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ABSTRACT: Surface plasmon resonance (SPR) is a widely used method to
study ligand—protein interactions. The throughput and sensitivity of SPR
has made it an important technology for measuring low-affinity, ultralow
weight fragments (<200 Da) in the early stages of drug discovery. However,
the biochemistry of membrane proteins, such as G-protein-coupled
receptors (GPCRs), makes their SPR fragment screening particularly
challenging, especially for native/wild-type, nonthermostabilized mutant
receptors. In this study, we demonstrate the use of SPR-based biosensors to
study the entire human family of adenosine receptors and present
biologically active novel binders with a range of selectivity to human
adenosine 2a receptor (hA,,R) from an ultralow weight fragment library and
the public GlaxoSmithKline (GSK) kinase library. Thus, we demonstrate the
ability of SPR to screen ultra-low-affinity fragments and identify biologically
meaningful chemical equity and that SPR campaigns are highly effective
fragments that can be used to enable drug discovery programs.
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he adenosine 2a receptor (A,4R) belongs to a clade of

nucleoside sensing G-protein-coupled receptors
(GPCRs) that are stimulated by the ATP metabolite
adenosine." Adenosine levels fluctuate, accumulating over
time during the wake cycle” and with increasing utilization of
cellular energy. Adenosine receptors allow cells to sense these
changes and respond by adapting metabolic processes at the
cellular and organismal level.”” High concentrations of
adenosine in muscle tissue increase blood flow by promoting
local vasodilation following activation of adenosine receptors.
Lipolysis’ and insulin secretion® are also influenced by
adenosine receptors responding to dynamic adenosine levels.
A well-known effect of adenosine accumulation in the brain is a
sense of fatigue, a sensation that can be counteracted by
human adenosine 2a receptor (hA,,R) antagonists such as
caffeine.” High adenosine levels also suppress inflammation
during periods of high-energy use.'” In this way, adenosine
receptors function as a rheostat for energy homeostasis related
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interest in understanding adenosine receptor pharmacology
and physiology.

Targeting adenosine receptor subtypes in drug discovery has
been challenging. There is a high level of endogenous
expression in commonly used cellular systems for drug
screening,'® which may contribute a significant background
signal, thus complicating the determination of selectivity.
Biochemical methods using purified receptors are also
challenging due to the difficulty in purifying large quantities
of functional membrane proteins and limitations of guanosine
triphosphate (GTP)-loading assays. Moreover, both methods
lack the sensitivity required to detect low-affinity interactions.
Conversely, biophysical methods such as surface plasmon
resonance (SPR) utilizing exceptionally small quantities of
protein can be used in a high-throughput manner to screen for
even ultra-low-affinity chemical fragments.'” ™" Utilizing drug-
like chemical fragments allows the eflicient assaying of large

processes, providing healthy responses to increased energy
utilization. Adenosine signaling can also support pathological
states. Tumor microenvironments (TMEs) frequently contain
high levels of adenosine which, via hA,,R activity, suppresses
antitumor immune responses”' " such as neutrophil invasion,"”
natural killer cell maturation,">'* and inhibiting cytotoxic
CD8+ T cell tumor cell killing.15 Thus, there is significant
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Figure 1. (A) Binding sensorgrams of control compounds adenosine (left) and ZM 241385 (right). Adenosine was injected from 7.8 nM to 1 uM,
and ZM 241385 was injected in concentration series from 91.4 pM to 200 nM. Black lines represent binding sensorgrams, and red lines represent
1:1 kinetic fit. (B) Binding sensorgrams of fragment-like compounds theophylline (1), allopurinol (2), and caffeine (3) injected at a concentration
series from 0.823 to 200 yM. Affinity was calculated using equilibrium 1:1 binding model.

Table 1. Control Compound Affinities/Kinetic Parameters Binding to Adenosine Receptors A;, A,,, A,p, and A;”

receptor compound k, (M~!s7h) kg (s7h) Ky K; (literature) figure
Ajn adenosine 9.53(+0.05) x 10° 0.016(+0.008) 17.3(£0.1) nM 150 nM
Ajp ZM 241385 2.42(+0.08) x 10° 6.92(+0.03) x 107 286(+1) pM 395 pM 1A
Ajp theophylline N/A N/A 3.63(+0.05) uM N/A
Ay allopurinol N/A N/A 77(£3) uM N/A 1B
Ajp caffeine N/A N/A 5.51(+0.08) uM N/A
A, SLV320 6.27(+0.01) x 10° 0.0034(£0.0004) 5.46(+0.01) nM 1 nM
Aga CV1808 2.93(+0.03) x 10° 0.027(+0.002) 9.1(+0.1) nM 76 nM -
Ay LUF5834 1.10(+0.06) x 10° 0.0086(+0.0004) 78.2(+0.03) nM 12 nM
A adenosine 2.49(+0.03) x 10* 0.077(+0.007) 3.07(+0.01) uM 290 nM

“k,, on-rate; kg, off-rate; Kp, affinity; K;, inhibition constant from literature.

set of chemical scaffolds that could support a selectivity-
focused A, 4R drug discovery program using purified wild-type/
native GPCRs. We conducted a screen of 656 fragments
(supplied by Drug Discovery Unit, University of Dundee) and
the GlaxoSmithKline (GSK) kinase library set (367 com-
pounds, supplied by GSK) against human wild-type A, R
(A4R), established their selectivity profile against the entire
human adenosine receptor family (wild-type A;R, AjR, AjR),
and characterized their functional activity in controlled
classical live-cell signaling assays designed to allow for the
detection of effects of low-affinity interacting fragment-like
molecules. We identified 16 fragments, with the exception of
one we could validate bona fide biological activity in live-cell
assays. These data demonstrate conclusively the effectiveness

quantities of accessible chemical space. This results in the
identification of starting points to seed structure—activity
relationship (SAR)-driven medicinal chemistry campaigns to
increase the affinity of generated molecules for use in
downstream cellular efficacy and translational assays. Because
of the efficiency in material requirements and throughput, SPR
can be used to determine selectivity of molecules during hit-
finding and in all stages of development, including acting as a
chemical filter to eliminate nonbinding molecules preceding
informative biological and translational assays. Purifying wild-
type functional GPCRs for this purpose is especially
challenging, and many groups have utilized thermostable
mutants”’ which may impart non-native binding and functional
limitations.”"** In this study, we sought to identify a diverse
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Figure 2. (A) Responses of fragments binding to the A,, receptor (black squares), reference 1 (red empty circle) and reference 2 (blue empty
triangle) read immediately prior to the end of injection. (B) Binding responses of positive control, theophylline (solid symbols), and negative
control, sulpiride (empty symbols), binding to the A,, receptor (square) and reference proteins (circle, triangle). (C) Binding sensorgrams of
SLV320 binding to the A, receptor at a 3-fold concentration series ranging from 4.57 nM to 10 uM. (D) Binding sensorgrams of CV1808 binding
to the A,, receptor at a 3-fold concentration series ranging from 4.57 nM to 10 uM. (E) Binding sensorgrams of LUF5834 binding to the A,y
receptor at a 3-fold concentration series ranging from 4.57 nM to 10 M. (F) Binding sensorgrams of adenosine binding to the A; receptor at a 3-
fold concentration series ranging from 0.0457 to 100 xM. Black lines represent binding sensorgrams for each concentration, and red lines are a 1:1

kinetic fit.

of SPR-driven hit-finding campaigns in accurately filtering large
swathes of chemical space, identifying scaffolds that could be
used in developing hA,,R-targeting therapeutics.

Assay Development for the Adenosine A,, Receptor.
The SPR A,, assay was validated using known activity probes
such as the agonist adenosine, the antagonist ZM 241385, and
three fragment-like molecules theophylline (mol wt = 180 Da),
allopurinol (mol wt = 140 Da), and caffeine (mol wt = 195
Da). The binding sensorgrams obtained are shown in Figure
1A,B. Binding affinities and kinetic parameters are summarized
in Table 1 and correspond well to the literature results.'”**
Although the response levels for fragments were low, it was
possible to detect fragments as small as 140 Da with aflinities
ranging from 3.6 to 77 uM.

A,, Fragment Screening. Fragments were screened
against the A,, receptor and two additional reference receptors
at a single concentration of 50 yM. During each screen, the
positive control theophylline and negative control sulpiride
were also injected over all receptors. The fragment library was
split into small subsets in order to screen each subset within 12
h on a Biacore S200 to avoid significant loss of the receptor
from the surface. Figure 2A shows an example of single

1174

concentration responses for each fragment from one subset
binding to the A,, receptor and the reference receptors.
Control binding responses against target and reference surfaces
are shown in Figure 2B. A subset of fragments was selected
based on the binding response to a target versus reference
surfaces and screened in a concentration series to confirm
binding and affinity against the A,, receptor.

Adenosine Receptor Selectivity Assay. To determine
whether the fragment hits showed selectivity to the A,,
receptor relative to the remaining adenosine receptor family,
we developed SPR-based assays for adenosine receptors A,
A,p, and A;. To assess the conformational activity of the
receptors, we screened classically selective (Table 1) ligands
for each receptor and compared the results to literature data.
Binding sensorgrams for SLV320, CV1808, LUFS834, and
adenosine binding to A;, A,,, Ajp, and A;, respectively, are
shown in Figure 2C—F. Binding affinities are summarized in
Table 1 and correspond well to literature data.'”**~>¢

The 17 confirmed fragment hits (fragments A—Q) for the
A, receptor were screened at a concentration series against all
adenosine receptors. Affinities were measured at a steady state
for fragments that did not show curvature in the association/

https://doi.org/10.1021/acsmedchemlett.2c00099
ACS Med. Chem. Lett. 2022, 13, 1172-1181
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Figure 3. Binding sensorgrams of fragments A—Q_binding to A;, A,,, A,p, and A;. Each compound is injected at concentrations specific to each
receptor ranging from 250 nM to 300 uM. Right panel: binding of fragments A—Q_to A,, receptor in the presence of 1 uM NECA.

dissociation phase (with the exception of fragments F and J).
The accuracy of curve fits in these instances is lower toward
weaker binders as, at testing concentrations, fragments do not

1175

reach saturation. Increasing concentration beyond these levels
can result in substantial nonspecific interactions with the
target, limited solubility, or aggregation. In these cases, fixing

https://doi.org/10.1021/acsmedchemlett.2c00099
ACS Med. Chem. Lett. 2022, 13, 1172-1181
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Table 2. Chemical Structures and Binding Affinities of Each Fragment Binding to Adenosine Receptors A;, A4, A,g, and A7

“NB = no binding.

FRAGMENT A (uM) Aaa (uM) Agg (UM) As (M) STRUCTURE
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Figure 4. Binding sensorgrams of selected hits from GSK kinase library binding to adenosine receptors A;, Ay, Ay, and A;. Compound A = SB-
739452, compound B = SB-409514, compound C = GW513184X, and compound D = GW434756X. Right panels: binding of compounds A—D to
A,, receptor in the presence of 1 yM NECA. Orange traces represent a 1:1 kinetic fit.

Table 3. Kinetic Parameters and Binding Affinity of Four Hits from GSK Kinase Library against Adenosine Receptors A, A,,,

Ayp, and A,
receptor A, Ajp
compound k, (M~ s7h) ky (s7Y) Kp k, (M~ s7h) kg (s7Y) Kp
SB-739452 4.25(+0.08) x 10* 0.09(+0.01) 2.12(+0.04) uM 7.62(+0.01) x 10* 0.04(+0.01) 0.56(+0.03) uM
SB-409514 1.21(+0.01) x 10° 0.27(+0.03) 2.21(+0.02) uM 7.23(+0.01) X 10° 0.079(0.01) 0.11(£0.01) uM
GWS513184X 5.33(+0.04) x 10* 0.06(+0.04) 1.21(+0.01) uM complex binding
GW434756X 1.63(+0.02) x 10° 0.01(+0.001) 6.05(+£0.04) X 1073 uM N/A N/A 8.9(+0.4) uM
Agp Ay
SB-739452 no binding no binding
SB-409514 weak binding no binding
GWS13184X weak binding complex binding
GW434756X 1.52(+0.02) x 10° 0.043(+0.005) 0.28(+0.02) uM 5.60(+0.01) x 10* 0.041(+0.001) 0.74(+0.01) uM

R, based on the normalized saturating response of other
fragments or those that show kinetic binding allows for
effective estimates of affinity. The binding sensorgrams are
shown in Figure 3, and structures and affinity fits are
summarized in Table 2 and Supporting Information Figure
S2. Interestingly, several fragments showed high similarity
score (>0.5) that could be used for SAR optimization
(fragments A, B, F, [, M, N, O, and Q). All fragments, with
the exception of fragments F and J, showed binding responses
to all adenosine receptors. Unlike the rest of the hits, fragments
F and J show not only selectivity to the A,, receptor but also
slower off-rates. Fragment M showed high affinity to the A,,
receptor at 1.5 uM but also to the A, receptor at 2.2 yM. Some
fragments, such as O, showed higher affinity to the A, receptor
(1.1 uM) compared to that with the A,, receptor (50 uM);
however, the fragment is binding at lower R, to A; compared
to A,,. All fragments were also screened against the A,,
receptor in the presence of 1 uM 5'-N-ethylcarboxamide
adenosine (NECA), which is well above NECA’s binding
affinity of 34 nM (Figure S4) needed to saturate all available
“orthosteric” binding sites for this compound (Figure 3).
Interestingly, only fragments A, C, E, G, I, J, K, L, M, and Q
showed significant competition with NECA in the solution.
Fragments B, D, F, H, M, N, O, and P showed partial or no
competition suggesting these fragments bound either to the
unoccupied binding pocket on the A,, receptor or to a
different (“allosteric”) binding site. To contextualize these
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findings, a similarity analysis of the novel structures of
fragments A—Q_ was performed to identify the nearest
neighbors in the EBI's ChEMBL database with reported
adenosine binding compounds (Table S1). To further the
analysis, we also compared fragment hit structures to nearest
neighbors within the fragment library that did not show activity
(Table S2).

Kinase Library Screening against A,, Receptor. To
determine the suitability of the SPR assay for larger molecule
screening, we measured binding of 367 small molecule
compounds from the GSK kinase library set against the
adenosine A,, receptor. Each compound was screened at three
concentrations to determine the specificity of binding. We
selected 19 compounds as possible binders to A,, and
screened these against four adenosine receptors at eight
concentrations to determine binding affinity and kinetic
parameters. We confirmed four compounds as binders: SB-
739452, SB-409514, GW513184X, and GW434756X (Figure
S1). The data are shown in Figure 4, and kinetic parameters
are reported in Table 3. We found that compound SB-739452
is selective to the A,, receptor with only weak binding to the
A, receptor. Compound SB-409514 bound with nanomolar
affinity to A,,, and only a weak response was detected to A,
and A,p receptors. Compound GW513184X showed a complex
aggregation binding profile to A,,, A,z and A; receptors but
1.2 uM binding to the A, receptor. Interestingly, compound
GW434756X was found to be a weak binder to A,, but
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Figure S. Antagonism of NECA-induced A,, receptor-mediated cAMP accumulation as measured by a GloSensor assay. Ability of the A,, receptor
antagonist, ZM 241385, fragment library hits (A,B,D,E) or kinase library hits (C,F) to inhibit the accumulation of cAMP as induced by an effective
80% concentration (ECy) of NECA (S00 nM) or effective 20% concentration (EC,,) of NECA (3 nM). Data are expressed as a percentage of the
maximum NECA response and represent the mean &+ SEM of at least three independent experiments performed in technical duplicate.

showed very high affinity binding to the A, receptor (6 nM)
and also nanomolar binding affinities to Ay and A; receptors
(283 and 742 nM). Compounds that predominantly bound to
the A, and A,, receptors (SB-739452, SB-409514, and
GWS13184X) were previously shown to be potent GSK-3
inhibitors with ICy, values of 7, 94, and 100 nM,
respectively.”” >’ Compound GW434756X bound weakly to
the A,, receptor but with high affinities to A}, A,z and A,
receptors identified as ~120 nM inhibitor of p38 kinase.”® All
compounds were competitive with 1 yM NECA to the A,,
receptor (Figure 4).

Functional Characterization of Fragment and Kinase
Library Hits at the A,, Receptor in Cyclic AMP (cAMP)
Accumulation and Gs Bioluminescence Resonance
Energy Transfer (BRET) TRUPATH Assays. Fragment hits
A—Q and the four kinase targeting compounds were screened
in agonist and antagonist modes at the A,, receptor. The A,,
receptor agonist, NECA, potently stimulated the accumulation
of cAMP (pECg, = 7.64 + 0.071; n = 12; Figure S4A) at the
A, receptor, corresponding to previous reports.3] Fragments
A—Q_ and the kinase library hits were unable to stimulate
cAMP accumulation in HEK293T cells transiently expressing
the hA,, receptor, indicating that these compounds lack
agonist activity (Figure S4A,B).

To determine if the fragment and kinase library hits exhibit
Ay, receptor antagonist activity, concentration—response
curves of the test compounds were competed with an ECyg,
of NECA (500 nM) in cAMP accumulation assays (Figure
SA—C). For comparison, the potency of the known A,,
receptor antagonist, ZM 241385, was also determined. The
reference antagonist, ZM 241385, potently and fully inhibited
the cAMP accumulation stimulated by 500 nM of NECA
(pICso = 8.39 + 0.80) at the A,, receptor (Figure SA—C and
Table S3). Five fragments (fragments E, L, M, O, Q) were able
to partially inhibit the cAMP accumulated by 500 nM of
NECA, but their effects in this assay did not reach a saturable
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limit (Figure SA), likely a consequence of their low binding
affinity for the receptor as seen in the SPR assays (Figure 3 and
Table 2). In contrast, fragment N potentiated the cAMP signal
stimulated by NECA-stimulated A,, receptor (Table S3).
These data suggest that fragment N may be acting as an
allosteric modulator, as it did not stimulate cAMP accumu-
lation in the absence of NECA (Figure S4A) and was not
competitive with NECA in the SPR binding assay. Under these
assay conditions, all other fragments appeared to be inactive as
antagonists. SB-409514 fully inhibited NECA-induced cAMP
accumulation, whereas GW434756X only partially inhibited
the cCAMP response at its highest concentration tested (Figure
5C). Both GW513184X and SB-739452 were unable to
antagonize the NECA-stimulated cAMP response under these
conditions.

Since the binding-hit compounds had been identified to
bind to the A,, receptor with a range of affinities ranging from
low to high micromolar (Table 2), it was hypothesized that the
lack of apparent antagonist activity for some compounds may
be a consequence of their affinity being too weak to overcome
and block ¢cAMP accumulation stimulated by an ECg, of
NECA. Antagonist experiments were repeated, but test
compounds were instead competed with a stimulation EC,,
of NECA (3 nM; Figure SD—F). Fragments E and M now
behaved as full antagonists with potency values in the sub-
micromolar range. Fragments L, O, and P had greater activity
at their highest concentration (Figure SD and Table S3).
Fragment N, which demonstrated putative positive allosteric
modulation, was approximately 7-fold more potent when
interacted with an EC,, of NECA (Figure SD and Table S3).
Fragments that were inactive as antagonists under the previous
conditions showed some inhibitory activity when interacted
with an EC,, of NECA (Figure SE and Table S3). Similarly,
SB-409514 was 76-fold more potent as a full antagonist
(Figure SF and Table S3). Both SB-739452 and GWS513184X
now demonstrated full antagonist activity. Due to compound
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Figure 6. (A) Ability of ZM 241385 or fragment D to inhibit NECA-induced activation of Gs proteins at the A,, receptor in a Gs TRUPATH
BRET assay performed in HEK293T cells transiently transfected with the A,, receptor and G proteins. Data are expressed as either a percentage of
the maximum NECA response or as a percentage inhibition of the response generated by 500 nM NECA. (B) Effect of the putative allosteric
modulator, fragment N, on NECA-stimulated cAMP accumulation at the A,, receptor in HEK293T cells. Data represent the mean + SEM of three

to four experiments performed in at least duplicate.

availability, GW513184X and GW434756X were tested at 0.63
mM as the maximum concentration, so it is possible that
GW434756X would demonstrate full antagonist activity if the
assay was repeated at a higher maximum concentration of the
compound.

All fragments were inactive in the GloSensor assay in cells
lacking transfected A,, (Figure S4C). We did notice that the
baseline luciferase signal in this assay was inhibited by
fragment D though not the other fragments. We surmised
that this may be due to inhibition of the firefly luciferase in the
GloSensor protein and so excluded fragment D from these
specific analyses. Interestingly, analysis by the similarity
ensemble approach® predicted that fragment D could interact
with a luciferase related to that used in the GloSensor assay
(luciferin 4-monoxygenase) based on similarity to known
inhibitors. Fragment D, for instance, is identical to
ZINC152092 (a potent firefly luciferase inhibitor’’) with the
exception that the furan of fragment D is replaced by a phenyl.
Because the GloSensor relies on an ATP-dependent firefly
luciferase, it is reasonable to assume that fragments that bind to
adenosine nucleotide binding pockets may yet still bind and
alter the pharmacology of nucleotide binding receptors such as
A,,. To determine whether fragment D was still biologically
active, we performed an orthologous TRUPATH assay which
did not rely on the firefly luciferase enzyme or any other ATP-
dependent enzymes.”**° The reference antagonist ZM
241385 completely inhibited the activation of the Gs short
protein induced by 500 nM of NECA at the A,, receptor
(pICs, 8.82 + 0.25; Figure 6A). Fragment D also
demonstrated antagonist activity in this assay but did not
saturate (estimated pICs, = 6.78 + 2.44; Figure 6A) but,
unlike the GloSensor assay, did not exhibit a comparable effect
in pcDNA transfected control cells (Figure S4D).

Since fragment N demonstrated no agonist activity in the
GloSensor cAMP accumulation assay but potentiated the
ability of an ECg, and EC,, of NECA to stimulate cAMP
accumulation (Figure SA,D and Table S3), we hypothesized
that the fragment may be acting via an allosteric mode of
action. To further understand the mechanism underlying the
activity of fragment N, a cAMP accumulation assay was
performed in cells transiently expressing the A,, receptor to
determine the degree at which fragment N can modulate
NECA agonism (Figure 6B). Interaction of increasing
concentrations of fragment N with a concentration—response
curve of NECA increased both the potency and E_,, of the
NECA curve as determined by F-test when the data were fitted
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to a standard four-parameter logistic function (pECs p =
0.003; E,., p = 0.0003). Application of the operational model
of allosterism to the data set did not yield a reliable fit of the
model,””* likely due to the low affinity and potency of the
fragment for the A,, receptor. Notably the concentrations
tested did not appear to saturate even at 30 uM.

SPR is a highly sensitive assay and with specific data
evaluation procedures can be used to detect even extremely
weak interactions between chemical entities and target
proteins. The approach has been historically beset by
limitations that restricted its use to soluble targets. Expanding
purification techniques for membrane proteins via the use of
novel detergents and lipid formulations, polymers for the
production of nano- and lipodiscs, will increase the viability of
this approach to wider groups of therapeutic targets. While
SPR can screen fragment-like molecules that allow for
extrapolation of extremely large and diverse chemical spaces,
it cannot predict the biological activity of these binders. Here,
we have presented an example of an integrated pharmacology
pipeline that takes advantage of the high sensitivity of SPR to
interrogate an extremely difficult target class (wild-type
GPCRs) and downstream pharmacological activity. Thus,
SPR can be used to sample and filter pharmacological space to
eliminate the need for high-throughput biological screens that
often require higher-affinity compounds and may exclude
perfectly viable starting material for drug design. Additionally,
by winnowing down the hit material, it becomes far more
practical to design experimental assays that are sensitive to the
requirements of the screening material. Unlike crystallography,
SPR requires lower amounts of proteins, and assays can be
optimized to cover proteins with poor thermostability. Due to
its amenity for screening diverse libraries of molecules from
small fragments to drug-like compounds, SPR can be used
during SAR optimization of fragments to larger, more potent
molecules. SPR for screening of membrane receptors thus
continues to expand the capability to identify novel and
selective matter for drug design and development, especially
when combined with careful biological assays to establish a
binding mode and biological functionality. We also presented
SPR assays developed for the family of adenosine receptors
which could point to selectivity properties of fragments at early
stages of hit discovery. We found that, at the fragment stage,
selectivity was limited to higher-affinity fragments such as J and
F, suggesting that we could obtain more selectivity for
compounds once the fragments are optimized as larger
molecules.
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