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Abstract

Affinity mass spectrometry (MS) enables rapid screening of compound mixtures for ligands bound 

to a specific protein target, yet its current throughput is limited to individually assay pools of 

400−2000 compounds. Typical affinity MS screens implemented in pharmaceutical industry 

laboratories identify putative ligands based on qualitative analysis of compound binding to the 

target whereas no quantitative information is acquired to discriminate high- and low-affinity 

ligands in the screening phase. Furthermore, these screens require purification of a stabilized form 

of the protein target, which poses a great challenge for membrane receptor targets. Here, we 

describe a new, potentially general affinity MS strategy that allows screening of 20,000 

compounds in one pool for highly efficient ligand discovery toward a G protein-coupled receptor 

(GPCR) target. Quantitative measurement of compound binding to the receptor enables high-

affinity ligand selection using both the purified receptor and receptor-embedded cell membranes. 

This high-throughput, label-free and quantitative affinity MS screen resulted in discovery of three 

new antagonists of the A2A adenosine receptor.
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Graphical Abstract

In the past 2 decades, high-throughput screening (HTS) has become a mainstay for the 

generation of new chemical entities as a starting point for drug development in the 

pharmaceutical industry. A routine HTS campaign typically involves screening a library of 

1−2 million compounds against a target of interest using the recombinant protein or cell-

based functional assays. In spite of success with various targets, the experience in the past 

showed that HTS can generate significant numbers of “artifact” hits partly caused by the 

assay detection systems based on a fluorescence or luminescence readout.1,2 Recently, the 

traditional functional assay technologies are being complemented by affinity-based methods 

that directly measure the physical interaction between a test compound and a protein target. 

These biophysical technologies are increasingly introduced into the lead discovery pipeline 

for hit identification and optimization, to remove false positive hits of HTS, or to address 

protein interactions for challenging targets with no bioactivity assay adaptable to HTS.3,4

In the early phase of lead discovery, two affinity-based techniques that strongly complement 

the classical activity-based HTS assays for rapidly screening large libraries are DNA-

encoded library (DEL) and affinity mass spectrometry (MS). Both techniques adopt a 

multiplexed screening format in which a pool of compounds is incubated with the target of 

interest, and multiple ligands are selected simultaneously due to their affinity to the target. 

DEL has afforded unprecedented screening throughput given that 1 million to 100 million 

compounds are typically synthesized and screened in one pool toward a specific target.5–7 

The high sensitivity and selectivity of a DEL screen is enabled by amplification of the 

distinct DNA barcode attached to each compound.5 By contrast, current affinity MS 

screening permits ligand identification from pools of only 400−2000 compounds, which 

significantly limits its throughput.2,4,8,9 Therefore, far more protein is needed when a large-

scale library has to be subdivided into hundreds of less complex cocktails compared to 

screening the entire library as a whole. In addition, the majority of affinity MS screens 

implemented in pharmaceutical industry laboratories identify putative ligands based on 

qualitative analysis of compounds bound to the target.2,8,10,11 No quantitative information is 

derived from screening large libraries at a single condition to discriminate high- and low-

affinity ligands. Precise affinity ranking can be achieved by doing titration experiments, in 

which the concentration of either a ligand or the protein target is varied,12,13 yet this type of 

multidose experiments would lower the throughput and require more of the protein or 

compounds.
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Another prevailing challenge for affinity-based screening techniques is the requirement of 

protein targets of high purity, activity, and stability.4 Because it is especially difficult to 

obtain a stable and active form of a membrane protein, very few applications of DEL, 

affinity MS, NMR, or surface plasmon resonance (SPR)-based ligand screening have been 

reported for this target class unless the protein is heavily engineered to increase 

thermostability.9,10,14–16 We have previously reported a new approach to use target protein-

expressing cell membranes to screen for G protein-coupled receptor (GPCR) ligands by 

affinity MS.17 This approach allowed us to eliminate the demanding step of receptor 

purification and to keep the receptor embedded in the native membrane environment. 

However, our earlier GPCR screening was performed with a limited throughput by mixing 

480 compounds in each pool for ligand selection.

In this study, we describe a new affinity MS strategy that enables screening of 20,000 

compounds in one pool for highly efficient ligand discovery. Quantitative measurement of 

compound binding to the target compared to a control renders the selection of high-affinity 

ligands. This approach was applied to ligand screening for the A2A adenosine receptor 

(A2AR), an attractive GPCR target for immune−oncology, inflammation, and central nervous 

system disorders.18–20 Pharmaceutical development of A2AR antagonists and agonists is 

limited by the lack of novel scaffolds.21 Our high-throughput, label-free, and quantitative 

affinity MS screen resulted in the discovery of three unreported antagonists for A2AR, which 

could provide new starting points for chemical optimization and drug development.

EXPERIMENTAL SECTION

Protein Expression, Purification, and Compound Library Preparation.

See Experimental Section in the Supporting Information for a detailed description.

Protein-Based Affinity Selection of Different Compound Pools.

The purified receptor, A2AR or HCAR2 (3 μg), was immobilized on nickel agarose beads 

overnight in the incubation buffer of 25 mM HEPES, 800 mM NaCl, 0.02% (w/v) DDM, 

and 0.004% (w/v) CHS. Then, the A2AR beads were incubated with a specific compound 

pool (50 nM of each compound) in a total volume of 200 μL incubation buffer for 1 h at 

4 °C. The supernatant was removed and the beads were washed four times with 150 mM 

ammonium acetate (pH 7.5). For the single-round affinity selection, 100 μL of 100% 

methanol was added twice to extract the compounds from A2AR beads and dried out in a 

speed vacuum and the residue redissolved in 50% methanol. For the iterative affinity 

selection, the compound extract from the A2AR beads was dried, reconstituted in the 

incubation buffer, and reincubated with freshly prepared A2AR beads. Through three rounds 

of affinity selection, finally eluted compounds were reconstituted in 50% methanol prior to 

LC-MS analysis. HCAR2 beads as the negative control were processed by the same 

procedure.

Membrane-Based Affinity Selection of 20K-Mix.

Cell membrane proteins were extracted using 1% SDS in 0.1% NaOH, and total protein 

concentration was measured with the BCA quantification kit (TIANGEN, China). The 
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amount of A2AR and HCAR2 present in the membrane extract was determined using ELISA 

with an anti-Flag antibody (Sigma, China). The membrane fraction expressing A2AR 

(200−300 nM) was incubated with a specific compound pool (50 nM of each compound) in 

a total volume of 200 μL for 1 h at 25 °C. As previously described in detail,17 the membrane 

fraction was separated from free compounds in solution by vacuum filtration on a filter plate 

(Millipore, U.S.A.) and extensively washed by ammonium acetate (pH 7.5). After the first 

round of affinity selection, the A2AR-expressing membranes were treated by 100 μL of 

100% methanol four times to elute compounds and the supernatant was collected by 

centrifugation at 20000g for 20 min. The supernatant was dried out, reconstituted in the 

incubation buffer, and reincubated with new A2AR-expresssing membranes. Three rounds of 

affinity selection were performed before the finally eluted compounds were collected for 

LC-MS analysis. HCAR2-expressing membrane fractions were processed using the same 

procedure.

LC-MS Analysis and Data Processing for Hit Identification.

Samples were analyzed on a Thermo Q Exactive HF apparatus operating in the positive ion 

mode and as a hybrid with a Waters ACQUITY UPLC instrument. Typically a two-thirds 

volume of the sample prepared from each replicate was injected. Chromatographic 

separation was performed on a ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 100 

mm2, Waters, U.S.A.) at a 200 μL/min flow rate and maintained at 40 °C, with the mobile 

phases of water/0.1% formic acid (A) and acetonitrile/0.1% formic acid (B). In the 480-mix 

screens, the previously reported LC gradient was applied.15 In 2400-mix, 4800-mix, and 

20K-mix screens, a longer gradient was applied: 0−2 min, 5% B; 2−2.1 min, 5−20% B; 

2.1−30 min, 20−35% B; 30−46 min, 35−60% B; 46−46.5 min, 60−90% B; 46.5−55 min, 

90% B; and re-equilibration for 5 min. In the affinity MS assay of a simple mixture, a 

shorter gradient was applied: 0−2 min, 5% B; 2−8 min, 5−50% B; 8−10 min, 50− 90% B; 

10−12 min, 90% B; and re-equilibration for 3 min. Full-scan mass spectra were acquired in 

the range of 160−1000 m/z with major ESI source settings: spray voltage 3.5 kV; probe 

heater temperature, 300 °C; capillary temperature, 320 °C; sheath gas, 35; auxiliary gas, 10. 

MS1 scan parameters included resolution 60,000, AGC target 3e6, and maximum injection 

time 200 ms. For isomeric compounds, MSMS spectra were acquired on selected compound 

precursors with collision energy set at 20, 40, and 60 eV. For each sample set, we first 

injected the compound pool followed by four pairs of target and control samples.

Compound idenfication and binding index (BI) measurement based on different screening 

data mainly followed the previous procedure.15 Briefly, compounds in the target and control 

samples were identified by extracting ion chromatograms (EICs) using TraceFinder 4.0 

(Thermo Fisher Scientific, U.S.A.) based on accurate mass (<5 ppm), isotope distribution 

(<30% deviation), and retention time matching with respective peaks in the compound pool. 

For the compound pools of 480-mix, 2400-mix, and 4800-mix (either alone or in the 20K-

mix library), the typical compound detection rate was 70−80%. BI of each compound refers 

to the ratio of EIC peak area in the target vs the control. BI was defined as 99 if the 

compound was only detected in the target samples or the actual ratio was above 100. Initial 

hits of 2400-mix, 4800-mix, and 20K-mix screens with purified receptor were selected based 

on mean BI > 5 and P < 0.01 from four replicates, or BI = 99 in all replicates. Initial hits of 
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480-mix and 20K-mix screens with cell membranes were selected based on mean BI > 2 and 

P < 0.01 from four replicates or BI = 99 in all replicates. For each compound, significant 

difference in the EIC signals between the target and the control is reflected by P-values 

determined in a two-tailed t test. Putative ligands were searched in ChEMBL, DrugBank, 

Binding DB, and SciFinder databases to find out whether they are known ligands for A2AR.

SPR.

The surface plasmon resonance (SPR) analysis was performed at 10 °C using Biacore T200 

with NTA sensor chip (GE Healthcare, U.S.A.) and equilibrated with running buffer (20 mM 

Tris-HCl, 150 mM NaCl, 0.1% LMNG, 0.02% CHS, 0.1% DMSO, and pH 7.5). The 

purified A2AR protein containing a C-terminal 10× His tag was immobilized on the chip to 

yield a capture level of 5,000−10,000 resonance units (RU). Each unknown ligand from the 

480-mix screen was first tested at 1 μM. Those with responses above the buffer control (9 

± 1 RU) were subjected to binding affinity and kinetics determination. The analytes were 

prepared and injected in multicycle format in 2-fold dilution series in the range of 0.04− 10 

μM. The association and dissociation time was both 180 s followed by two 60 s injections of 

regeneration reagent of 5 mM theophylline and a 60 s injection of buffer. SPR analysis of 

each compound was conducted in duplicate. For Kd calculation, the data were fitted to a 1:1 

interaction model with equilibrium analysis using Biacore T200 evaluation software.

Radioligand Binding Assay.

[3H]CGS21680 binding was analyzed using plasma membranes prepared from HEK-293 

cells transiently expressing wild-type A2AR. Approximately 1.2 × 108 transfected HEK-293 

cells were harvested, suspended in 10 mL of ice-cold membrane buffer (50 mM Tris-HCl, 

pH 7.4), and centrifuged for 5 min at 700g. The resulting pellet was resuspended in cold 

membrane buffer, then homogenized by a Dounce homogenizer (Wheaton, Millville, NJ, 

U.S.A.), and centrifuged for 20 min at 50000g. The pellet was resuspended, homogenized, 

and centrifuged again, and the precipitate containing the plasma membranes was suspended 

in the membrane buffer containing protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA) 

and stored at −80 °C. Protein concentration was determined using a protein BCA assay kit 

(Pierce Biotechnology, Pittsburgh, PA, USA). Cell membrane homogenates (10 μg of protein 

per well) were incubated in membrane-binding buffer (50 mM Tris-HCl, 10 mM NaCl, 0.1 

mM EDTA, and pH 7.4) with constant concentration of [3H]CGS21680 (1 nM, PerkinElmer, 

U.S.A.) and serial dilutions of unlabeled CGS21680 (0.26 nM to 100 μM) or compounds 

(0.64 nM to 50 μM) at room temperature for 3 h. Following incubation, the samples were 

filtered rapidly in vacuum through glass fiber filter plates (PerkinElmer). After soaking and 

rinsing 4 times with ice-cold PBS, the filters were dried and counted for radioactivity in a 

scintillation counter (PerkinElmer).

cAMP Accumulation Assay.

The human A2AR full-length cDNA was subcloned into the pIRES-hyg2 mammalian 

expression vector. The full-length ORF has been confirmed by sequencing. The A2AR cell 

line was created by transfection of the HEK293 parental cell line and selected by 100 μg/mL 

hygromycin. Single cell clones with high A2AR inducibility were isolated. The clones with 

the largest dynamic range in the cAMP assay upon stimulation with adenosine were chosen 
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for pharmacological studies. Cells were seeded in 6-well plates for overnight culture before 

inoculation into 384-well plates (1250 cells per well) for the assay. Accumulation of cAMP 

was measured using the LANCE cAMP kit (PerkinElmer) according to the manufacturer’s 

instructions. First, cells were incubated for 30 min in assay buffer with varying 

concentrations of each compound (0.1−60 μM) alone or together with CGS21680 at 37 °C 

for 30 min. Following addition of the detection mixture, plates were left for 1 h at room 

temperature prior to reading using an EnVision plate reader (PerkinElmer).

Molecular Docking Calculations.

Docking calculations were performed with graphical user interface Maestro 10.4 in 

Schrödinger Suite 2015–4 using a 1.8 Å resolution crystal structure of the human A2AR in 

complex with an antagonist (PDB accession: 4EIY). Ligand 3D structures were generated 

using LigPrep 3.6. The receptor was prepared by removing all nonprotein atoms. Molecular 

docking was carried out using Induced Fit Docking with the extra precision docking score 

and allowing optimization of residues within 5.0 Å.

RESULTS AND DISCUSSION

Ligand Screening toward Stabilized A2A Receptor from 480-Mix Compound Pools.

In order to obtain a relatively pure and stable receptor preparation for ligand screening, we 

purified a thermostabilized A2AR variant that was initially designed for protein 

crystallization.22 This engineered apo receptor that was fused with a stabilizing partner and 

incorporated three mutations within the seven-transmembrane domain remained in a 

homogeneous monomeric conformation after purification (Supporting Information Figure 

S1). An affinity MS workflow for the purified receptor was initiated by immobilizing A2AR 

on magnetic beads through its C-terminal His tag, and the immobilized target was then 

incubated with a compound mixture. The ligand-bound A2AR complexes were enriched by 

magnetic separation from the solution phase. Bound ligands were then dissociated from the 

protein target and subjected to liquid chromatography coupled to high-resolution mass 

spectrometry (LC-MS) analysis (Figure 1a). Another purified GPCR protein (hydroxyl 

carboxylic acid receptor 2, HCAR2) was immobilized and processed in the same manner to 

serve as a negative control (Figure S1). Quantitative comparison of the extracted ion 

chromatograms of individual compounds detected in the target vs the control incubations 

allowed us to distinguish specific A2AR-interacting ligands from nonspecific binders (Figure 

1a).

We first validated our method by incubating A2AR or the control with a mixture of seven 

known A2AR ligands and five unrelated compounds. Specific A2AR binding was defined by 

a compound BI > 2 from four experimental replicates according to our previous experience 

with affinity MS analysis of different targets.9,17,23 It is noteworthy that BI measurement 

does not precisely correlate to binding affinity of individual ligands, though it allows for 

semiquantitative estimation of affinity ranking for multiple ligands. Agonists and antagonists 

with high to medium A2AR affinity (Ki < 1 μM)19 showed BI values ranging from 4.0 to 99, 

while none of the unrelated compounds passed the BI threshold (Figure 1b). It is noteworthy 

that two antagonists, theophylline and caffeine, were not selected as ligands in our affinity 

Lu et al. Page 6

Anal Chem. Author manuscript; available in PMC 2020 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MS assay probably due to their weak interaction with the receptor (Ki > 20 μM)19 (Figure 

1b). Thus, our affinity MS assay established for a purified GPCR target enabled confident 

identification of relatively strong-binding receptor ligands.

Next, we employed the affinity MS assay to screen a collection of 4800 small molecules 

against the A2AR. This library was first divided into 10 cocktails of 480-mix to represent the 

complexity of compound pools commonly seen in affinity MS experiments.2,9,11,17 Each 

480-mix cocktail was spiked with a known agonist UK-432,09722 and separately incubated 

with the target or control. Affinity MS analysis generated a set of initial hits passing the hit 

selection criteria (BI > 2, P < 0.01, and n = 4). Hits identified from one of the 480-mix 

cocktails were illustrated in Figure 1c. The positive control UK-432,097 was detected in all 

cocktails to ensure the receptor binding activity maintained throughout our affinity MS 

experiments. Screening ten 480-mix cocktails resulted in a total of 22 initial hits with a 

mean BI of 2.1 to 99 (Figure 1d and Table S1). They included seven well-characterized 

A2AR ligands, and six of them showed <1 μM receptor binding affinity in radioligand 

competition assays.24–27 The remaining 15 hits had no documented bioactivity or interaction 

toward any adenosine receptor subfamily member (A2AR, A2BR, A1R, and A3R) and were 

thus regarded as new, putative A2AR ligands (Figure 1e).

Validation of Binding of New Putative Ligands to A2A Receptor.

To verify the 15 new, putative A2AR ligands, we obtained each pure compound and created a 

simple mixture. Incubating this mixture with the target or control receptor followed by 

affinity MS analysis28 verified 10 compounds specifically bound to A2AR (Figure 2a). 

Those that were not validated could have resulted from compound misidentification or 

altered binding behavior in the original 480-mix cocktails. Meanwhile we exploited SPR-

based biosensors to evaluate the binding capability of each putative ligand to the purified 

receptor. In a single-dose experiment, 11 of the 15 putative ligands yielded normalized 

responses significantly above the buffer control, and they were considered validated A2AR 

binders (Figure 2b). The majority of the ligands validated by either the affinity MS assay or 

the SPR assay overlapped, thus increasing our confidence in ligand identification (Figure 

2c). The nine overlapping validated ligands were further analyzed by SPR in a multidose 

experiment to determine their dissociation constants. One ligand, 3288, showed low μM 

affinity to the receptor according to its SPR sensorgrams and the binding curve (Figures 

2d,e). SPR data for the other ligands are summarized in Figure S2.

Notably, GPCR ligand detection has posed several technical challenges for SPR analysis. 

Detergents and co-solvents for GPCR purification may influence the SPR binding signals, or 

the commonly used reagents for target immobilization and regeneration in SPR may not be 

suitable for GPCRs.29,30 In our SPR experiment, we had to screen detergents, optimize 

buffer composition, and select a suitable reagent for receptor regeneration. Very often each 

of these SPR conditions has to be optimized for different GPCRs. Unlike SPR, the affinity 

MS assay is more tolerant of buffer interferences, and our workflow established for A2AR 

ligand screening and validation is more easily adapted to other receptors.
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Ligand Screening from 2400-Mix and 4800-Mix Compound Pools.

To increase the throughput of our affinity MS screen, we modified our workflow by 

performing iterative rounds of affinity selection of compounds associated with the protein 

target. Specifically, after each selection round, the associated compounds were eluted from 

A2AR by chemical denaturation of the receptor and reincubated with freshly prepared A2AR 

(Figure 3a). Three sequential selection rounds were carried out before the finally eluted 

compounds were analyzed by LC-MS/MS. To test the new workflow, we prepared two 

cocktails of 2400-mix and a single 4800-mix from the initial compound library. After the 

multiround affinity MS analysis, many compounds were barely detectable in the negative 

control, giving rise to a BI of 99 (meaning only detected in the target samples). It suggested 

that nonspecific binders in the control tend to be completely washed off in the multiround 

selection process. To screen for high-affinity ligands, we raised the BI threshold to above 5 

(P < 0.01, n = 4) for hit selection. Screening either two 2400-mix compound pools or a 

single 4800-mix pool yielded the same set of 14 initial hits, and 12 hits had BI of 99 (Figure 

3b,c and Table S1). These hits were compared with the benchmark ligand set from the 

standard 480-mix screen, which consisted of seven reported ligands and nine new ligands 

covalidated by MS and SPR binding assays. Nine hits from both the 2400-mix and 4800-mix 

screens turned out to be benchmark ligands, suggesting our multiround affinity MS approach 

efficiently captured true ligands from compound pools of 10-fold increased complexity 

(Figure 3d). For the five new hits identified from the 2400-mix or 4800-mix screen, three of 

which were validated in the affinity MS binding assay with a simple compound mixture 

(Figure S3a). In the 4800-mix screen, we further varied the protein:compound ratio during 

incubation and found that increasing the concentration of protein or compounds led to 

identification of slightly more benchmark ligands and many more new “hits” that were 

presumably false positives (Figure S3b). Thus, we retained the original incubation 

conditions to restrict the hit rate < 1% for multiround affinity MS screen.

Accelerated Ligand Screening from a 20K Compound Pool with Purified Receptor or 
Receptor-Embedded Cell Membranes.

Encouraged by our success with the 4800-mix screen using the iterative affinity selection 

strategy, we moved forward to see whether the benchmark ligands could still be identified 

from an even more complex compound pool. To this end, we combined the original 4800-

mix with another library containing 15.7K compounds. This 20K-mix was incubated with 

purified A2AR protein and underwent multi-round affinity MS analysis. Comparison of the 

LC-MS trace for the input 20K-mix and the compounds eluted from the receptor after three-

round selection revealed that the number of detectable compound peaks was substantially 

reduced after affinity MS screen, indicating enrichment of putative ligands (Figure S4). 

Twenty-five initial hits were discovered from the 20K-mix screen with purified A2AR 

protein (Figure 4a and Table S1). It is noteworthy that only compounds in the 4800-mix 

library were counted as hits but not compounds in the additional 15.7K library, which 

merely served as the compound pool background.

Previously, we established an affinity MS workflow using cell membranes overexpressing a 

specific GPCR target as the screening subject to eliminate the need for laborious receptor 

purification.17 In the earlier study, screening was performed against 480-mix compound 
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pools with a single-round affinity selection procedure. Here, we implemented the new multi-

round affinity MS workflow to screen the 20K-mix for ligands associated with A2AR-

expressing cell membranes (Figure S5). Since the membrane-based screen yielded higher 

background signals, the BI threshold was lowered to 2 (P < 0.01, n = 4) for hit selection. 

Fifteen initial hits resulted from the affinity MS screen with A2AR-expressing membranes 

(Figure 4b and Table S1). Ten of them were in common with those from screening the same 

20K-mix with purified A2AR protein. For these shared hits, we noticed that six of them 

displayed significantly reduced BI values in the membrane-based screen compared to the 

protein-based screen. For instance, one hit, 3404, was only detected in the target samples (BI 

= 99) in the protein-based screen in contrast to a lower BI of 7.2 measured in the membrane-

based screen (Figure 4c). Nevertheless, two 20K-mix screens using different forms of the 

receptor identified 69% of the benchmark ligands (Figure 4d), suggesting that our screening 

approach with highly complex compound pools can achieve efficient GPCR ligand 

identification.

We then compared the selection of 16 benchmark A2AR ligands from screening compound 

pools of 480-mix, 2400-mix, 4800-mix, and 20K-mix (Figure 5 and full data in Table S2). 

Among the seven known ligands, the two with highest A2AR affinity (Ki < 0.03 μM) were 

identified in all five types of screens, and three more ligands of medium affinity 

(0.061− 0.84 μM) were selected in all four screens using the purified target, but not that 

using the target-expressing membranes. Concordantly, for the nine unknown ligands 

discovered in our study, three with the highest affinity (Kd < 1.4 μM) were identified in all 

five screens. Two more ligands with slightly reduced affinity (~4.0 μM) could be also 

captured in the 20K-mix screens. Although there was a trade-off between increased 

screening throughput and reduced hit rate, we concluded that the accelerated affinity MS 

screening for a GPCR target, using either purified protein or cell membranes, enables 

efficient detection of most of the high-affinity ligands present. The entire experiment, 

including compound library incubation, affinity selection, and LC-MS analysis of ligand 

mixtures, took about 4 h in total.

Discovery of New Chemical Modulators for A2A Receptor.

As for the nine A2AR ligands discovered in our screen, yet not reported in the literature, we 

further conducted radioligand binding and cell activity assays to evaluate their functional 

interaction with the endogenous, wild-type receptor. Another unknown ligand, 3676, that 

was missed in the 480-mix, yet selected in four other screens of higher complexity, was also 

assayed (Figure S6). Six test compounds showed radioligand binding affinity in the 

competition assay with IC50 spanning from 26 nM to 1.8 μM (Figure 6a). Three of them, 

3288, 3588, and 3676, were further characterized as A2AR antagonists in a cAMP 

accumulation assay (Figure 6b). Docking of the compound 3288 to the A2AR structure 

predicted that the pyrimidine core of 3288 is anchored by an aromatic π-stacking interaction 

with Phe168 in the extracellular loop 2 (ECL2) and hydrogen bonding with Asn253 in 

transmembrane helix (TM) VI (Figure 6c). These two interactions are common to many 

reported agonist- and antagonist-bound A2AR structures.16,17,19,22 Hydrophobic interaction 

of the phenyl ring with multiple residues and the hydrogen bond engaging the imino group 

and Ser67 could strengthen receptor binding of 3288 (Figure S7). For the adenine-like ligand 
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3676, molecular docking indicated that the adenine moiety of 3676 is also anchored by key 

interactions with Phe168 and Asn253, and its indole moiety involves a new π-stacking 

interaction with Y271 in TM VII (Figure 6d). Additional hydrophobic and polar interactions 

contributed to the antagonist binding (Figure S7). It is noteworthy that the identification of 

novel agonists for A2AR in broad screening of diverse chemotypes such as a virtual screen 

of millions of compounds is very rare.19,21 Given that our unbiased screening approach was 

able to detect several known A2AR agonists, including adenosine, UK-432,097, and NECA 

(Figure 1b), we hope to identify novel agonists by screening much larger and more diverse 

libraries in the future.

CONCLUSIONS

In this study, we present a new, potentially general affinity MS strategy that significantly 

increases the screening throughput by assaying 20K compounds in one pool compared to our 

previous work of merely screening 480 compounds at a time. When applied to A2AR ligand 

discovery, this approach enabled repeated identification of high-affinity hits from compound 

pools of increased complexity. Both novel A2AR antagonists and agonists are sought for 

pharmaceutical development. These hit molecules from this study can now be chemically 

optimized for pharmacological and drug-like properties. Furthermore, our accelerated 

affinity MS approach can be employed to screen with both the purified stable form of a 

GPCR target and the target-embedded cell membranes. Using the iterative selection 

procedure developed in this study, we expect the throughput of affinity MS screening can be 

further increased to assay hundreds of thousands or even 1 million compounds in one pool, 

approaching the throughput of the DEL screen. Construction of a million-scale library to be 

screened by affinity MS in one pool for rapid GPCR ligand discovery is underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Affinity MS screen of 480-mix cocktails for ligand identification toward A2AR. (a) 

Experimental workflow. High- and low-affinity hits are distinguished by their MS intensity 

in the target vs control. (b) Affinity MS analysis of known A2AR ligands (red) and unrelated 

compouds (gray) in a simple mixture. Ligands with BI > 2 (n = 4) were identified. (c) 

Affinity MS screen of a 480-mix cocktail. Hits (mean BI > 2, P < 0.01, and n = 4) are 

indicated by red dots while gray dots represent negatives. (d) Hit identification from 

screening each 480-mix cocktail (M1−M10). (e) Total numbers of known and unreported 

ligands for A2AR identified from all 480-mix screens. Cpd, compound.
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Figure 2. 
Validation of putative A2AR ligands by affinity MS and SPR. (a) Affinity MS assay on a 

mixture of 15 putative ligands. Confirmed ligands (mean BI > 2, P < 0.01, and n = 4) are 

designated by asterisks. (b) SPR analysis of 15 putative ligands (each tested at 1 μM). 

Verified ligands (response > 10 RU), nonbinders and blank controls are represented by red, 

black, and blue squares, respectively. (c) Overlap of verified ligands by affinity MS and 

SPR. SPR sensorgrams (d) and the binding curve (e) of a verified ligand 3288. SPR data are 

shown as means of duplicate measurements at each concentration (0.04−10 μM). Cpd, 

compound.
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Figure 3. 
Affinity MS screen of 2400-mix and 4800-mix compound pools. (a) Modified workflow 

integrating iterative incubation of eluted compounds with the target. (b) Screening two 2400-

mix pools and (c) one 4800-mix pool yielded the same set of initial hits. Initial hits and 

negatives are indicated by red and gray dots, respectively. (d) Overlap of hits from the 2400-

mix and 4800-mix screens and comparison with the benchmark ligand set from the regular 

480-mix screen. Isomeric compounds that cannot be distinguished by LC-MS/MS analysis 

are separately shown in panels b and c, yet they are de-duplicated to be a single hit in panel 

d. Cpd, compound.
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Figure 4. 
Affinity MS screens of a 20K compound pool. Hit identification from screening the 20K 
library with purified A2AR protein (a) or A2AR-expressing cell membranes (b). Descriptions 

for panels a and b are the same as those for Figure 3b,c. (c) Extracted LCMS traces of 

compound 3404 from the protein-based screen (left) or the membrane-based screen (right). 

(d) Overlap of hits from the two 20K-mix screens and comparison with the benchmark 

ligand set. Pro, protein; mem, membrane.
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Figure 5. 
Selection of seven known ligands (a) and nine unknown ligands (b) for A2AR in the 

benchmark ligand set by different affinity MS screens. The range of binding affinity of 

known ligands from literature24–27 (Ki) and unknown ligands measured by our SPR analysis 

(Kd) is color coded. Cpd, compound; Pro, protein; mem, membrane.

Lu et al. Page 17

Anal Chem. Author manuscript; available in PMC 2020 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Discovery of new chemical modulators for A2AR. (a) Binding affinity of six new ligands 

determined by radioligand binding assay. (b) Activity of three new antagonists revealed in a 

cAMP accumulation assay. ZM and CGS are positive controls. Affinity and activity 

measurements in panels a and b were represented by means and SD from experimental 

triplicates. (c) Docked pose of 3288 (orange) in the A2AR model (cyan). (d) Docked pose of 

3676 (orange) in the A2AR model (cyan). Interactions: hydrogen bonds, pink dashed line; π
−π interaction, black dashed line.
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