic TPX capillary (Molecular Specialties, Inc.; Catalog No. TPX-2), sealed with 
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Critoseal® (Oxford Labware; Catalog No. 8889-215003) and sheltered in a TPX holder 

(Molecular Specialties, Inc.; Catalog No. TPX-H). The solution was equilibrated for 20 min 

under continuous nitrogen flow (for the deoxygenated control and the sample in Nickel 

ethylenediamine-N,N'-diacetic acid (NiEDDA)) or air flow (for the sample in 20% oxygen) 

around the sample capillary before any spectra was acquired. NiEDDA was synthesized as 

previously described(Oh et al. 2000). Each sample was measured at room temperature in the 

presence of nitrogen as a deoxygenated control, 20% oxygen (air), and with the addition of 20 

mM NiEDDA. Over a field range of 100 G, 40 scans were acquired for each 2-dB step in the 

power range of 0.2–200 mW. The modulation amplitude was 1 G and the modulation 

frequency was 100 kHz. The first integral of the derivative spectrum was plotted against the 

square root of the incident microwave powered and normalized by the highest first integral 

value. To determine the spin concentration, double integration of the derivative spectrum was 

performed and fitted to a calibration curve of 0–200 μM 4-OH TEMPO (4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl). 

3.2.6. Construction of an Agonist-Affinity Column for Purification of A2AR 

Ligand affinity resin was prepared as previously described for purification of active 

A2AR.(O’Malley et al. 2007), (Weiß and Grisshammer 2002) In brief, 8 mL of isopropanol-

washed Affigel 10 resin (BioRad, Hercules, CA, USA; #1536099) was mixed gently in an 

Erlenmeyer flask for 20 h at room temperature with 48 mL of DMSO containing 24 mg of 

adenosine amine congener (ADAC, high-affinity A2AR agonist, KD = 210 nM; Sigma, St. Louis, 

MO, USA; #A111). The absorbance at 310 nm of the ADAC-DMSO solution before and after 

the coupling reaction was measured in 10 mM HCl and compared to a standard curve. The 
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amount of resin bound to ligand was estimated to be 4.9 μM. The coupling reaction was 

quenched by washing the resin with DMSO, then with Tris-HCl 50 mM (pH = 7.4), then with 

20% (v/v) ethanol. The resin was packed into a Tricorn 10/50 column (GE Healthcare) under 

pressure via a BioRad Duoflow FPLC (BioRad). 

Purification of active A2AR followed the same procedure as that applied for the 

antagonist-affinity column described in 3.2.2 above, but instead of theophylline, protein 

elution was done with 20 mM adenosine (low-affinity A2AR agonist, KD = 0.7 μM; Sigma; 

#A9251). 

Visualization of the binding of ligands to A2AR was done with PyMOL on the crystal 

structures of A2AR bound to XAC (PDB ID: 3REY(Doré et al. 2011)) and adenosine (PDB ID: 

2YDO(Lebon et al. 2011)) 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Cysteine-Free A2AR Variants Showed Significant EPR Background Signals and 

Biased Ligand Binding 

The eight variants identified to have a relative fluorescence greater than 80% of a wild-

type A2AR control were selected for further characterization (Figure 3-3B). These variants 

were sub-cloned into the integrating pITy-MC2-10His yeast expression vector for increased 

expression and purification to facilitate analysis of antagonist (XAC) ligand binding (via a 

custom ligand affinity column) and EPR measurement. Surprisingly, we found that all the 

variants exhibited significantly reduced affinity to the XAC column relative to the 

A2AR/C394S control (Figure 3-4A) (VSTGTS not shown). These results suggest that the 

FACS enrichment using an agonist resulted in the enrichment of a library that favored an 

"active" conformation, but with a reduced affinity for antagonists. Furthermore, continuous 

wave EPR (CW-EPR) demonstrated that all the variants displayed a noticeable EPR signal. 

Quantitation of spin labeling efficiency indicated that these variants exhibited a spin labeling 

efficiency of 1.8–5.9%, except for ISVGSV (21.0%) (Table 3-1). Although these values 

significantly lower than that of the C394S control (23.4%), the result suggested that that at 

least one of the extracellular disulfide bonds were not completely formed, and thus were 

available for spin labeling (Figure 3-4B). 
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Figure 3-4. Agonist-active TM-Cys-free A2AR Variants Exhibit Reduced Affinity to Antagonist XAC and 

Incomplete Disulfide Formation. (A) Representative Western Blots of A2AR variants purified and analyzed for 

antagonist binding via xanthine amine congener (XAC) ligand affinity column. Negative control (–) is cell lysate 

for wild-type BJ5464 S. cerevisiae strain without the A2AR receptor. Positive control (WT) is cell lysate for 

BJ5464 expressing the wild-type A2AR. "XAC Inactive" indicates improperly folded A2AR that has poor/reduced 

affinity to the XAC ligand affinity column. "XAC Active" indicates receptor that sufficiently bound to the affinity 

column. (B) EPR spectra for spin labeled A2AR library variants. 

Table 3-1. Spin labeling efficiency of the various TM-Cys-Free variants of A2AR (VSTGTS not shown) 

with C394S as the negative control.  

Variants Protein 
Conc. 
(μM) 

Label 
Conc. 
(μM)  

Labeling 
Efficiency 
(%) 

VACGCA 11.7 0.5 4.1 

VSCGGL 11.9 0.4 2.9 

VACGCV 11.8 0.6 5.5 

VTCGCG 11.5 0.6 5.5 

Variants Protein 
Conc. 
(μM) 

Label 
Conc. 
(μM) 

Labeling 
Efficiency 
(%) 

LSSGCL 11.8 0.7 5.9 

ISVGSV 11.5 2.4 21.0 

VSFGSL 11.4 0.2 1.8 

C394S 38.5 9.0 23.4 
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3.3.2. Power Saturation Experiments Indicated Disruption of Extracellular Disulfide 

Bonds in Cysteine-Free A2AR Variants 

To investigate whether substitution of TM cysteines lead to functional and/or structural 

modifications, such as the incomplete formation of A2AR's extracellular disulfide bonds, CW-

EPR and EPR power saturation experiments upon addition of solvophilic or lipophilic 

paramagnetic relaxation agents were conducted to yield information about the mobility and 

solvent accessibility, respectively, of the spin labeled sites in selected A2AR variants. The 

power saturation experiments were analyzed by plotting the square root of incident microwave 

power against the normalized EPR signal intensity and observing the change in lineshape of 

the power saturation curve in the presence of N2 (deoxygenated control), 21% O2 (with air), 

and NiEDDA, where O2 and NiEDDA act as the paramagnetic relaxation agents to help the 

spin system absorb more power before reaching the point of saturation of the EPR resonance. 

In theory, O2 and NiEDDA only partition into the lipid phase and the solvent phase, 

respectively. Therefore, the lineshapes of the power saturation curves in the presence of these 

relaxation agents depend heavily on the environment in which the relaxation agent is enriched. 

Extracellular cysteines that were not completely disulfide bonded should have greater solvent 

accessibility compared to the TM cysteines. In this experiment, there was no significant 

difference in the power saturation curves with O2 among the selected variants (data not shown), 

perhaps because the spin system is not buried enough in the lipid phase of the micelles. As 

such, the O2 curves were not included. 

Previously, it has been shown that wild-type A2AR has a C394 residue in the flexible 

and solvent-exposed C-terminus that is dominantly spin labeled, and that TM residues C28 and 
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C254 are partially solvent accessible(Schonenbach et al. 2016). As expected, wild-type A2AR 

exhibited high mobility (Figure 3-5A) and solvent accessibility (Figure 3-5E). A2AR/C394L 

lacks this C394 spin label site, and the nitroxide spin label was hypothesized to primarily attach 

to the TM cysteines that are in the rigid α-helices buried in the lipid phase of the micelles. It 

was observed that A2AR/C394L exhibited much lower mobility (Figure 3-5B) and solvent 

accessibility (Figure 3-5F) compared to wild-type A2AR, supporting this hypothesis. The 

reduced solvent accessibility of the spin label is supported with the observed shift to the left of 

the power saturation curve in the presence of NiEDDA compared to that of A2AR-WT (Figure 

3-5F). A triple mutant, A2AR/C394S/C28M/C254S lacking the two most solvent accessible 

TM cysteines was also analyzed (Figure 3-5C and G). If the disulfide bonds among the 

extracellular cysteines were intact, one would expect an EPR profile with reduced mobility 

and solvent accessibility relative to A2AR/C394L, as the spin label should still attach to the rest 

of the TM cysteines. However, A2AR/C394S/C28M/C254S exhibited increased mobility 

(Figure 3-5C) and increased solvent accessibility (Figure 3-5G). This data suggests that one 

or more extracellular disulfide bonds are disrupted in this variant, resulting in the spin labeling 

of mobile and solvent-exposed extracellular cysteines. To investigate the solvent accessibility 

of a variant from the A2AR TM-Cys-Free library, variant 53 (ISVGSV) was selected for 

analysis as it is totally free of TM cysteines with the best agonist binding property (Figure 

3-3B). Interestingly, this variant exhibited lower mobility and higher solvent accessibility 

(Figure 3-5D and H, respectively) than A2AR/C394S/C28M/C254S. These results suggest that 

different disulfide bond(s) may have been disrupted in comparison to those of 

A2AR/C394S/C28M/C254S, leading to the exposure of a cysteine that is solvent-exposed but 

displays lower mobility. 
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Figure 3-5. Power saturation experiments reveal differences in solvent exposure of spin labeled A2AR variants. 

(A–D) CW-EPR spectra for A2AR-WT, A2AR-C394L, A2AR-C394S/C28M/C254S, and A2AR-TM-Cys-Free-53, 

respectively. The mobile (m) and immobile (i) components in these CW-EPR spectra indicate the mobility of the 

spin label in these variants. (E–H) Power saturation profiles for A2AR-WT, A2AR-C394L, A2AR-

C394S/C28M/C254S, and A2AR-TM-Cys-Free-53, respectively. The first integral values are normalized by the 

highest value in each curve and plotted against the square root of microwave power. In F, G, and H, the power 

curve in the presence of NiEDDA of each variant (orange) is overlaid with that of A2AR-WT (green). Solvent 

accessibility of each variant is assessed by how similar its power curve in NiEDDA is to that of A2AR-WT. 
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3.3.3. TM-Cys-Free A2AR Variants Did Not Bind to Agonist ADAC Due to Steric 

Hindrance 

Since antagonist-affinity chromatography could not be used to purify the agonist-

biased TM-Cys-Free variants of A2AR, we attempted to construct an agonist-affinity column 

using adenosine amine congener (ADAC, KD = 210 nM). A2AR-WT was expressed in 1 L of 

media containing S. cerevisiae and purified with IMAC before applied onto the ADAC column 

(see 3.2.6 above). In the ligand-affinity chromatogram, fractions 1–8 contained the flow-

through that did not bind to ADAC, while fractions 9–17 contained ADAC-active A2AR eluted 

by the low-affinity agonist adenosine. The protein was detected at 280 nm with a built-in UV 

detector. Compared with those of the XAC-affinity chromatogram, fractions 1–8 of the 

ADAC-affinity chromatogram showed significantly larger area under the curve (Figure 3-6A). 

Since the same amount of protein was loaded onto both columns, this result indicated that a 

substantial amount of protein did not bind to ADAC compared with XAC. 

Since the ligand-active fractions 9–17 were saturated by the signals from the ligands, 

SDS-PAGE followed by Western Blot analysis was required to detect protein in these fractions. 

The Western Blot on all fractions eluted from the column showed strong bands in the ADAC-

inactive fractions, but no protein was observed in the ADAC-active fractions. This is in 

contrast with the result obtained for XAC-affinity chromatography (Figure 2-3A), indicating 

that the protein could not bind to the agonist ADAC. 
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Figure 3-6. The agonist-biased TM-Cys-Free variants of A2AR do not bind to the agonist adenosine amine 

congener. (A) Ligand-affinity chromatograms of A2AR-WT bound to XAC and ADAC. The protein is detected at 

280 nm wavelength. Fractions 1–8 contain the inactive flow-through, while fractions 9–17 contain the active 

protein, which is saturated by the signals from the ligands. ADAC-affinity chromatogram (right) shows a much 

larger area under the curve of the inactive fractions compared with XAC-affinity chromatogram (left). (B) 

Western Blot analysis of SDS-PAGE of all fractions from ADAC-affinity chromatography. No bands were 

observed in the “ADAC Active” fractions. MagicMark protein ladder (LC5602) is used as the molecular weight 

standard. 
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To explain why A2AR-WT could bind to XAC but not to ADAC, PyMOL was used to 

visualize how these ligands would fit into the binding pocket of A2AR.  In order for a ligand to 

be attached to the Affi-Gel 10 resin used to construct the affinity columns, the ligand must 

have only one single amine group to ensure uniform attachment, and this amine group must 

not be buried in the binding pocket of the protein. The crystal structure of A2AR bound to XAC 

(Figure 3-7; PDB ID: 3REY) revealed that the primary amine group on XAC was clearly 

exposed, suggesting that XAC can be bound to A2AR and attached to the resin at the same time. 

For ADAC, the crystal structure of A2AR bound to adenosine (Figure 3-7; PDB ID: 2YDO) 

was used, as no structure of A2AR bound to ADAC was available. This structure showed that 

the entire adenosine molecule was buried inside the binding pocket of A2AR, including the 

amine group that would be attached to the amine congener upon synthesis of ADAC. Molecular 

structure of ADAC (Figure 3-7) suggested a planar structure at the connection between 

adenosine and the congener due to electron delocalization. As a result, if ADAC is bound to 

A2AR, the congener would extend directly into the protein density, making it impossible for 

ADAC to be bound to A2AR and attached to the resin at the same time. This explains why A2AR 

could not bind to ADAC-affinity column and why agonist-affinity chromatography is excluded 

from the purification of A2AR. 
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Figure 3-7. Visualization of A2AR-WT bound to XAC (PDB ID: 3REY) and adenosine (PDB ID: 2YDO) with 

PyMOL. The terminal amine group on XAC is clearly exposed, enabling attachment onto the resin. No crystal 

structure of A2AR bound to ADAC is available. Based on the structure of A2AR bound to adenosine, the point that 

would be attached to the amine congener on adenosine is directed towards the protein itself. Due to electron 

delocalization, attachment of the amine congener creates a planar structure that extends directly into the protein, 

leaving the terminal amine group unavailable for resin attachment. 
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3.4. CONCLUSION 

To better inform the models and quickly screen all possible amino acid combinations 

at the six TM cysteine sites, a multi-site saturation A2AR library was enriched via a fluorescent 

agonist binding FACS assay. The eight variants carried forward for purification and further 

characterization were found to have significantly reduced affinity to an antagonist affinity 

column. These results suggested that while the fluorescent agonist FACS screen enriched a 

library of agonist-active variants, the library was biased toward variants that favor agonist 

conformation, reducing affinity to antagonists. To further challenge efforts to engineer a TM-

Cys-free A2AR, power saturation EPR experiments indicated that at least one extracellular 

disulfide bond is disrupted with the current permutations of TM-cysteine substitutions. 

Collectively, our findings indicate that A2AR's TM cysteines are not essential for agonist 

binding, trafficking, or thermodynamic favorability, but play a role in ligand recognition and 

formation of its extensive extracellular disulfide bond network, suggesting a functional role. 

Next steps would be to first identify which TM cysteine(s) are critical for maintaining the 

formation of extracellular disulfide bonds and leverage the information gained by modeling 

and mutagenesis here to design new variants leaving critical TM cysteines intact. 
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Chapter 4 |  VISUALIZING THE DIMERIC INTERFACE OF THE HUMAN 

ADENOSINE A2A RECEPTOR USING PARAMAGNETIC RESONANCE AND 

CRYOGENIC ELECTRON MICROSCOPY 

4.1. INTRODUCTION 

G protein-coupled receptors (GPCRs), the largest and most diverse superfamily of 

receptors, are targeted by 40% of all modern drugs due to their implications in numerous 

diseases(Overington, Al-Lazikani, and Hopkins 2006; Rask-Andersen, Masuram, and Schiöth 

2014). Oligomerization of GPCRs can lead to novel functions that are unseen in their 

monomeric form, altering neurological and pathological behaviors(L. El-Asmar 2004; Barki-

Harrington, Luttrell, and Rockman 2003; Shivnaraine et al. 2016; S. P. Lee et al. 2004; H. Liu 

et al. 2016). A2AR serves as an excellent model to conduct structure-function studies of GPCR 

oligomerization—this member of the GPCR family can form both homo-oligomers(Canals et 

al. 2003; Schonenbach et al. 2016; Nguyen et al. 2021) and hetero-oligomers with dopamine 

D2 receptor among others(Ferré et al. 2016; Kamiya et al. 2003). The objective of this chapter 

is to visualize the oligomeric interfaces of the human adenosine A2A receptor (A2AR). 

A2AR can undergo oligomerization, but the mechanism and functional consequences 

are not known. As discussed in Chapter 2, this unusually long C-terminus of A2AR is 

necessary for A2AR to form stable oligomers, but its involvement at the molecular level is still 

unclear. It has also been demonstrated that A2AR can undergo both dimerization and higher-

order oligomerization in vitro(Nguyen et al. 2021; Schonenbach et al. 2016), but the 

relationship between the two species is not understood. Mapping the oligomeric interface of 
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A2AR is the single most crucial step to understand how the C-terminus modulates A2AR 

oligomerization.  

The focus of this chapter is on the structure and properties of A2AR homodimer with 

intact disordered C-terminus. High-resolution X-ray crystal(V.-P. Jaakola et al. 2008; Doré et 

al. 2011; Lebon et al. 2011) and cryo-EM(Garcıa-Nafrıa et al. 2018) structures have been 

successfully obtained of A2AR, and solid-state magic angle spinning (MAS) nuclear magnetic 

resonance (NMR) based structure-function studies of A2AR reported on in several recent 

publications(Sušac et al. 2018; Eddy et al. 2018; Ye et al. 2016; Prosser et al. 2017), but none 

of these studies target the full-length WT A2AR. X-ray crystallography requires the truncation 

of its 122-residue long C-terminus in order to enhance the conformational stability and 

thermostability of the receptor. As the focus of the project is to (i) visualize at the molecular 

level the oligomer interfaces of A2AR and (ii) eventually its functional consequences, it is 

compulsory that the full-length receptor be studied.  

The strategy presented in this chapter for the structure determination of the A2AR 

dimers relies on three approaches: (i) determination of the coarse A2AR dimer structure by 

triangulation of pairwise dipolar EPR distance measurements, (ii) modeling of the overall 

shape of the A2AR dimer by cryo-EM (5 Å level resolution) and (iii) high-resolution cryo-EM 

SPA of the A2AR dimer, once sample conditions and types are optimized in (i) and (ii). Dipolar 

EPR and cryo-EM may currently be the only viable tools suitable for structure determination 

of the wild-type A2AR dimer because they can be used for biomolecular complexes of the size 

of A2AR dimer (~80 kDa), and importantly, can accommodate partial disorder that is inevitably 

present with the 122 residue long, intrinsically disordered, C-terminus of A2AR. These tools 
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hence do not require thermostabilizing mutations. Equally important, both tools can acquire 

structure information of A2AR in biomimetic or native-like membrane environments upon rapid 

vitrification from solution state. Indeed, resolving the oligomeric interfaces of A2AR with 

regards to its C-terminus would provide not only ironclad evidence that the C-terminus is 

crucial for A2AR oligomerization but also information into its molecular mechanism and 

potentially functional consequences. Such information can also be extended to include the 

oligomerization of other GPCRs, which may depend on their C-termini and has been 

inadvertently dismissed by unguided C-terminal truncations. 

The challenge for dipolar EPR is that the desired site of A2AR must be unambiguously 

and fully spin labeled, which is non-trivial for A2AR due to nonspecific labeling of buried 

cysteine sites, and hence was the focus of Chapter 3. The advantage of dipolar EPR is that it 

will yield intra-protein and intra-dimer distance distributions of the full A2AR ensemble in 

solution, and is forgiving of imperfect sample conditions, as long as A2AR is spin labeled at 

the desired sites and intact, making dipolar EPR an ideal first structure screening tool. Here, 

structure determination by pairwise distance measurements and triangulation will be 

dramatically enhanced if, for example, the overall shape of the A2AR dimer is known. The 

global shape can tell us whether the A2AR dimer is tight and intertwined, or a dumbbell like 

associated between the two A2AR units. This knowledge will help us generate and validate 

structural models for the A2AR dimers that reconcile the cryo-EM derived overall shape and 

dipolar EPR-derived intra- and inter-protomers. This is an example showcasing that cryo-EM, 

even at low resolution, will provide critical and unique insight into the overall dimer shape 

from the snapshots of vitrified A2AR yielding hundreds of thousands of different orientations. 
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Once cryo-EM data of sufficient quality is obtained, SPA can be pursued using a high-end 

cryo-EM instrument. 

4.2. MATERIALS AND METHODS 

4.2.1. Cloning and Preparation of A2AR in Detergent Micelles 

Cloning, expression, and purification of the human adenosine A2AR receptor was 

performed as described in 2.2 above. In brief, the multi-integrating pITy plasmid(Parekh, 

Shaw, and Wittrup 1996), previously used for overexpression of A2AR in Saccharomyces 

cerevisiae(O’Malley et al. 2009), contains a Gal1–10 promoter for galactose-induced 

expression, a synthetic pre-pro leader sequence which directs protein trafficking(Clements et 

al. 1991; Parekh, Forrester, and Wittrup 1995), and the yeast alpha terminator. The genes 

encoding A2AR variants with 10-His C-terminal tag were cloned into pITy downstream of the 

pre-pro leader sequence, with site-directed mutagenesis done using either splice overlapping 

extension(Bryksin and Matsumura 2010) or USER cloning using X7 polymerase(Nørholm 

2010; Nour-Eldin et al. 2006). The plasmids were then transformed into S. cerevisiae strain 

BJ5464 (MATα ura3-52 trp1 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL) (provided 

by the lab of Anne Robinson at Carnegie Mellon University) using the lithium-acetate/PEG 

method(Gietz 2014). Transformants were selected on YPD G-418 plates (1% yeast extract, 2% 

peptone, 2% dextrose, 2.0 mg/mL G-418). 

Single S. cerevisiae BJ5464 colonies were grown in YPD cultures (1% yeast extract, 

2% peptone, 2% dextrose) at 30°C. Expression was induced by transferring the yeast cells into 

YPG (1% yeast extract, 2% peptone, 2% D-galactose) and grown overnight at 30°C. Cells were 
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pelleted and lysed with mechanical beads. Receptor was solubilized with a detergent micelle 

system of DDM (0.1% w/v) + CHAPS (0.1% w/v) + CHS (0.02% w/v). Solubilized protein 

was incubated with Ni-NTA resin (Pierce; #88221) overnight, washed extensively with low 

concentrations of imidazole (20–50 mM), and eluted with 500 mM imidazole. 

For purification of active A2AR, the IMAC-purified receptor was applied on the BioRad 

Duoflow FPLC for ligand affinity chromatography with xanthine amine congener (XAC, high-

affinity A2AR antagonist, KD = 32 nM; Sigma, St. Louis, MO, USA; #X103). Inactive A2AR 

was washed from the column before the active A2AR was eluted with 20 mM theophylline 

(low-affinity A2AR antagonist, KD = 1.6 μM; Sigma, St. Louis, MO, USA; #T1633). To 

separate oligomeric species of active A2AR, XAC-active receptor was subjected to size 

exclusion chromatography using a prepacked Tricorn Superdex 200 10/300 GL column (GE 

Healthcare). Analysis of SDS/PAGE and western blot was done to determine oligomeric states 

of the eluted A2AR. 

For samples that were planned for EPR experiments, the spin labeling reaction was 

implemented while A2AR was bound to IMAC resin to facilitate sufficient washing steps to 

remove excess spin label. Solubilized protein samples bound to IMAC resin were spin labeled 

overnight by adding 2.5 µL of 340 mM S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-

3-yl) methylmethanesulfonothioate (MTSL) (Toronto Research Chemicals, #0875000) and 

gentle mixing. Excess MTSL was removed by washing the resin was extensively with at least 

5 washes of 40 mL wash buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10% 

(v/v) glycerol, 0.1% DDM, 0.1% CHAPS and 0.02% CHS, pH 8.0) for at least 20 minutes at 
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4°C before elution. The receptor was then subjected to ligand-affinity chromatography and 

SEC if separation of the oligomeric species is required as described in 2.2 above. 

For quantitation of protein concentration, BCA assay was applied using Pierce BCA 

Protein Assay Kit (Thermo Scientific, #23225) following manufacturer’s instructions. 

Alternatively, UV-Vis spectroscopy was employed to measure absorption at 280 nm using a 

NanoDropTM 2000 Spectrophotometer (Thermo Scientific, #ND-2000) 

4.2.2. Continuous-Wave EPR 

Continuous wave (cw) EPR measurements were performed at RT on a 0.35 T Bruker 

EMX spectrometer equipped with dielectric cavity (ER4123D). Samples were loaded at a 

volume of 3.5 µL into a quartz capillary (0.6 mm i.d., 0.84 mm o.d.), which were then sealed 

on one end with Critoseal® (Oxford Labware; Catalog No. 8889-215003) and the other with 

beeswax. The experiments were done by irradiating the samples with 6 mW of microwave 

power at 9.74 GHz using a 2.5 G modulation amplitude, a sweep width of 150 G, and signal 

averaged over 40 21-second scans. 

For quantitation of spin labeling efficiency, a calibration curve was obtained using 4-

hydroxy-TEMPO dissolved in buffer (50 mM sodium phosphate, 300 mM sodium chloride, 

10% v/v glycerol, pH = 8.0) at various concentrations from 12.5–200 μM. All cw-EPR spectra 

was background corrected with LabVIEW program Multicomponent by applying interpolation 

on the absorption spectrum. The amount of spin in each sample was calculated based on the 

second integral of the spectrum with the new baseline. 
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4.2.3. Double Electron Electron Microscopy 

Prior to DEER analyses, the receptor was exchanged into deuterated buffer (deuterated 

D2O, 50 mM sodium phosphate, 10% (v/v) glycerol, 0.1% (w/v) DDM, 0.1% (w/v) CHAPS 

and 0.02% (w/v) CHS, pH = 8.0). Sodium chloride was added afterwards to achieve the desired 

ionic strengths. 

The DEER experiments were performed with a pulsed Q-band Bruker E580 Elexsys 

spectrometer, equipped with a Bruker QT-II resonator and a 300 W TWT amplifier with an 

output power of 10 mW for the recorded data (Applied Systems Engineering, Model 177Ka). 

The temperature of the cavity was maintained at 65 K using a Bruker/ColdEdge FlexLine 

Cryostat (Model ER 4118HV-CF100). The bridge is equipped with an Arbitrary Wave 

Generator to create shaped pulses for increased sensitivity.  The samples were made in D2O 

buffers with 30 % (v/v) deuterated glycerol (used as the cryoprotectant).  To perform an 

experiment, approximately 40 μL of sample is added to a 3 mm OD, 2 mm ID quartz capillary 

and flash frozen in liquid nitrogen to preserve sample conformations. 

The following 4-pulsed DEER sequence (Figure 4-1) was applied to all samples: 

𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜/2  – 𝜏𝜏1  – 𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜  – (𝑡𝑡 − 𝜋𝜋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) – (𝜏𝜏2 − 𝑡𝑡) – 𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜  – 𝜏𝜏2  – echo The DEER signal 𝑉𝑉(𝑡𝑡) is 

recorded as the integral of the refocused echo as a function of time delay, 𝑡𝑡, between the Hahn 

echo and pump pulse.  Rectangular observe pulses and chirp pump pulse were used with the 

following pulse durations: 𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜/2= 11 ns, 𝜋𝜋𝑜𝑜𝑜𝑜𝑜𝑜= 22 ns, 𝜋𝜋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝= 100 ns. The chirp pump pulse 

was applied with a frequency width of 60 MHz to excite a distinct spin population, referred to 

as B spins, while the observe pulse was set 33G up field from the center of the pump frequency 

range to probe another distinct spin population, A spins. 𝜏𝜏1 was set to 180 ns and 𝜏𝜏2 was set 
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according to the SNR profile of the dipolar signal. The data was acquired with resolution of 16 

ns, 16-step phase cycling, and signal averaged until desirable SNR.  

 

Figure 4-1. Four-pulse DEER sequence. Pump (red) and observer (blue) microwave pulses are used to selectively 

excite distinct spin populations, A and B. A two pulse Hahn echo is formed by exciting A spins at the observer 

frequency. A pump pulse is subsequently applied to flip the B spins followed by a varying time delay, 𝒕𝒕, resulting 

in a modulation of the echo amplitude of A spins.  At some delay, 𝝉𝝉𝟐𝟐, the echo is refocused by an additional pulse 

at the observer frequency. The DEER experimental trace, 𝑽𝑽(𝒕𝒕), is the integral of refocused echo as a function of 

pump pulse position, 𝒕𝒕. 

4.2.4. Negative-Staining Electron Microscopy 

SEC-separated full-length wild-type A2AR dimer or monomer (0.05 mg/mL or 1 μM) 

was applied onto a glow-discharged 200-mesh copper Quantifoil 1.2/1.3 grids, or 200-mesh 

copper C-flat 1.2/1.3 grids. After 2 min of adsorption, the grid was blotted with filter paper to 

remove the excess sample, immediately washed twice with 50 μL of 0.75% uranyl formate 

solution for an additional 1 min. The grid was then further blotted with filter paper followed 

by vacuum aspiration to remove excess stain, and finally examined with either (i) a JEOL-

2100F equipped with a direct detector or (ii) ThermoFisher Talos G2, both equipped with a 
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field emission gun and operated at an acceleration voltage of 200 kV, using a nominal 

magnification of 94,000x at a pixel size of 2.54 Å.  

4.2.5. Cryo-EM Sample Preparation and Screening 

Cryo-EM grids were prepared using a Vitrobot Mark IV system. A2AR (3 μL) at a 

concentration of 0.05 mg/mL was applied onto glow-discharged Quantifoil holey carbon grids 

(R1.2/1.3, 400 mesh copper) or 300-mesh UltrAuFoil R1.2/1,3 Au gold foil grids. The grids 

were blotted for 1.5–2 s with a blot force of 0 and 100% humidity before being plunged into 

ethane cooled by liquid nitrogen. Preliminary screening was done on either (i) a JEOL-2100 

equipped or (ii) an Arctica, both operated at an acceleration voltage of 200 kV. Images were 

recorded at a defocus range from –1.5 to –3.5 μm at a nominal magnification of 36,000x, 

resulting in a pixel size of 1.114 Å. Each image was dose-fractionated into 42 video frames 

with a total exposure time of 2.5 s, resulting in a total dose of ~50 electrons/Å2. SerialEM 

software was used for data collection. 

Data analysis was done using RELION 2.0. Briefly, ~4,000 particles were auto picked 

with a reference particle (particle size: 200; box size: 320). 2D class averages were generated 

without CTF-correction. From the initial model, the particles were reclassified, generating 

more 2D averages. After six iterations of 3D refinement, preliminary 3D reconstructed model 

was generated and superimposed on top of a cryo-EM structure of A2AR monomers (PDB ID: 

6GDG). 
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4.3. RESULTS AND DISCUSSION 

4.3.1. MTSL-Labeled C-Terminal Residue C394 Is Immobilized Upon Receptor 

Oligomerization 

Cryo-EM enables high-resolution structure of A2AR dimers, which can reveal 

information at the molecular level of the interface. However, this technique cannot resolve the 

intrinsically disordered C-terminus, which has been shown to be critical for A2AR 

oligomerization in Chapter 2. EPR spectroscopy is an excellent tool at probe the dynamics of 

disordered protein regions. 
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The first step in applying EPR in structural biology studies is to label the protein and 

determine the spin labeling efficiency (SLE). Besides the main target that is the C-terminal 

cysteine C394, A2AR contains six transmembrane cysteines that, as mentioned in Chapter 3, 

cannot be removed without adverse effects on the structure and function of the protein. 

Therefore, quantitation of SLE was done on the cw-EPR spectra of A2AR-WT and the mutant 

C394S to determine the SLE of residue C394 and of the spurious TM cysteines. The results 

showed that the SLE of A2AR-WT was 70–150%, while that of A2AR-C394S was 40–70% 

(Figure 4-2). This indicated that the SLE of residue C394 was 30–80%, comparable with that 

of the spurious TM cysteines, which was 40–70% in total. 

 

  

Figure 4-2. CW-EPR spectra for A2AR-WT and C394S normalized by protein concentration to emphasize the 

difference in signal intensity and spin labeling efficiency upon removal of residue C394. Mobile and immobile 

features are indicated as “m” and “i”, respectively. The mobile:immobile ratio indicates tertiary contacts 

experienced by the side chain of the MTSL label. The center peak linewidth is designated as ΔH0 as an indicator 

of side chain mobility. 
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Moving forward, cw-EPR was performed on SEC-separated A2AR-WT monomer, 

dimer, and high-order oligomers. Their resulted spectra were normalized by the intensity of 

the center peak to compare the mobile and the immobile features among them. The result 

showed that the mobile feature progressively diminished as the protein oligomerized, while the 

immobile feature progressively increased (Figure 4-3). This indicated that the mobility of the 

labeled C-terminal residue C394 decreased upon oligomerization, suggesting that the C-

terminus is immobilized and thus directly involved at the oligomeric interface of A2AR. 

 

  

Figure 4-3. CW-EPR measurements of SEC-separated A2AR monomer, dimer, and higher-order oligomers, 

labeled with MTSL. The spectra are normalized by the intensity of the center peak. Mobile and immobile spectral 

features are indicated, and the mobile:immobile ratio can indicate tertiary contacts experienced by the side chain 

of the MTSL label. 
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4.3.2. DEER Revealed Large C394–C394 Distance in A2AR Oligomers at High Ionic 

Strength 

We next sought to understand how the C-termini were positioned in A2AR oligomers 

by measuring intermolecular distances with DEER spectroscopy. As demonstrated in 2.3.5 

above, the oligomer levels of A2AR were positively correlated with the ionic strength of the 

buffer. Herein, we aimed to measure the intermolecular distance between C394 residues A2AR-

WT oligomers at 0.95 M ionic strength. Two controls were established: the same A2AR-WT at 

0.15 M ionic strength, which exists predominantly as monomers and thus lacks the 

intermolecular C394–C394 distance, and the mutant C394S, which lacks residue C394 

altogether. The distance distribution was determined using the recently developed Tikhonov 

regularization of the time-domain DEER decay. The results revealed multiple distance 

spanning 1.5–4.5 nm in all three samples, suggesting that these distances involved the spurious 

TM cysteines. On the other hand, a distance at ~5.5 nm was observed only in the WT sample 

at 0.95 mM ionic strength (Figure 4-4). As this was the only sample that exists predominantly 

as oligomers and is spin labeled at residue C394, this 5.5 nm distance must be an intermolecular 

distance between two C394 residues in A2AR oligomers. This result suggested that the C394 

residues in A2AR oligomers are not in close enough proximity to form disulfide bonds. 

Together with our finding in 2.3.2 above that the disulfide linkages that stabilizes A2AR 

oligomers involve residue C394, such disulfide linkages must be formed between C394 and a 

different cysteine in the TM regions.  
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Figure 4-4. Distance distributions from DEER measurements of SEC-separated MTSL-labeled A2AR-WT dimers 

with at 0.15 mM and 0.95 mM ionic strength. The sample is dominantly labeled at site C394, and hence the 

targeted distance was the intermolecular distance between residues C394. The mutant C394S is used as a negative 

control for signals from residue C394. The spectra are denoised with Tikhonov regularization. 
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4.3.3. Preliminary Cryo-EM 3D Model Revealed a “Dumbbell” Structure of A2AR 

Dimers Involving the Transmembrane Regions 

Although DEER offers valuable insights into the conformation of the dynamic C-

terminus in A2AR oligomers, high-resolution structural details of the interfaces could only be 

observed with cryo-EM. Sample preparation is critical for obtaining high-quality cryo-EM 

structure, especially for smaller targets such as A2AR dimers. As shown in Chapter 2, IMAC, 

ligand-affinity chromatography, and SEC can be used in tandem to obtain and separate distinct 

oligomeric species of full-length WT A2AR that are ligand-active. Negative-staining TEM on 

SEC-separated dimer and monomer of A2AR showed that no significant contaminant was 

observed in the micrographs, and that the protein particles are highly homogenous in size and 

shape, which confirmed that the sample purity meets the standard required to obtain cryo-EM 

images, potentially for SPA (Figure 4-5). 

Figure 4-5. TEM images at 100,000X magnification under negative stain of SEC-separated monomer vs. dimer 

forms of A2AR. The image of the monomer fraction (A) shows particles of high contrast and consistent size (~7 

nm in diameter), while the image of the dimer fraction (B) shows significantly larger particles, with white arrows 

pointing at particles that are ~15 nm in size (particle sizes may vary depending on different orientations on the 

EM grid). Preliminary data shows that our sample preparation is free of interference from the buffer or 

contaminants. 
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Next, preliminary cryo-EM experiment was done on SEC-separated A2AR dimers and 

monomers using JEOL-2100F TEM with a direct detector. From a reference particle, ~4,000 

other particles were auto picked, resulting in the 2D class averages shown in Figure 4-6. 

Refinement of the initial 3D model resulted in a final model of A2AR dimer of ~15-Å resolution 

with a C2 symmetry and the size approximately two times larger than the superimposed 

published cryo-EM structure of A2AR monomer (PDB ID: 6GDG128). The overall shape of the 

model suggests that the A2AR dimer is closer to a dumbbell model involving TM regions than 

one with two separate protomers connected by a C-terminus in between. 

 

Figure 4-6. Preliminary cryo-EM data collection of SEC-separated A2AR dimers. 2D classification is performed 

on RELION 2.0 using ~4,000 auto picked particles from a reference. Representative particles of A2AR monomer 

and dimer are provided. Final model (gray hollow sphere) was found to assume a C2 symmetry with the size 

approximately two times larger than the cryo-EM structure of A2AR monomer (purple, PDB ID: 6GDG128). 
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4.4. CONCLUSIONS 

This study demonstrated the potential of the EPR/cryo-EM combination in resolving 

interfaces of protein complexes involving an intrinsically disordered region. CW-EPR and 

DEER indicated that the C-terminus of A2AR is directly involved at its oligomeric interfaces, 

but in a conformation that excludes C394–C394 disulfide bond formation. Meanwhile, 

preliminary results from cryo-EM revealed that A2AR dimers exist as a “dumbbell” structure 

involving TM regions rather two protomers loosely connected by their C-termini. Such 

structure would allow the function of each A2AR protomer to be allosterically modulated, 

which has been established to be the main mechanism by which GPCR functions are tuned by 

receptor oligomerization(Changeux and Christopoulos 2016). The task remaining is to 

measure distances between other pairs of residues to triangulate the orientation of the C-

terminus with respect to the oligomeric interfaces of A2AR, as well as improve the resolution 

of A2AR dimer model obtained with cryo-EM to visualize its interfaces at the molecular level. 
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Chapter 5 |  SOLUBILIZING TRANSMEMBRANE PROTEINS USING STYRENE 

MALEIC ACID LIPID PARTICLES 

5.1. INTRODUCTION 

5.1.1. Traditional Membrane Mimetics Are Not Optimal for Membrane Protein 

Purification 

Integral membrane proteins (MPs) are among the most challenging targets in current 

research in biophysics and structural biology. Carrying out a wide range of vital roles(von 

Heijne 2007), they represent the majority of pharmacological targets(Overington, Al-Lazikani, 

and Hopkins 2006), including GPCRs, ~50% of which are druggable(Hauser et al. 2017). 

Nevertheless, the understanding of MPs in terms of structure and function remains poor 

compared with water-soluble counterparts. Constituting 20–30% of protein-encoding 

genes(Fagerberg et al. 2010), MPs are largely underrepresented in the protein data bank (PDB), 

with less than 2% of all deposited protein structures correspond to MPs(G. Wang and Dunbrack 

2003). Owing to the hydrophobic nature of the transmembrane regions, MPs under native 

conditions are protected from aqueous solution by biomembranes. Structural and functional 

analyses of MPs thus require the use of membrane mimetics, with much effort directed towards 

maintaining the stability and activity of these proteins. 

Various approaches have been used to extract and stabilize MPs, including the use of 

detergent micelles, amphipols, lipid bicelles, or nanodiscs bound by membrane scaffold 

proteins (Figure 5-1). These membrane mimetic platforms have been successful to certain 

extents, yet still have adverse effects on the embedded proteins or on downstream analyses, as 

detailed below: 
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- Detergents: It has been a common practice to isolate MPs using detergents(Garavito 

and Ferguson-Miller 2001), which generally form spherical micelles containing the 

proteins, detergent molecules, and sometimes lipids(le Maire, Champeil, and Møller 

2000; Lichtenberg, Ahyayauch, and Goñi 2013). Despite the undeniable contribution 

of this approach to the understanding of MPs, detergent-based mimetics have several 

disadvantages. First, native interactions between the solubilized protein and lipids or 

other proteins are lost, as detergent molecules lift the protein completely out of its 

native lipid environment. In the case of GPCRs, it has been well-established that lipids 

such as cholesterol and phospholipids are essential for the proper functioning of these 

receptors(Muth, Fries, and Gimpl 2011; Michael A. Hanson et al. 2008; Dawaliby et 

al. 2015). Second, empirical screening is required to determine the suitable detergent(s) 

in terms of both composition and concentration for each new case of a protein with 

unknown characteristics(Privé 2007; Arachea et al. 2012). Third, detergent micelles do 

not mimic a lipid bilayer very well(Bordag and Keller 2010; Zhou and Cross 2013b), 

as their single hydrophilic surface is highly curved, their hydrophobic parts are highly 

disordered, and the monomeric detergent molecules undergo rapid and constant 

exchange between the micellar and free phase. As a result, this approach removes the 

lateral pressure exerted by the lipid bilayer on the protein, which is particularly harmful 

to conformationally dynamic proteins such as GPCRs. Consequently, MPs solubilized 

in detergent micelles generally show lower stability, higher propensity of aggregation, 

or even altered function(Quick et al. 2012) and conformation(Zhou and Cross 2013a; 

Zoonens et al. 2013).  
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- Amphipols: Consisting of a polyacrylate backbone together with hydrophobic and 

hydrophilic sidechains(Tribet, Audebert, and Popot 1996), amphipols help overcome a 

number of adverse effects posed by the use of detergents(Zoonens and Popot 2014). 

Their monomers exhibit lower exchange rate between the amphipols and solution, 

which improves the stability of the embedded protein and allows for lower 

concentrations of amphipols in use. Nevertheless, this platform still lacks an actual lipid 

bilayer environment. 

- Bicelles: This alternative is discoidal structures consisting of phospholipids and 

detergents in a defined ratio(Dürr, Soong, and Ramamoorthy 2013). The composition 

can be tuned to achieve different sizes ranging from 8–50 nm in diameter(Vold and 

Prosser 1996). The larger bicelles are particularly beneficial for nuclear magnetic 

resonance (NMR) spectroscopy due to their alignability in the magnetic field(Howard 

and Opella 1996). However, the types of lipids that can form bicelles are limited and 

their stability is a concern. 

- Membrane scaffolding protein (MSP) nanodiscs: In this relatively new approach, MPs 

are transferred from detergent micelles into lipid nanodiscs bounded by MSPs(Bayburt, 

Grinkova, and Sligar 2002), which protect the hydrophobic core of the lipids from 

water. The size of nanodiscs can be controlled by varying the types of MSP, enabling 

the formation of nanodiscs ranging from 6–17 nm in size(Grinkova, Denisov, and 

Sligar 2010; Park et al. 2011; X. Wang et al. 2015). As a result, this platform appears 

to be applicable to a wide variety of proteins, providing relatively high 

stability(Bayburt and Sligar 2010; Schuler, Denisov, and Sligar 2013). However, the 

presence of the scaffold protein may interfere with downstream analysis of the 
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encapsulated protein, especially in experiments involving UV spectroscopy, intrinsic 

tryptophan fluorescence, or circular dichroism. 

 

 

The membrane mimetics described above all have one common disadvantage: an initial 

temporary extraction of proteins from membranes with destabilizing detergents is required, 

which can potentially be harmful for protein structure and function. 

5.1.2. Styrene-Maleic Acid Lipid Particles as the Most Promising New Method for the 

Studies of MPs 

In contrast to micelles, amphipols, bicelles, and MSP nanodiscs, styrene maleic acid 

lipid particles (SMALPs) (Figure 5-1) enable detergent-free isolation of membrane proteins 

and retention of the native lipid environment(Jamshad, Grimard, et al. 2015; Orwick et al. 

Figure 5-1. Common membrane mimetic platforms for transmembrane protein solubilization. The protein is 

indicated in blue. Detergent micelle and amphipol are non-bilayer systems, while bicelle, MSP nanodisc, and 

SMA nanodisc are bilayer systems. (Figure from Dörr, J. M. et al, Eur. Biophys. J. 2016, 45, 3–21.) 
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2012). Its ability to interact with phospholipids to spontaneously form discoidal structures was 

first discovered in 2000, rendering this platform useful in drug delivery(Tonge and Tighe 2001) 

and membrane protein solubilization(Knowles et al. 2009). In fact, they can be inserted into 

biological membranes to enable direct extraction of integral proteins without transient 

destabilization of proteins caused by the use of detergent(Long et al. 2013). 

In essence, a hydrolysis reaction is required to convert styrene-maleic anhydride into 

styrene-maleic acid (SMA). SMA is amphipathic in nature due to the presence of the 

hydrophobic styrene units and the hydrophilic carboxyl/carboxylate groups. The degree of 

hydrophobicity depends not only on the S:MA ratio but also on pH. Each maleic acid unit in a 

monomer bears two carboxyl groups with vastly different pKa values: 6 and 10 (Figure 

5-2).(Banerjee, Pal, and Guha 2012). As a result, at neutral and high pH, most of the maleic 

acid units will carry at least one negative charge, and electrostatic repulsions between the 

charged carboxylate groups overwhelms the hydrophobic effect, leading to effective 

dissolution of SMA in aqueous solution. On the other hand, at pH < 6, the charges on the 

maleic acid units are lost, allowing the hydrophobic effect to dominate, which leads to 

precipitation. The nanodiscs formed by SMALPs are ~10 nm in diameter and ~4.6 nm in 

thickness(Jamshad, Grimard, et al. 2015). The size of these nanodiscs appears to depend not 

on lipid composition(Scheidelaar et al. 2015) but rather on external factors such as pH, salt 

concentration, or the composition and chain length of the SMA polymers.  
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The interactions between SMA and lipids involve the intercalation of the phenyl groups 

of SMA in between the lipid acyl chains, as well as the electrostatic interactions between the 

carboxyl groups and the lipid head groups(Jamshad, Grimard, et al. 2015; Orwick et al. 2012). 

Scheidelaar et al used turbidimetry to study the kinetics of membrane solubilization by SMA, 

proposing a three-step model to describe its mode of action(Scheidelaar et al. 2015). These 

steps involve (1) the binding of SMA to the surface of the lipid bilayer, promoted by increasing 

the amount of SMA and modulated by electrostatic interactions, (2) the insertion of SMA into 

the hydrophobic core of the membrane, strongly affected by lipid packing and bilayer thickness, 

and (3) the solubilization of the bilayer and the simultaneous formation of nanodiscs. In 

contrast with other membrane mimetic platforms, SMA forms nanodiscs much more efficiently 

thanks to the small size and rigidity of its phenyl groups, allowing rapid insertion into lipid 

bilayers with little entropy cost or steric hindrance upon nanodisc formation(Scheidelaar et al. 

2015). 

 

Figure 5-2. Chemical structure of the SMA polymer at 50% ionization. The S:MA ratio (n/m) varies among 

different types of SMA. (Figure from Scheidelaar et al, Biophys. J. 2016, 111, 1974–1986.) 
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SMA polymers have been shown to effectively solubilize MPs directly from intact 

membranes of bacteria(Postis et al. 2015; Dörr et al. 2014; Swainsbury et al. 2014), 

yeast(Gulati et al. 2014; Jamshad, Charlton, et al. 2015; Skaar et al. 2015), insect(Gulati et al. 

2014), and human cells(Gulati et al. 2014; Jamshad, Charlton, et al. 2015). The MPs that have 

been successfully captured with SMA range from those with one single α-helix(Paulin et al. 

2014) to protein oligomers of up to 36 transmembrane domains(Postis et al. 2015). Once 

solubilized, the embedded protein can then be purified with SEC, IMAC, among other standard 

purification techniques. It has been shown that SMALPs are superior to detergent micelles in 

both function retention and downstream structural analysis for membrane proteins, specifically 

the E. coli multidrug transporter AcrB135, ATP-binding-cassette transporters136, and potassium 

channel KcsA.137  When it comes to GPCRs, SMALPs have been successfully applied on 

several members of this class of receptors(Logez et al. 2016; Broecker, Eger, and Ernst 2017; 

Hall et al. 2018), including A2AR, which showed enhanced stability and activity compared with 

detergent or MSP nanodiscs(Routledge et al. 2020). Among the developed approaches to 

isolate GPCRs, SMALPs remain the only one that is totally detergent-free, while preserving 

the native lipid environment along with the lateral pressure it exerts on the embedded receptor. 

5.1.3. Limitations of SMALPs 

It may appear that SMALPs could become the superior membrane mimetic platform 

that replaces all the conventional approaches, but much further research is needed to 

understand and improve SMALPs in many aspects. Since its action involves insertion of the 

polymers into the lipid bilayer, lipid packing and phospholipid order strongly affects how 

efficiently SMA solubilizes the membrane. Indeed, SMA has been shown to exhibit low 
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solubilization efficiency on densely packed membranes(Bell, Frankel, and Bricker 2015; 

Swainsbury et al. 2017), implying that high overexpression of proteins should be avoided. Next, 

SMA solubilization depends heavily on pH and ionic strength. The optimal pH range is 

between 6.4–8.3(Scheidelaar et al. 2016; Grethen et al. 2017), which means one cannot study 

proteins that are only functional or stable out of this range. Similarly, SMA typically works 

best at 150–300 mM NaCl(Scheidelaar et al. 2015; 2016; Grethen et al. 2017), potentially 

limiting the function(Han et al. 2020) or oligomerization (see 2.3.5 above) of transmembrane 

proteins. 

Another aspect that should be considered is the size of the nanodiscs. Unlike detergent 

micelles, which simply wrap around the protein and thus are more forgiving when it comes to 

the size of the protein, SMALP is more rigid, about 10–12 nm in diameter on average. This 

property of SMALPs may make it difficult to solubilize large proteins, especially those that 

form high-order oligomeric complexes. Although the size can be controlled by varying the 

S:MA ratio(Hall et al. 2018; Craig et al. 2016; Tanaka et al. 2015), SMA:protein ratio(Gulati 

et al. 2014; Smirnova et al. 2016), ionic strength(Gulati et al. 2014; Smirnova et al. 2016; 

Morrison et al. 2016), or even the types of polymers(Ravula et al. 2018; Oluwole et al. 2017), 

such efforts are empirical, thus costly and time-consuming. 

5.1.4. The Human Adenosine A2A Receptor and the Bacterial Proteorhodopsin as Model 

Transmembrane Proteins 

As outlined in 1.3 above, the second major aim of the project is to visualize the dimeric 

interface of A2AR. One viable approach is to use cryo-EM to obtain a 3D image of the dimer 

using single particle analysis (SPA). Compared with detergent micelles, MSP nanodiscs 
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provide a superior environment for biophysical and structural studies of GPCRs, as they can 

retain vital GPCR signaling and protein-lipid contacts that is lost in detergent-reconstituted 

structures(Yin et al. 2020; Y. Lee et al. 2020; Staus et al. 2020). However, as mentioned in 

5.1.1 above, the transient destabilization of protein during the intermediate step of detergent 

reconstitution could lead to solubilization-induced loss of function. The use of SMALPs offers 

a promising avenue towards structural analysis of the native form of A2AR dimers with intact 

structure and function. The goals of this study are (1) to show that A2AR can easily be 

reconstituted in SMALPs without harmful functional impacts, (2) to demonstrate SMALPs is 

a better membrane mimetic for A2AR than detergent micelles in terms of generation of cryo-

EM images of high quality. 

On the other hand, given that the use of SMALPs in studying GPCRs is still in its 

infancy compared with other well-established approaches (see 5.1.3 above), it could be 

challenging to use the limited knowledge of this platform on A2AR dimers, which are inherently 

small in size (~80 kDa), produced in low yield, and quite delicate in terms of activity and 

stability. An alternative model protein is proteorhodopsin (PR), a seven-transmembrane proton 

pump (Figure 5-3) that is robust and functional in a wide variety of membrane mimetic 

environments, including micellar(Idso et al. 2019), bicellar(Tunuguntla et al. 2013; Han et al. 

2020; Lindholm et al. 2015), and nanodisc systems(Ranaghan et al. 2011). PR is an important 

transmembrane protein whose functional properties can be measured as a function of 

systematic modulation of the extent of oligomerization(Hussain et al. 2015b) or the makeup of 

the biomimetic environment(Tunuguntla et al. 2013; Lindholm et al. 2015; Han et al. 2020; 

Idso et al. 2019). Its hexameric form is ~150 kDa in size, which would significantly increase 
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the contrast of cryo-EM micrographs. Furthermore, PR could be produced in much higher 

quantity and is much more stable than A2AR.  

This important bacterial protein uses retinal as chromophore to carry out its 

fundamental light-activated proton pumping function. Hence, PR’s proton transport capacity 

can be conveniently assessed by using optical absorption of the embedded retinal via two 

benchmarks: the rate of proton transport and the population of PR’s active state. The proton 

transport rate of PR is measured by time-resolved optical absorbance change after excitation 

with a pulsed green laser(G. Váró and Lanyi 1991; György Váró et al. 2003; Dioumaev et al. 

2002). Photoactivated PR undergoes a series of conformational changes that perturb the local 

environment of the retinal chromophore, resulting in photo-intermediates that constitute the 

photochemical reaction cycle. Such transient conformational states, sequentially labeled as K, 

M1/M2, N, and PR’, each of which contribute to the overall optical absorbance spectrum, with 

partially resolved absorbances centered respectively at 555 nm, 410 nm, 560 nm, and 520 nm. 

Meanwhile, the active population of PR is one in which the primary proton transport depends 

on the protonation state of its primary proton acceptor D97, i.e., pKaD97(Dioumaev et al. 2002; 

Beja 2000; Dioumaev et al. 2003; W.-W. Wang et al. 2003). Light-induced isomerization of 

the embedded retinal enables proton transfer to residue D97, thus requiring the aspartic acid to 

be deprotonated(Dioumaev et al. 2003). The active form of green-light absorbing PR in the 

resting state absorbs maximally at around 518 nm, exhibiting a pink color. Conversely, when 

D97 is protonated and therefore unavailable to accept protons, PR absorbs maximally at around 

535 nm, exhibiting a purple color. Given this pH-dependent color transition, the pKaD97 of PR 

can be readily measured via optical absorption spectroscopy as a function of bulk solution pH, 
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followed by determination of the isosbestic point at 570 nm(Dioumaev et al. 2002; W.-W. 

Wang et al. 2003; Ikeda, Furutani, and Kandori 2007). 

In this study, we studied the proton transport properties of PR in SMALPs compared 

with in DDM micelles and synthetic POPC/POPG liposomes. The proton transport function of 

PR was evaluated via measurements of pKaD97 and photocycle kinetics. The goal was to test 

whether SMALPs can solubilize PR efficiently, whether the bulky hexameric form can be 

encapsulated, and whether its proton transport function is intact. 

5.2. MATERIALS AND METHODS 

5.2.1. Cloning and Expression of A2AR 

 

Cloning, expression, and purification of the human adenosine A2AR receptor was 

performed as described in 2.2 above. In brief, the multi-integrating pITy plasmid(Parekh, 

Figure 5-3. Proteorhodopsin acts as a light-activated proton transporter, increasing the proton concentration on 

the exterior of the cell. ATP synthase is among the proteins that rely on proton gradient to carry out their functions. 
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Shaw, and Wittrup 1996), previously used for overexpression of A2AR in Saccharomyces 

cerevisiae(O’Malley et al. 2009), contains a Gal1–10 promoter for galactose-induced 

expression, a synthetic pre-pro leader sequence which directs protein trafficking(Clements et 

al. 1991; Parekh, Forrester, and Wittrup 1995), and the yeast alpha terminator. The genes 

encoding A2AR variants with 10-His C-terminal tag were cloned into pITy downstream of the 

pre-pro leader sequence, with site-directed mutagenesis done using either splice overlapping 

extension(Bryksin and Matsumura 2010) or USER cloning using X7 polymerase(Nørholm 

2010; Nour-Eldin et al. 2006). The plasmids were then transformed into S. cerevisiae strain 

BJ5464 (MATα ura3-52 trp1 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL) (provided 

by the lab of Anne Robinson at Carnegie Mellon University) using the lithium-acetate/PEG 

method(Gietz 2014). Transformants were selected on YPD G-418 plates (1% yeast extract, 2% 

peptone, 2% dextrose, 2.0 mg/mL G-418). 

Single S. cerevisiae BJ5464 colonies were grown in YPD cultures (1% yeast extract, 

2% peptone, 2% dextrose) at 30°C. Expression was induced by transferring the yeast cells into 

YPG (1% yeast extract, 2% peptone, 2% D-galactose) and grown overnight at 30°C. Cells were 

pelleted and stored at –80°C. 

5.2.2. Solubilization of A2AR with DDM 

Cell pellets were lysed with mechanical beads in lysis buffer (50 mM sodium phosphate, 

300 mM sodium chloride, 10% (v/v) glycerol, pH = 8.0, 2% (w/v) DDM, 1% (w/v) CHAPS, 

and 0.2% (w/v) CHS and an appropriate amount of 100x Pierce Halt EDTA-free protease 

inhibitor (Pierce, Rockford, IL, USA #78439)). Beads were separated using a Kontex column. 
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Unlysed cells were removed by centrifugation at 3,220 × g for 10 min. Receptor was let 

solubilized on rotary mixer for 3 hours before cell debris was removed by centrifugation at 

10,000 × g for 30 min. 

5.2.3. Cloning and Expression of PR 

Cysteine-free green-light absorbing PR with a C-terminal 6x His tag, both with and 

without the E50Q mutant that increased the population of monomeric PR(Maciejko et al. 2015), 

were expressed and purified using the protocol described previously(Stone et al. 2013; Hussain 

et al. 2015b). Briefly, site-directed mutagenesis with a two-stage polymerase chain reaction 

(PCR) technique(W. Wang and Malcolm 1999) was applied to introduce the desired single 

mutation mentioned above. The PR gene template with desired mutations was then cloned into 

a pET26b (+) vector (Novagen) for expression in BL21(DE3). PR expression was induced at 

an optical density of 0.8–1 by adding IPTG (1 mM) and trans-retinal (10 μM). Cells were 

harvested after 5 hrs of protein expression by centrifugation at 3,000 × g for 10 min at 4°C. 

Cell pellets were stored at –80°C. 
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5.2.4. Solubilization of PR with DDM and POPC/POPG 

PR-expressing E. coli membranes were prepared by lysing the cell pellets with probe-

tip sonication in lysis buffer (50 mM KPO4, 150 mM KCl, 0.02 mg/mL lysozyme, 0.1 mg/mL 

DNase I, and 2 mM MgCl2, with an appropriate amount of antiproteolytics). Lysate was spun 

at 100,000 × g to extract the membranes, which were then solubilized overnight in 2% w/v 

DDM. 

Large unilamellar vesicles (LUVs) with desired composition were prepared by a lipid 

extrusion method. Lipid stocks dissolved in chloroform were purchased from Avanti Polar 

Lipids (AL) and mixed to achieve a desired molar ratio between different lipid species. The 

lipid mixture was then dried under a nitrogen stream and further desiccated under vacuum 

overnight to ensure the removal of residue chloroform. The dried lipids were reconstituted with 

a HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 6.7), and lipid vesicles were extruded 

through the Avanti mini-extruder for 19 times using filters with 200 nm pore size. The prepared 

lipid vesicles were then mixed with DDM surfactant solution to achieve a final DDM 

concentration 2 times the DDM critical micelle concentration (CMC, 0.0088 w/v %). The 

mixture was gently shaken for 1 hr to form lipid-surfactant complexes, and the desired type of 

PR was then added to the mixture with a 1:50 PR-to-lipid molar ratio. The DDM surfactants 

in PR-lipid-DDM complex were then removed by using six vials of ~160 mg polystyrene 

BioBeads SM2 (Bio-Rad) to drive the formation of PR liposomes. 
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5.2.5. Solubilization of A2AR and PR with SMALPs 

A2AR-expressing S. cerevisiae or PR-expressing E. coli membranes were prepared by 

lysing cell pellets in lysis buffer (50 mM Tris-HCl, 10% v/v glycerol, 300 mM NaCl) with 

mechanical beads (for A2AR) or a French press (for PR) at 4°C. Lysate was then centrifuged at 

10,000 × g for 30 minutes and then at 100,000 × g for 1 hr to extract the membranes. 

SMALP30010P was purchased from Orbiscope (Netherlands). A2AR-expressing S. 

cerevisiae or PR-expressing E. coli membranes, at a final concentration of 40 mg/mL, were 

incubated in 50 mM Tris-HCl, 10% glycerol, 300 mM NaCl, 2.5% w/v SMA, pH 8.0 for 20 h 

at 25°C with gentle rotation. Non-solubilized material was sedimented at 100,000 × g for 1 hr 

at 4°C to yield a supernatant containing A2AR-SMALP or PR-SMALP and a pellet containing 

non-solubilized proteins. This pellet was resuspended in the same buffer and volume as the 

supernatant. SDS-PAGE followed by Western Blot with Anti-A2AR or Anti-His antibody was 

performed on the pellet and the supernatant. Densitometry was then used to determine the 

relative amount of A2AR or PR, from which SMA solubilization yield was calculated. 

5.2.6. Purification of A2AR and PR 

Solubilized protein was incubated with Ni-NTA resin (Pierce; #88221) overnight. 

Protein-resin mixture was then washed extensively in purification buffer containing low 

imidazole concentrations (20–50 mM). A2AR was eluted into purification buffer containing 

500 mM imidazole. Prior to further chromatographic purification, imidazole was removed 

using a PD-10 desalting column (GE Healthcare, Pittsburgh, PA, USA; # 17085101). 
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For PR solubilized in DDM or POPC/POPG, the removal of His-tag was done by a 

tobacco etch virus (TEV) protease (Sigma Aldrich), which recognize and cleave the sequence 

ENLYFQS in between the C-terminus of PR and the His-tag. His-tag removal reaction was 

done by first buffer exchanging PR into a 50 mM Tris-HCl buffer (pH 8) with 0.5 μM EDTA, 

1 mM DTT and 0.05% w/v DDM after its elution from Ni-NTA resin. Next, TEV protease was 

added to the PR solution at a protein-to-protein ratio of 1:100 (w/w) and incubated overnight 

at 4°C with gently mixing. The reacted solution was then buffer exchanged into the 50 mM 

KPO4 buffer (pH = 8.2) with 150 mM KCl and 0.05% w/v DDM using the PD-10 desalting 

column for removing the EDTA, and then combined with the Ni-NTA resin. The mixture was 

mixed for 5 hours at 4°C to remove the unreacted PR that still has His-tag and residual TEV 

protease from the solution. The collected solution with Ni-NTA resin removed was the PR 

product with its His-tag removed. 

For purification of active A2AR, the IMAC-purified receptor was applied on the BioRad 

Duoflow FPLC for ligand affinity chromatography with xanthine amine congener (XAC, high-

affinity A2AR antagonist, KD = 32 nM; Sigma, St. Louis, MO, USA; #X103). Inactive A2AR 

was washed from the column before the active A2AR was eluted with 20 mM theophylline 

(low-affinity A2AR antagonist, KD = 1.6 μM; Sigma, St. Louis, MO, USA; #T1633). To 

separate oligomeric species of active A2AR, XAC-active receptor was subjected to size 

exclusion chromatography using a prepacked Tricorn Superdex 200 10/300 GL column (GE 

Healthcare). Analysis of SDS/PAGE and western blot was done to determine oligomeric states 

of the eluted A2AR. 
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5.2.7. SDS-PAGE and Western Blotting of A2AR 

10% SDS-PAGE gels were hand-casted in BioRad Criterion empty cassettes (BioRad; 

#3459902, 3459903). Lysate controls were prepared by lysis of 5 OD cell pellets with 35 μL 

of YPER (Fisher Scientific, Waltham, MA, USA # 8990) at RT for 20 min, incubation with 2x 

Laemmli buffer (4% (w/v) SDS, 16% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 167 M 

Tris, pH 6.8) at 37ºC for 1 h, and centrifugation at 3,000 × g for 1 min to pellet cell debris. 

Protein samples were prepared by incubation with 2x Laemmli buffer at 37ºC for 30 min. For 

all samples, 14 μL (for 26-well gel) or 20 μL (for 18-well gel) was loaded per lane, except for 

7 μL of Magic Mark XP Western protein ladder (Thermo Scientific, Waltham, MA, USA; 

#LC5602) as a standard. Electrophoresis was carried out at 120 V for 100 min. Proteins were 

transferred to 0.2-μm nitrocellulose membranes (BioRad; # 170-4159) via electroblotting using 

a BioRad Transblot Turbo, mixed MW protocol. Membranes were blocked in Tris-buffered 

saline with Tween (TBST; 150 mM sodium chloride, 15.2 mM Tris-HCl, 4.6 mM Tris base, 

pH = 7.4, 0.1% (v/v) Tween 20 (BioRad; #1706531)) containing 5% (w/v) dry milk, then 

probed with anti-A2AR antibody, clone 7F6-G5-A2, mouse monoclonal (Millipore, Burlington, 

MA, USA; #05-717) at 1:500 in TBST with 0.5% (w/v) dry milk. Probing with secondary 

antibody was done with a fluorescent anti-mouse IgG H&L DyLight 550 antibody (Abcam, 

Cambridge, MA, USA; #ab96880) at 1:600 in TBST containing 0.5% (w/v) milk. 

Western blot was analyzed with Image Lab 6.1 software (Bio-rad), with built-in tool to 

define each sample lane and to generate an intensity profile. Peaks were manually selected and 

integrated with the measure tool to determine the amount of protein present.  
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5.2.8. BN-PAGE, Western Blot, and SDS-PAGE Analyses of PR 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed using an 

XCell SureLock® Mini-Cell apparatus with NativePAGE™ Bis-Tris Protein Gels having a 3-

12% acrylamide gradient (ThermoFisher). PR sample preparation and gel electrophoresis were 

performed according to the instructions provided by the manufacturer. The destained gel was 

then imaged with a ChemiDoc MP imaging system (Bio-Rad) using the default protocol for 

Coomassie blue dyes. Western blotting of BN-PAGE was performed using an XCell IITM Blot 

Module by following the instructions for Western blotting of NativePAGE™ Gels provided 

by the manufacturer. The blotted PVDF membrane was rinsed with deionized water and 

blocked in a TBST buffer containing 5% (w/v) dry milk. The immunodetection was then done 

by applying HRP conjugated Anti-6X His tag® antibody (Abcam, Cambridge, MA, USA; 

ab1187) targeted to the six-histidine tag at the N-terminus of PR at 1:5000 in a TBST buffer 

containing 0.5% (w/v) milk. The membrane was then imaged with a ChemiDoc MP imaging 

system (Bio-Rad) using the default protocol for chemifluorescence dyes. 

SDS-PAGE was performed using a Bio-Rad electrophoresis apparatus with Criterion 

TGX Stain-Free gels having an 8-16% acrylamide gradient (Bio-Rad). Samples containing ~3 

μg PR were incubated at 37oC for 30 minutes to 1 hour with Laemmli buffer (final SDS 

concentration of 1%), and then centrifuged to remove the unsolubilized portions. The gel was 

run at 120 V for one hour and imaged with a ChemiDoc MP imaging system (Bio-Rad) using 

a PR-specific protocol (excitation with green epi light and 695/705 filters to detect emission) 

based on the fluorescence properties of PR.172 Protein markers (Precision Plus, Bio-Rad) and 
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total proteins were further imaged using the Stain-Free protocol of ChemiDoc MP. Molecular 

weight estimates were calculated using the ImageLab software (Bio-Rad). 

5.2.9. Optical Absorption Measurements and Analyses of PR 

The UV-visible absorption spectra of PR under different conditions were taken by a 

Shimadzu UV-1800 spectrophotometer. All samples were prepared to have an optical density 

above 0.3 at 520 nm and an initial volume of 750 μL by diluting the PR sample stocks with the 

HEPES buffer mentioned above for lipid samples. For each PR sample, the optical absorbance 

between a wavelength range of 400-750 nm in increments of 0.5 nm were recorded under at 

least 20 different pHs that spread equally between pH 4 and 10. The pH of each sample was 

adjusted by titrating with 1 M NaOH (aq.) and 1 M HCl (aq.), and the pH was then measured 

by Orion Star™ A111 pH benchtop meter (Thermo Fisher Scientific) equipped with an Orion 

ROSS® Micro pH electrode before each optical absorption measurement. The pKa of PR D97 

residue was determined by analyzing the pH-dependent optical absorption transition. The 

obtained optical absorption spectra under various pH conditions were processed by subtracting 

each absorption spectrum from the most basic one (pH~10). The differential absorbance at 570 

nm, which supposed to be the wavelength that showed the greatest differential absorbance 

change, was normalized and fitted by the Henderson-Hasselbalch equation. The fitting was 

done by MATLAB (Mathworks, MA) using home-built codes. The detail of the fitting 

algorithm and codes was published in our previous study(Idso et al. 2019). 

The time-resolved UV-visible measurements were done by a SpectraPhysics Nd:YAG 

laser with a monochrometer. PR samples were excited by a 532 nm pulse laser with 10 ns 
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duration, and the PR transient absorbance under various wavelengths were monitored over a 

time span of 10 μs to 0.5 s by an oscilloscope. The fitting analyses on the transient spectra at 

410 nm was done by MATLAB (Mathworks, MA) using home-built codes. The differential 

absorbance at 410 nm were assumed to be mainly contributed by the blue-shifted M 

intermediates, both M1 and M2 combined, as the absorbance of the other intermediates (e.g., 

K, N, PR, PR’) is significantly lower at this wavelength(György Váró et al. 2003). With this 

assumption, the growth and decay of the difference spectra at 410 nm represented the 

accumulation and decay of the M intermediates, respectively. A simplification was made by 

considering the reverse reactions of the K-M and M-N transitions to be negligible. As a result, 

a biexponential model for a simple 1st-order two-step consecutive reaction model (Figure 3C) 

could be used to fit the differential absorbance at 410 nm: 

∆𝐴𝐴𝐴𝐴𝐴𝐴410𝑛𝑛𝑝𝑝 = 𝑎𝑎
𝑘𝑘1

𝑘𝑘2 − 𝑘𝑘1
(𝑒𝑒−𝑘𝑘1𝑡𝑡 − 𝑒𝑒−𝑘𝑘2𝑡𝑡), 

where a was a parameter that reflected the magnitude of the differential absorbance, k1 

represented the rate constant of the K–M transition step, and k2 represented the rate constant 

of the M–N transition step. The difference absorbance data at 410 nm from Figure 3A and B 

(purple lines) were fitted using the above reaction model (smooth black curves). 
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5.3. RESULTS 

5.3.1. A2AR Can Be Solubilized with SMALPs but Lost Its Affinity to Antagonist 

First, we tested how effectively SMALPs can extract A2AR directly from S. cerevisiae 

membranes. After applying SMA on isolated yeast membranes containing A2AR, densitometry 

on Western Blotting analysis was used to determine and compare the concentrations of A2AR 

in the solubilized supernatant and the non-solubilized pellet (see 5.2.5 above). SMA 

solubilization for A2AR from S. cerevisiae membranes was found to be ~39% (Figure 5-4). 

Although the yield was not optimal, SMA could encapsulate a sufficient amount of A2AR for 

further analysis.  

The receptor was then bound to Ni-NTA resins, washed extensively with low 

concentrations of imidazole, eluted with 500 mM of imidazole, then desalted with PD-10 

column and sterilized with a 0.22-μm filter. Western Blot analysis was performed on every 

single step to verify the presence of A2AR (Figure 5-4). Clearly, the receptor was present in 

the final sample prior to ligand-affinity chromatography for isolation of antagonist-active A2AR. 
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Figure 5-4. Western Blot analysis of SDS-PAGE of A2AR solubilized with SMALPs to track the presence of 

A2AR at every step from lysis to sterilization prior to ligand-affinity chromatography. Positive ((+) ctrl) and 

negative ((–) ctrl) controls consist of 5 OD cell lysate of S. cerevisiae BJ5464 cells expressing and not expressing 

A2AR WT, respectively.  “SMALP’d A2a” indicates A2AR-containing S. cerevisiae membranes after SMA 

application but before ultracentrifugation. “2nd Centri” indicates the supernatant containing solubilized A2AR after 

ultracentrifugation. “Pellet 2nd Centri” indicates the pellet containing non-solubilized materials. “IMAC FT” and 

“IMAC Elute” indicate the flow-through and elute from IMAC step. “Desalt” indicates the desalted sample, and 

“Sterile” indicates the sterilized sample prior to ligand-affinity chromatography. Line densitometry was 

performed on the bands representing the supernatant containing solubilized A2AR and the pellet containing non-

solubilized A2AR. MagicMark protein ladder (LC5602) is used as the molecular standard weight. 
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Next, we tested the ability of the SMA-solubilized A2AR to bind to ligand by 

performing ligand-affinity chromatography using XAC followed by Western Blot analysis. 

The results showed that the “active” fractions contain little protein compared with the “inactive” 

fractions (Figure 5-5). This is in contrast with the results obtained in detergent micelles, which 

showed a significant amount of protein in the “active” fractions. (Figure 2-3). This suggests 

that A2AR solubilized with SMA does not retain its affinity to the antagonist XAC like it does 

in detergent micelles. 

  

Figure 5-5. Western Blot analysis of SDS-PAGE of A2AR solubilized in SMALPs and in DDM detergent during 

purification with ligand-affinity column. “XAC inactive” and “XAC active” indicate the fractions that do not and 

to bind to XAC during the ligand-affinity chromatography step. MagicMark protein ladder (LC5602) is used as 

the molecular standard weight. 
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5.3.2. SMALPs Can Extract PR from E. coli Membranes but Only the Monomeric Form 

Next, we tested how effectively SMALPs can encapsulate PR from E. coli membranes. 

It has been shown that PR-WT exists dominantly as hexamers/pentamers, while the E50Q 

mutant primarily forms monomers(Hussain et al. 2015a). Therefore, E. coli membranes 

containing PR-WT and PR-E50Q were tested, as the significant difference in size between the 

hexameric and the monomeric forms of PR could affect the solubilization efficiency. PR-

containing E. coli membranes were incubated with SMA (4% w/v) overnight at RT, followed 

by ultracentrifugation to remove the non-solubilized materials. The pellets before and after 

SMA application were weighed (normalized by the volume of solution before centrifugation) 

to determine the solubilization efficiency (Figure 5-6A). In both cases, the weight of the pellet 

significantly decreased by 63–66% (Figure 5-6B). This indicates that SMA solubilization 

efficiency on PR-containing E. coli membranes is 63–66% and does not depend on the size of 

the embedded protein. 

However, visualization of the supernatant and the pellet of the samples after SMA 

application showed that in the PR-WT case, the supernatant did not show the pink color 

characteristic of PR, while the pellet appeared to contain a significant amount of PR. In contrast, 

the supernatant in the PR-E50Q case showed the distinct red color of PR, while the pellet 

appeared to contain little PR (Figure 5-6A). This suggests that PR-WT was not as effectively 

encapsulated with SMA as PR-E50Q was, despite the similar solubilization efficiency on the 

membranes per se. Indeed, Western Blot analysis on SDS-PAGE of the final SMA-solubilized 

samples indicated that only the monomeric form of PR was solubilized in both cases and that 

the hexameric form of PR-WT was not (Figure 5-6B). Furthermore, UV absorption 
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measurements at 520 nm were used to determine the protein yield for both cases. The results 

indicated that 1 L of E. coli overexpressing PR solubilized with SMALPs yielded 4.0 mg of 

PR-WT and 72.0 mg of PR-E50Q (Figure 5-6C). Clearly, SMA was very effective at 

encapsulating the monomer-enrich PR-E50Q mutant but could not solubilize the hexamer-

dominant PR-WT. 

  

Figure 5-6. SMALPs effectively solubilizes E. coli membranes regardless of the size of the embedded protein, 

but can only capture the monomeric form of PR. (A) Visualization of the PR-WT and PR-E50Q samples before 

and after SMA application. The 60,000 × g ultracentrifugation yields the supernatant, which contains the 

solubilized materials, and the pellet, which contains the non-solubilized debris. (B) The weights of the pellets 

before and after SMA application of the PR-WT and PR-E50Q samples were normalized by the buffer volume 

before centrifugation (in mg/mL buffer). (C) Western Blot analysis of SDS-PAGE and visualization of SMA-

solubilized PR-WT and PR-E50Q samples. MagicMark protein ladder (LC5602) is used as the molecular standard 

weight. 
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5.3.3. SMALPs Retains PR’s Native Membrane Environment but Disrupt Proton 

Transport Function 

We next explored the functional impact of extracting PR directly from E. coli 

membrane by using SMALPs. The protein transport function of PR solubilized with SMALPs 

was characterized via pKaD97 measurements and photochemical reaction cycle experiments. 

The monomer-enriched E50Q mutant was used, as the oligomer-dominant PR WT could not 

be captured due to the limited size of the nanodiscs (see 5.3.2 above). Our results showed that 

PR E50Q in SMALPs exhibited a remarkably high pKaD97 of 8.9 (Figure 5-7A). This is 1.5–

2.5 pKa units higher than those of PR E50Q reconstituted in DDM (7.2)(Hussain et al. 2015a) 

or in POPC/POPG (6.4), indicating that the majority of PR monomers was incapable of proton 

transport in SMALPs. Note that the fitting was poor for the data at pH < 6 due to the instability 

of SMALPs at this pH range,(Scheidelaar et al. 2016) in contrast to the quality of pKaD97 data 

of PR reconstituted in other membrane mimetics. 

Next, time-resolved UV-visible light spectroscopy experiments was used to evaluate 

the photocycle kinetics of PR E50Q in DDM micelles and in SMALPs. In DDM, PR-E50Q 

exhibited well-defined photocycle with differential absorbances that peaked at observable 

timescales (Figure 5-7B). In contrast, the photocycle of PR-E50Q in SMA was found to be 

severely disrupted, exhibiting absorbance that rapidly diminished over time at all wavelengths 

examined (Figure 5-7B). This indicates that the D97 residue is predominantly protonated, 

thereby interrupting the native photocycle in which PR would undergo the M–N transition. 

Such disruption of photocycle could be explained by the very high pKaD97 of 8.9 for PR E50Q 

in SMALPs estimated above (Figure 5-7A) that would render most of the PR molecules 
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inactive. This observation however persisted at pH 10.0 (Figure 5-7B), indicating that this 

polymer nanodisc platform interferes with PR’s photocycle kinetics, beyond residue D97. 

Taken together, despite retention of the native E. coli membrane, SMALPs appear not to 

maintain the proton transport capacity of PR, but instead severely reduce its active population 

and disrupt its photocycle properties. 

  

Figure 5-7. (A) pH-dependent absorbance transitions of PR E50Q in SMALPs (solid red line) at 570 nm, 

compared with those of PR E50Q in DDM detergent (dashed blue line) and in POPC/POPG liposomes 

(dashed pink line). (B) Transient absorbance data of PR E50Q extracted with SMALPs directly from E. coli 

membrane. Measurements were performed at pH 8.0 and 10.0 at ~293 K. The transient absorbance changes 

at 410, 470, 550, and 590 nm were collected after PR is photoactivated by a green-light pulse laser. 
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5.4. DISCUSSION 

The key finding of this study is that the human adenosine A2A receptor and the bacterial 

proteorhodopsin both showed altered functional properties when extracted directly from their 

host membrane environments using SMA. We found that A2AR was successfully solubilized 

in SMA at a sufficient efficiency (Figure 5-4) but lost its affinity to the antagonist XAC 

(Figure 5-5). Additionally, only the monomeric form of PR was encapsulated with SMA, 

while the oligomeric form was lost (Figure 5-6), and the SMA-solubilized PR monomers 

exhibited an unusually high pKaD97 value and a disrupted photocycle (Figure 5-7). 

The loss of affinity of SMA-solubilized A2AR to XAC might be due to the lack of 

cholesterol in the nanodisc system. To date, A2AR has been co-crystallized with cholesterol in 

38 out of 57 published structures(S. K. Huang et al. 2021). Cholesteryl hemisuccinate (CHS), 

a cholesterol analog, is crucial for receptor stability and ligand binding in the preparation of 

A2AR in detergent micelles(O’Malley et al. 2007; 2010b). Since CHS cannot be easily 

incorporated into SMALPs, A2AR solubilized with this method may exhibit reduced ligand 

binding affinity. Furthermore, the main sterol in the plasma membranes of S. cerevisiae is 

ergosterol, whereas that in mammalian cells is cholesterol(Opekarová and Tanner 2003; 

Pucadyil and Chattopadhyay 2006).  Therefore, the retention of yeast lipids such as ergosterol 

with the protein in SMALPs may not be sufficient to maintain the functional properties of 

A2AR. 

The oligomeric form of PR could not be encapsulated with SMA perhaps because of 

the limited size of the nanodiscs formed by this polymer. According to a crystal structure of 

the hexameric form of blue light-absorbing proteorhodopsin (PDB ID: 4JQ6), the diameter of 
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hexameric PR is ~91.2 Å, while that of a monomeric PR is ~27.2 Å (Figure 5-8A). Although 

the typical size of a SMALP is also ~100 Å, its mean core diameter is only ~76 ± 4 Å(Jamshad, 

Grimard, et al. 2015) (Figure 5-8B), which renders it difficult to fit a PR hexamer into a 

SMALP, while a PR monomer can easily be captured and stabilized. 

 

In addition, the pKaD97 of PR E50Q mutant in SMA nanodiscs environments is 

markedly higher than those of PR E50Q in liposomes or micelles (Figure 5-7A). As the 

nanodiscs are formed, the maleic acid moiety must be deprotonated(Tonge and Tighe 2001), 

which could cause an increase in the local proton concentration around residue D97. As a result, 

residue D97 could become dominantly protonated, leading to the accelerated decay in 

photocycle (Figure 5-7B). Indeed, a similar trend has been observed with other proteins. In 

Figure 5-8. (A) Measurements of the diameters of PR hexamer and monomer using PyMOL. Measurements are 

done on the crystal structure of blue light-absorbing proteorhodopsin (PDB ID: 4JQ6). (B) Dimensions of styrene-

maleic acid lipid particles consisting of DMPC synthetic lipids and a SMA polymer with a S:MA ratio of 2, as 

determined from small-angle neutron scattering experiments (Figure adapted from Jamshad, M. et al, Nano Res. 

2015, 8, 774–789.) 
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the Rubrobacter xylanophilus rhodopsin RxR, the pKa of K209 has been shown to increase by 

1.8 pH units in SMALPs compared with that in DDM(Ueta et al. 2020). Additionally, in the 

photoreceptor sensory rhodopsin II NpSRII of Natronomonas pharaonic, an accelerated decay 

of the M photointermediate was found due to the high local proton concentration induced by 

the maleic acid group of the SMA polymer(Mosslehy et al. 2019) (Figure 5-2). Taken together, 

these results suggest that the charged functional groups of SMALPs could affect membrane 

protein function via adverse local electrostatic interactions, and therefore it is not a given that 

SMALP-reconstituted membrane proteins display more native-like function or structure. 

5.5. CONCLUSIONS 

The discovery that styrene maleic acid copolymers can be used to solubilize native 

lipid/protein complexes directly from host cells or membranes has sparked a flurry of new 

research into the potential of this novel platform in membrane protein studies. Our results 

demonstrated that the functional properties of the human A2A GPCR and the bacterial 

proteorhodopsin are significantly compromised when solubilized with SMA. By no means of 

undermining the immense contribution of SMA polymers in membrane protein research, our 

study simply offers a cautionary tale, suggesting that SMA is not a one-size-fit-all platform, 

and that empirical testing is required to select the appropriate polymer type for maintaining the 

native function of the embedded proteins. 
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Chapter 6 |  CONCLUSIONS AND OUTLOOK 

6.1. CONCLUSIONS 

G protein-coupled receptors play a critical role in a tremendous array of functions in 

human, and the discovery of their oligomerization has transformed how modern medicine 

views and targets these receptors. Despite effort put forth to develop novel therapeutic 

approaches that center around GPCR oligomers, much remains unexplored about the driving 

factors of their formation as well as their oligomeric interfaces. The dynamic nature of these 

oligomeric complexes has made it a great challenge to resolve their structures with even well-

established technique such as X-ray crystallography, which excludes disordered structural 

features. Indeed, since the publication of the first crystal structure of GPCR in 2000(Palczewski 

et al. 2000), fewer than ten of the 113 published unique GPCR structures feature their 

oligomers. The overall goal of this thesis was to improve the understanding of how protein 

disorder facilitates GPCR oligomer formation and to address the difficulties that impede 

structural studies of GPCR oligomers. 

Previous research in the Han and O’Malley groups has discovered that the human 

adenosine A2A receptor forms distinct oligomeric complexes that can be isolated with size-

exclusion chromatography and that a C-terminal mutation C394S significantly reduces the 

oligomer levels of this receptor(Schonenbach et al. 2016). Subsequent work revealed that A2AR 

oligomers can adopt multiple interconverting interfaces(Song, Duncan, and Sansom 2020), 

hinting at the role of protein disorder in enabling the formation of these dynamic complexes. 

With these results in mind, we aimed to understand what drives the association of A2AR homo-

oligomers and how its intrinsically disordered C-terminus may facilitate this process. As 
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protein disorder was discovered to be crucial for the formation of A2AR oligomers and their 

interfaces need to be visualized at high resolution, we also sought to address the challenges in 

applying cryogenic electron microscopy (cryo-EM) and double electron electron resonance 

(DEER) to structural studies of A2AR oligomers.  Four main goals of this thesis were 

summarized as follows: 

• Investigate the driving factors of A2AR homo-oligomer formation and the role of 

the intrinsically disordered C-terminus (Chapter 2)  

• Examine the structural and functional properties of A2AR variants void of free 

cysteines for biophysical characterization using electron paramagnetic resonance 

(EPR) (Chapter 3) 

• Visualize the dimeric interfaces of A2AR with respect to its C-terminus (Chapter 

4) 

• Characterize the functional properties of A2AR and the bacterial transmembrane 

proton pump proteorhodopsin (PR) solubilized with styrene maleic acid 

copolymers (Chapter 5) 

To accomplish the first goal, strategic mutations and truncations were done on the C-

terminus of A2AR, followed by assessment of its oligomer levels using size-exclusion 

chromatography. The C-terminal residue C394 was found to stabilize A2AR oligomers via 

disulfide linkages, while the charges cluster 355ERR357 play a role via electrostatic interactions. 

The oligomer levels of A2AR decrease progressively with the shortening of the C-terminus, 

with no oligomers observed upon complete truncation. With the help of molecular dynamics 

simulations, we discovered that A2AR dimerizes via a combination of electrostatic interactions, 
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hydrogen bonds, and hydrophobic interactions along the length of its C-terminus, enabling the 

formation of multiple symmetrical and asymmetrical interfaces. Furthermore, A2AR 

oligomerization were found to be enhanced by increasing ionic strength, revealing the role of 

depletion interactions as the main driving factor. Turbidity measurements of the stand-alone 

C-terminus demonstrated that A2AR C-terminus formed self-aggregates in the presence of the 

salting-out NaCl but not the salting-in GdnHCl, further confirming the role of depletion 

interactions via the C-terminus in promoting A2AR oligomer formation. These results 

emphasize for the first time the critical role of the intrinsically disordered C-terminus and 

depletion interactions in the formation of a GPCR oligomeric complex, offering important 

insight into the effect of C-terminus modification on receptor oligomerization of A2AR and 

other GPCRs reconstituted in vitro for biophysical studies. 

Once the role of the C-terminus in A2AR oligomerization was uncovered, we tackled 

the challenges associated with the application of EPR and DEER in studying this disordered 

structural feature. Much effort has been made in engineering A2AR variants void of free 

cysteines (TM-Cys-Free) to establish baseline EPR measurements, yet potential structural and 

functional changes had not been investigated. Using ligand-affinity chromatography and 

Western Blot analysis, we found that these TM-Cys-Free A2AR variants, selected with an 

agonist-based fluorescent-activated cell sorting procedure, exhibited reduced affinity to the 

antagonist xanthine amine congener (XAC). Continuous-wave EPR and specifically power 

saturation experiments revealed that the simultaneous mutations of the transmembrane 

cysteines of A2AR led to disruption of various extracellular disulfide bonds, which had been 

demonstrated to be important for A2AR proper structure and function(De Filippo et al. 2016; 

O’Malley et al. 2010a). Collectively, these findings suggest that although the transmembrane 
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cysteines of A2AR are not essential for agonist binding, membrane trafficking, or 

thermodynamic favorability, they play a crucial role in antagonist ligand recognition as well 

as formation of its extracellular disulfide linkages. This study also serves as a cautionary tale, 

highlighting that screening and selecting for GPCR variants with high affinity towards one 

ligand does not necessarily correlate with intact structure or affinity to other ligands. 

Having understood the potential capability as well as pitfalls of applying EPR for 

structural studies of A2AR oligomers, we next sought to elucidate the conformation of the 

intrinsically disordered C-terminus with respect to the oligomeric interfaces of the receptor. 

CW-EPR measurements revealed that the C-terminal residue C394 was immobilized as A2AR 

formed oligomers, suggesting that the C-terminus is directly involved at the oligomeric 

interface of the receptor. Results from DEER showed a C394–C394 distance of ~5.5 Å between 

protomers of SEC-separated A2AR dimers, suggesting that it is not the C394–C394 disulfide 

bond that stabilizes A2AR dimers. Meanwhile, preliminary screening with negative-staining 

TEM demonstrated that the SEC-separated A2AR dimers and monomers are homogeneous in 

size and shape, without contaminant, and of sufficient protein concentration. Early cryo-EM 

data collection resulted in a ~15-Å resolution 3D structure of A2AR dimers, in which the TM 

regions appeared to be involved at the interface. Together, these results demonstrated the 

potential of cryo-EM in combination with DEER in resolving the interfaces of A2AR oligomers 

at the molecular level, but much further effort is required to improve the data quality. 

Finally, since solubilizing A2AR with detergent micelles may alter its native structure 

and function, we next sought to apply the new detergent-free membrane mimetic platform that 

is styrene maleic acid (SMA) copolymers. SMA was used to extract directly A2AR from S. 
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cerevisiae membranes and the bacterial proteorhodopsin from E. coli membranes. We 

discovered that A2AR was successfully encapsulated with SMA with acceptable efficiency, but 

ligand-affinity chromatography revealed that SMA-solubilized A2AR could not bind to the 

antagonist XAC. For PR, the monomeric form of this receptor was solubilized with SMA at a 

very high yield, but its hexameric form was lost. Measurements of the pKa of the key proton 

acceptor D97 demonstrated that PR in SMALPs displayed a pKaD97 value 1.5–2.5 units higher 

than in detergent or liposome environments, implying that its active population is greatly 

reduced in SMA. Furthermore, measurements of photocycle kinetics revealed that PR’s 

photocycle in SMALPs was severely disrupted. Collectively, despite retention of the native 

host membranes, SMALPs appeared to have negative impacts on the functional properties of 

both A2AR and PR, suggesting that this novel membrane mimetic platform should be applied 

with caution on in vitro studies of transmembrane proteins. 

In summary, these studies have shown that while it has become clearer how the 

disordered C-terminus promotes the oligomer formation of A2AR, elucidating its role in the 

oligomerization of other GPCRs remains a task to be explored. Depletion interactions appear 

to be critical to promote flexible protein-protein association, while EPR combined with cryo-

EM carry the unique power in resolving the dynamic and interconverting interfaces of GPCR 

oligomeric complexes. To that end, the methods and insights described in this work will 

facilitate the study into how the intrinsically disordered C-terminus enables the oligomerization 

of other GPCRs. 
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6.2. FUTURE CONSIDERATIONS 

While the studies described in this thesis have collectively advanced the understanding 

of how intrinsically disorder regions facilitate the dynamic oligomerization of GPCRs, as well 

as downstream biophysical and structural characterization of their oligomeric interfaces, 

several avenues are to be explored. The following sections describe the remaining knowledge 

gap and promising experimental approaches to address the pertinent questions. 

6.2.1. Investigating the Functional Consequences of A2AR Oligomerization 

One of the major questions that remains is that regarding the functional consequences 

of A2AR oligomerization. Although A2AR and the associated oligomers are among the most 

well-studied GPCR complexes, no studies to date have directly investigated how homo-

oligomerization may change the functional properties of this receptor. Displacement of the 

transmembrane domains have been demonstrated to be the hallmark of A2AR activation(Eddy 

et al. 2018; Sušac et al. 2018; Prosser et al. 2017; Ye et al. 2016), but this aspect has not been 

demonstrated to show changes upon receptor oligomerization. One of the findings in Chapter 

2 is that truncation of the C-terminus, shown to be critical to A2AR oligomer formation, can 

lead to structural changes in the heptahelical bundles of A2AR dimers (Figure 2-14B and 

Figure 2-15),. In the cellular context, it has been shown that truncation of A2AR C-terminus 

leads to substantial reduction of G protein binding(Koretz et al. 2021), cAMP accumulation, 

and signaling response in yeast(A. R. Jain, McGraw, and Robinson 2020). These results hint 

at potential impact of receptor oligomerization of A2AR conformation, necessitating future 

investigation into functional outcomes. 
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Functional changes in A2AR can be verified upon observation of the third intracellular 

loop (ICL3) connecting H5 and H6 regions. In light-activated transmembrane proteins such as 

proteorhodopsin (PR), bacteriorhodopsin (BR), and rhodopsin (Rh), this interhelical region 

when undergoing conformational changes upon light activation reveals a distinctive twisting-

and-lifting motion that can be detected by EPR to confirm changes in activity. Such allosteric 

conformational changes are conserved among GPCRs and can be used as experimental read-

out for A2AR activity. In fact, a recent NMR study has identified two residues that exhibit 

excellent spin labeling efficiency and dynamic profiles (V229 and A289)(Prosser et al. 2017) 

and are likely candidates for future functional study of A2AR. Such dynamic study can be done 

using again cw-EPR lineshape analysis at 240 GHz to measure this outward movement and 

how it may change upon receptor oligomerization.  

Another strategy is to determine the dissociation constant (KD) of A2AR for well-

characterized ligands such as XAC(Karl-Norbert Klotz 2000), SCH-58261(Ongini et al. 1999), 

ZM-241385(Karl-Norbert Klotz 2000), CGS-21680(K.-N. Klotz et al. 1997), or NECA(K.-N. 

Klotz et al. 1997), by applying radioligand binding assays on various A2AR constructs with 

different oligomeric distributions. Next, downstream signaling of different A2AR oligomeric 

forms can be evaluated by assessing the synthesis of cyclic AMP in HEK-293 cells(McGraw 

and Robinson 2017). Since it is crucial that A2AR also be studied in a more native-like 

environment, these experiments should be carried out in both detergent micelles and SMALPs, 

should future research improve A2AR ligand binding in the latter, to analyze the effects that 

membrane environment may have on A2AR function and activity. 
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6.2.2. Second-Harmonic Generation as a Promising Tool to Probe Conformational 

Changes of A2AR 

Despite the power of NMR and EPR in elucidating conformational changes of proteins, 

these techniques often generate data from signals that are dependent on external factors, such 

as how the environment is perturbed by the observed conformation. Furthermore, the signal-

to-noise ratios of these techniques can be insufficient to distinguish different conformations, 

especially in the case of GPCRs, which are highly dynamic in nature. On the other hand, 

second-harmonic generation (SHG), a well-established technique in physics, offers a 

promising tool to probe structure and function of GPCRs. SHG is a non-linear optical technique 

that involves the conversion of two photons of equal energy (the fundamental) into one photon 

of twice the energy (the second harmonic). This second-harmonic light is emitted when SHG-

active molecules are immobilized at an interface and irradiated with a fundamental beam. Such 

SHG is highly sensitive to the orientation of SHG-active molecules and thus can be used to 

probe conformational changes from subtle to significant in biological molecules. Since 

proteins do not inherently radiate second-harmonic light, a SHG-active dye molecule needs to 

be incorporated, conveniently onto cysteine residues through the same chemistry of EPR spin 

labeling. This aspect makes SHG particularly useful, as the knowledge obtained from Chapter 

3 and Chapter 4 can be applied to address potential problems associated with simultaneous 

removal of multiple cysteines and optimize labeling efficiency. The intensity of the SHG signal 

emitted from the dye molecule depends on the tile angle of the dye relative to the z axis 

perpendicular to the surface to which the protein is tethered. As a result, conformational 

changes affect the average orientation of the dye molecule, effectively changing the intensity 

of SHG light (Figure 6-1).  
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Figure 6-1. Cartoon representation of the experimental setup of SHG assay. A SHG-active dye is conjugated via 

cysteine to the protein molecule, which is then attached to a supported biotin surface via a Avidin-tag. The SHG 

intensity is dictated by the angle θ between the transition dipole moment of the dye and the z axis perpendicular 

to the surface. This change in SHG intensity can be monitored and compared between when the protein is and is 

not bound to a ligand, indicating conformational changes upon activation. (Figure adapted from Young, T. A. et 

al, Methods Enzymol. 2018, 610.) 
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6.2.3. SMA Alternatives with Potential of Retaining Native Functional Properties of 

A2AR and PR 

In Chapter 5, we have seen that SMA could successfully encapsulate A2AR, but the 

receptor showed reduced affinity to the antagonist XAC, perhaps due to the lack of 

cholesterol(O’Malley et al. 2007). CHS has been used as a derivative of cholesterol in the 

successful solubilization of A2AR in detergent micelles(O’Malley et al. 2007; Schonenbach et 

al. 2016), but this chemical is not soluble in water and thus cannot be used alongside SMA 

copolymers for membrane protein solubilization. 

Recently, a non-detergent cholesterol derivative called CHEAPS (4-((cholesteryloxy)-

4-oxobut-2-enamido)ethyl) dimethylammonio) propane-1-sulfonate) has been developed as a 

potential solution to the above problem(Trinh et al. 2021). The structure of this chemical 

involves the linking a cholesterol portion to a zwitterionic sulfobetaine segment via an ester 

bond (Figure 6-2). Despite its low solubility in aqueous solutions, CHEAPS is highly soluble 

in water containing detergents and amphiphilic polymers, such as DDM and SMA copolymers, 

likely due to its lack of hydrogen bond donors and acceptors. Specifically, it can be solubilized 

up to ~44 mg/mL in 5% DDM and ~62 mg/mL in SMA solution (5% w/v in water). On the 

other hand, CHEAPS exhibits weak absorbance at 280 nm (A280 ~ 0.86 × 103 M–1 cm–1) and 

thus will not interfere much with protein detection at this wavelength using UV-Vis 

spectroscopy. Currently, CHEAPS has been shown to successfully replace CHS in maintaining 

the enzymatic functions of human mitochondrial TSPO, a strict cholesterol-dependent 

membrane oxygenase(Trinh et al. 2021). These findings demonstrate the potential practicality 



 163 

of CHEAPS to provide a source of cholesterol in SMA solubilization of A2AR as well as other 

GPCRs. 

 

Additionally, in Chapter 5, we have shown that the monomeric form of the bacterial 

transmembrane proton pump proteorhodopsin was efficiently solubilized with SMA, but its 

hexameric form was excluded. Our hypothesis was that the size of the nanodiscs formed with 

SMA2000 was too small to encapsulate the bulky PR hexamers. We also demonstrated that 

the photocycle of SMA-encapsulated PR monomers was severely disrupted due to heavy 

protonation of the proton acceptor D97. We hypothesized that the ionization of the maleic acid 

moiety upon nanodiscs formation causes a significant increase in the local proton concentration 

Figure 6-2. The molecular structure of CHEAPS involves linking the cholesterol moiety native in cell membranes 

with zwitterionic sulfobetaine segment via an ester bond. The lack of hydrogen bond donors and acceptors render 

this molecule highly soluble in water containing detergents or amphiphilic polymers. (Figure from Trinh, T. K. 

H. et al, Biochim Biophys Acta 2021, 1865, 129908.) 
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around D97. Due to the above reasons, one possible way to improve SMA solubilization of PR 

hexamers is to use a different type of amphiphilic polymers that would not release excess 

protons into solution and would form nanodiscs of larger size.  

With that in mind, styrene maleimide quaternary ammonium (SMA-QA)(Ravula et al. 

2018) could be the solution to solubilize PR hexamers with intact functional properties. Given 

the structure shown in Figure 6-3, the formation of SMA-QA nanodiscs does not release 

protons into solution. Furthermore, the size of the nanodiscs formed by SMA-QA can be 

precisely controlled by varying the concentration of SMA-QA used relative to the wet weight 

of the membranes. Specifically, SMA-QA at 1.5% w/w forms the typical small 10-nm-

diameter nanodiscs, at 1% w/w the intermediate 20-nm-diameter, and at 0.25% w/w the large 

30-nm-diameter. Furthermore, the larger nanodiscs of 30 nm diameter allows for slower 

tumbling in solution and thus alignability in an external magnetic field, making SMA-QA one 

of the very few types of SMA that are compatible with NMR spectroscopy. 
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Figure 6-3. (A) Synthesis of SMA-QA polymer by modifications of SMA polymer. The structure of SMA-QA 

contains a quaternary ammonium moiety that does not increase the local proton concentration when the nanodiscs 

are formed. (B) The size of the nanodiscs formed by SMA-QA can be tuned by varying the concentration of the 

polymer. (Figure adapted from Ravula, T. et al, Angew. Chem. Int. Ed. 2018, 57, 1342–1345.) 
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