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A Covalent Antagonist for the Human AR

Abstract

The structure of the human Aza adenosine receptor has been elucidated by X-ray
crystallography with a high affinity non-xanthine antagonist, ZM241385, bound to it. This
template molecule served as a starting point for the incorporation of reactive moieties that
cause the ligand to covalently bind to the receptor. In particular, we incorporated a
fluorosulfonyl moiety onto ZM241385, which yielded LUF7445 (4-((3-((7-amino-2-(furan-2-
yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-yl)amino)propyl)carbamoyl)benzene sulfonyl
fluoride).

In a radioligand binding assay LUF7445 acted as a potent antagonist, with an apparent affinity
for the hA2a receptor in the nanomolar range. Its apparent affinity increased with longer
incubation time, suggesting an increasing level of covalent binding over time. An in silico
Aza-structure-based docking model was used to study the binding mode of LUF7445. This led
us to perform site-directed mutagenesis of the Aza receptor to probe and validate the target
lysine amino acid K153 for covalent binding. Meanwhile, a functional assay combined with
wash-out experiments was set up to investigate the efficacy of covalent binding of LUF7445.
All these experiments led us to conclude LUF7445 is a valuable molecular tool for further
investigating covalent interactions at this receptor. It may also serve as a prototype for a
therapeutic approach in which a covalent antagonist may be needed to counteract prolonged

and persistent presence of the endogenous ligand adenosine.

Keywords: G protein-coupled receptors, A2a adenosine receptor, adenosine, covalent

antagonist, radioligand binding

59




Chapter 3

1. Introduction

G protein-coupled receptors (GPCRs), all membrane-bound proteins, represent one of the
largest classes of drug targets, and are the anchor point for approx. one third of all marketed
drugs [1]. These proteins are notoriously difficult to handle outside of their natural membrane
context, for instance in receptor purification and crystallization. Recently, however, a
combination of technological advances has allowed the structure elucidation of an increasing
number of these important drug targets [2-4]. In this context covalent modification of the
receptor with ligands is emerging as a useful way to investigate ligand-receptor binding
domains in membrane proteins, also because such covalent ligands, acting as pharmacological

chaperones, tend to stabilize the otherwise fragile receptor proteins.

Covalent binding of both agonists and antagonists to adenosine receptors has known a long
history in purinoceptor research. In the 1980s the adenosine A1 receptor was the preeminent
target for such studies [5], eventually leading to the design of a covalently binding
fluorosulfonyl derivative of the reference antagonist DPCPX, named FSCPX, which appeared
useful also in an in vivo setting [6,7]. Likewise the adenosine Aza receptor has been subjected
to such strategies. One existing example is the para-fluorosulfonyl derivative of SCH58261,
FSPTP, which was used to investigate the level of adenosine A2a receptor reserve for agonist
activity [8]. The hA2aAR has relevance in various diseases, and thus, agonists for increasing
blood flow during cardiac nuclear stress tests [9] and an antagonist for the treatment of
Parkinson’s disease [10] are on the market, and the receptor may also play a role in cancer-
immunotherapy [11]. The hA2aAR has also been one of the first GPCRs to be crystallized and
a wide variety of crystal structures has been published, including the reported structures co-
crystalized with agonist UK-432097 or antagonist ZM241385 [12-14]. Although covalent
A2aR antagonists have been previously synthesized and investigated in terms of their affinity
or potency [8,15-18], little is known about their precise binding mode in the receptor and their

effects on the kinetics of interaction.

In this study, we describe our efforts to obtain a covalent antagonist probe for the hA2aAR, as
a logical extension of our previous research on long residence time antagonists, i.e.
compounds that dissociate only slowly from the receptor [19]. We used the antagonist
ZM241385 as the starting point in our design efforts, and synthesized a fluorosulfonyl
derivative of it, LUF7445. We then validated this compound to bind covalently and inhibit the
receptor in a number of in vitro experiments, and provide evidence for its point of attachment

to the receptor.
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2. Methods and Materials

Chemicals and Reagent The radioligand [*H] ZM241385 with a specific activityof 50 Ci x
mmol ! was purchased from ARC Inc. (St.Louis, MO). Unlabelled ZM241385 was a gift from
Dr. S.M.Poucher (Astra Zeneca, Macclesfield, UK). 5’-N-ethylcarboxamidoadenosine
(NECA) was purchased from Sigma-Aldrich (Steinheim, Germany). LUF6632 was
synthesized in our lab, as published previously [19]. Adenosine deaminase (ADA) was
purchased from Boehringer Mannheim (Mannheim, Germany). Bicinchoninic acid (BCA) and
BCA protein assay reagent were obtained from Pierce Chemical Company (Rockford, IL,
USA). HEK293 cells stably expressing the hA2a adenosine receptor (HEK293 hA2aAR) were
kindly provided by Dr J Wang (Biogen/IDEC, Cambridge, MA, USA). All other chemicals
were of analytical grade and obtained from standard commercial sources. Site-Directed

AFCL2 was constructed by the same

Mutagenesis Site-directed receptor mutant hA2aAR-K153
procedure reported previously [20]. The wild type pcDNA3.1-A2aR plasmid DNA with N-
terminal HA and FLAG tags and C-terminal His tag was used as a template for polymerase
chain reaction (PCR) mutagenesis. Mutant primers for directional PCR product cloning were
designed using the online Quickchange primer design program (Agilent Technologies, Santa
Clara, CA), and primers were obtained from Eurogentec (Maastricht, The Netherlands). All
DNA sequences were verified by Sanger sequencing at LGTC (Leiden, The Netherlands).

Cell culture, transfection and membrane preparation We followed the procedures reported
previously [20,21]. Briefly, human embryonic kidney (HEK) 293 cells were grown as
monolayers in Dulbecco’s modified Eagle’s medium supplemented with stable glutamine,
10% newborn calf serum, 50 pg/mL streptomycin, and 50 TU/mL penicillin at 37°C and 7%
CO:2 atmosphere. The cells were transfected with mutant plasmid DNA using the calcium
phosphate precipitation method, followed by a 48-hour incubation. And HEK293 hA2aAR
wild type (hA2aAR-WT) cells were grown as monolayers on 15 cm ¢ culture plates to 80%-
90% confluency in the same medium as the other HEK293 cells but with the addition of G-
418 (500 mg/ml). For both cells were detached from the plates by scraping them into PBS and
centrifuged to remove PBS buffer. The pellets were resuspended in ice-cold Tris-HCI buffer
(50 mM, pH 7.4) and then homogenized. The cell membrane suspensions were centrifuged at
100,000 x g at 4°C for 20 minutes, after which the procedure was repeated one more time.
After this, Tris-HCI buffer was used to resuspend the pellet, and adenosine deaminase was
added to break down endogenous adenosine. Membranes were stored in 250 uL aliquots at -
80°C until further use. Membrane protein concentrations were measured using the BCA

method [22].
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Radioligand displacement assay Radioligand displacement experiments were performed as
follows. Membrane aliquots containing 10 pg of protein were incubated in a total volume of
100 pL of assay buffer to adjust the assay window to approximately 3000 DPM. Nonspecific
binding was determined in the presence of 100 uM NECA and represented less than 10% of
the total binding. Then to each tube were added 25 pL cell membrane (10 pg of protein), 25
uL of 2.7 nM radioligand [°H] ZM241383, 25 uL of assay buffer [25 mM Tris-HCI, pH 7.4 at
25°C , supplemented with 5 mM MgCl, and 0.1% (w/v) 3-[(3-cholamidopropyl)
dimethylammonio]-1- propanesulfonate (CHAPS)] and 25 uL of the indicated compounds in
increasing concentrations in the same assay buffer. The mixture was incubated at 25°C for 60
min to reach equilibrium. Incubations were terminated by rapid vacuum filtration to separate
the bound and free radioligand through 96-well GF/B filter plates using a Perkin Elmer
Filtermate-harvester (PerkinElmer, Groningen, Netherlands). Filters were subsequently
washed three times with 2 mL of ice-cold buffer (25 mM Tris-HCI, pH 7.4, supplemented
with 5 mM MgCl,). The filter-bound radioactivity was determined by scintillation
spectrometry using a P-E 1450 Microbeta Wallac Trilux scintillation counter (PerkinElmer).
Radioligand competition association assay The binding kinetics assay to determine the
unlabeled ligands was performed as described previously [21]. Briefly, the association of the
radioligand was followed over time in the absence or presence of a concentration
corresponding to the ICso value of unlabeled ZM241385, LUF6632 and LUF7445. In practice,
to the mixture of equal volumes of radioligand, unlabeled compound and assay buffer was
added a 25 pL. membrane aliquot containing 10 pg of protein at each time point from 0.5 min
to 240 min at 25°C. Incubation was terminated as described above (radioligand displacement
assay).

Irreversible binding of LUF7445 to both hA24AR-WT and hA24AR-K153A45% cell membranes
Both hA2aAR-WT and hA2aAR-K153AECE? cell membrane aliquots were treated the same
way as described in radioligand displacement assay to determine their assay window. Then
100 pL assay buffer containing either 1% DMSO (as blank control for total binding and non-
specific binding) or 1 uM ligands (ZM241385 or LUF7445, 400 uM stock in assay buffer)
was added to 2 mL Eppendorf tubes containing 100 puL cell membrane suspension and 200 pL
assay buffer and incubated for 1 h at 25 °C. Subsequently, the mixture was centrifuged at
16,100 x g at 4°C for 5 minutes to remove the buffer with the ’free’ ligands. The membrane
pellet was resuspended in 1 mL assay buffer and spun for 5 min at 16,100 x g at 4°C. After
three washing cycles, the cell pellets were resuspended in 300 pL assay buffer to determine

their radioligand binding activity. Afterwards, all the samples were transferred to test tubes on
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ice and 100 puL (2.7 nM) radioligand [*H] ZM241383 was added, followed by a 0.5 h
incubation at 25 °C. The incubation was terminated by vacuum filtration through a GF/B filter
using a Brandel harvester to separate bound and free radioligand. The filters were washed
three times with ice-cold wash buffer (25 mM Tris-HCI, pH 7.4 supplemented with 5 mM
MgCl,). After harvesting, 3.5 mL of scintillation liquid was added and the filter-bound
radioactivity was determined in a Tri-Carb 2900TR liquid scintillation analyser
(PerkinElmer). Results are expressed as percentage normalized to the maximum specific
binding in the control group (100%).

Cyclic AMP functional assay The LANCE ultra-cAMP 384 kit (PerkinElmer, Groningen,
Netherlands) was used and all assay components were prepared according to the instructions
of the manufacturer. Briefly, cAMP was generated in the stimulation buffer (N-2-
hydroxyethylpiperazine-N-ethane sulfonic acid (HEPES), 5 mM; 0.1% (w/v) BSA;
cilostamide, 50 uM; rolipram, 50 pM; adenosine deaminase (ADA), 0.8 ITUmL™'). HEK293
hA2aAR cells were grown as monolayers to 80%-90% confluency and harvested by
centrifugation for 5 min at 200 X g. Then 5000 cells per well were seeded in a 384 well plate,
followed by a 1 h co-incubation with a mixture of 10 nM NECA (prepared in the stimulation
buffer) and the antagonists (LUF7445 or ZM241385) at a concentration ranging from 1 uM
to 1 pM. Then the incubation was terminated by adding cAMP Tracer solution and anti-cAMP
solution. Measurements of the generated fluorescence intensity were done on an EnVision
Multilabel Reader (PerkinElmer, Groningen, Netherlands).

Irreversible binding of LUF7445 to HEK293 hA24AR cells assessed in cyclic AMP functional
assay All the assay components were prepared as described in the cAMP functional assay
above. HEK293 hA2aAR cells were grown as monolayers to 80%-90% confluency and
harvested by 200 % g centrifugation for 5 min. Then cells were pretreated with ligands at the
concentration of their ICso values (determined in the cAMP functional assay above), or with
stimulation buffer (pH 7.4) for 1 hour. Then, the pretreated cells were centrifuged for 5 min at
300 x g to remove the supernatant at 4 °C, after which the cell pellet was washed three times
with 3% 1 mL stimulation buffer, separated by renewed incubation for 10 min at 25°C. These
washed cells were seeded in a 384 well plate (5000 cells/well) as described in the cAMP
functional assay above. Briefly, 10 nM NECA (prepared in the stimulation buffer) was co-
incubated to stimulate cAMP production, followed by the termination by cAMP Tracer
solution and anti-cAMP solution. Measurements of the generated fluorescence intensity were

done on an EnVision Multilabel Reader (PerkinElmer, Groningen, Netherlands).
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Computer Modelling All calculations were performed using the Schrodinger Suite [23]. The high-
resolution crystal structure of the adenosine Asa receptor co-crystalized with a ZM241385 was used
for the docking studies (PDB:4EIY) [14]. The crystal structure was prepared using the preparation
wizard, protonation states were assigned using PROPKA [24]. After the protein preparation we used
the CovDock [25] module to perform covalent docking on residue LYS153EL2. Figures were
rendered using PyMol [26].

Data analysis All the experimental data were analyzed with GraphPad Prism 6.0 software
(GraphPad Software Inc., San Diego, CA). The radioligand displacement curves were fitted to
a one-site binding model. Association data for the radioligand were fitted using one-phase
exponential association. Values for kon were obtained by converting kobs values using the
following equation: kon = (kobs — Koff ) /[radioligand], where kofr values were cited from Guo et
al [21]. Association and dissociation rates for unlabelled ligands were calculated by fitting the

data in the competition association model using ‘kinetics of competitive binding’ [21, 27].
Ki=ki[L] + k2
K =k3[L] + k4
S=8qrt [(Ka-Kp)?+4 -ki-ks-L-1J
Kr=0.5(Ka+ Kp+S5)
Ki=05(Ksa+Ks-S)
O = Buaxki- L - (Kr-Ks)!
Y=0Q " [ke (Kr-Ks) - Kr! - Ks' + (ks — Kr) - Kr' - eXr¥ - (K4- Ks) - Ks! - eKs4]

Where X is the time (min), Y is the specific [’H]-ZM241385 binding (DPM), ki and k2 are the
kon (nM'min") and kofr (min™') of [°’H]-ZM241385 and were obtained from Guo et al [21], L
is the concentration of [°’H]-ZM241385 used (nM), Bmax the total binding (DPM) and I the
concentration of unlabeled ligand (nM). Fixing these parameters allows the following
parameters to be calculated: ks, which is the kon value (nM'min™") of the unlabeled ligand and
ka, which is the kot value (min'') of the unlabeled ligand. The residence time (RT) was
calculated using RT = 1 / kofr [27]. Functional concentration-effect curves were fitted to a
three-parameter concentration response model. Values are expressed as mean = S.E.M. of

three independent experiments performed in duplicate. Statistical analyses were performed

using Student’s unpaired t-test (***P < 0.001; **P <0.01; *P < 0.05).
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3. Results
3.1. Design and synthesis of LUF7445

Over the years our research group has explored series of triazolotriazine derivatives based on
the reference adenosine A2a antagonist ZM241385, 4-(2-(7-amino-2- (furan-2-yl)-
[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-ylamino)ethyl)phenol (Figure 1), to investigate their
structure-activity and structure-kinetics relationships (SAR and SKR) [21,29]. We identified
LUF6632 (Figure 1) as a long residence time (RT) compound compared to other derivatives.
This compound prompted us to bring the concept of prolonged receptor occupancy further by
aiming for a covalently binding derivative of ZM241385. Hence, LUF 7445 (Figure 1), 4-((3-
((7-amino-2-(furan-2-yl)-[ 1,2,4]triazolo[ 1,5-a][ 1,3,5]triazin-5-
yl)amino)propyl)carbamoyl)benzene sulfonyl fluoride was synthesized in three steps from
sulfone compound 2-(furan-2-yl)-5-(methylsulfonyl)-[1,2,4] triazolo[1,5-a]-[1,3,5]triazin-7-
amine as starting reagent. The reaction conditions and other reagents used are described in

synthetic Scheme S1 of the SI.

ZM241385 LUF6632 LUF 7445

Figure. 1 Chemical structures of the three hA2a receptor antagonists examined in this study.

3.2. Determination of the affinity (Kj) of LUF7445, LUF6632 and ZM241385
for the Aza receptor.

To determine the affinity (Ki) for the A2a receptor LUF7445, LUF6632 and ZM241385 were
tested in a [’H] ZM241385 displacement experiment (n = 3). All these compounds
concentration-dependently inhibited specific [*H] ZM241385 binding from human Aza
receptors overexpressed in HEK293 cell membranes (Figure 2). LUF6632, ZM241385 and
LUF7445 showed similar affinities in the subnanomolar range (Table 1). It should be
mentioned that the putative covalent nature of the interaction between receptor and LUF7445
precludes the determination of equilibrium binding parameters. Therefore, we expressed

LUF7445’s affinity for the A2a receptor as “apparent Ki” (Ki").
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Table 1. (Apparent) affinities of LUF7445, LUF6632 and ZM241385 for the A4 adenosine receptor.

pKi* Pk’
Compound
(0.5h) (3h)

LUF7445°¢ 8.27+0.042 8.99+0.008***

LUF6632 9.17+0.007 9.26+0.004*

ZM241385 8.89+0.019 8.91+0.006

Data are expressed as means = SEM of three separate experiments each performed in duplicate. *P <
0.05, ***P < (0.001 compared with the pKjvalues in displacement experiments during 0.5h incubation
time; Student’s t-test.

“Affinity determined from displacement of specific [’H]ZM241385 binding from the hA;,AR at 25°C
during 0.5 h incubation;® Affinity determined from displacement of specific [’H]ZM241385 binding
from the hA;4AR at 25°C during 3 h incubation;® For LUF7445, the covalent antagonist, pKi values
can only be apparent, as true equilibrium cannot be reached.

3.3. Time-dependent characterization of affinity for LUF7445, LUF6632 and
ZM241385.

We then tested the time dependency of the affinity of the three compounds. To that end a [*H]
ZM241385 displacement experiment was performed with an incubation time of both 0.5 hr
and 3 hr. As detailed in Table 1, the affinity of LUF6632 slightly and of LUF7445 strongly
increased with longer incubation time while ZM241385’s affinity did not change.
Representative graphs for this effect are in Figure 2, in which the curve representing a
concentration-dependent inhibition of specific [’H] ZM241385 binding was shifted to the left
with time for LUF7445 (Figure 2A), with little (LUF6632, Figure 2B) or no difference
(ZM241385, Figure 2C) for the other two compounds.

o
o
(@]

- ZM241385 0.5h
120 — ZM241385 3h
1004 ==

- LUF744505h
120 -4+ LUF74453 h

= LUF66320.5h
- LUF66323h

0 - 0 =

Specific [aH]ZM241385 binding
(%)
2
Specific [°H12M241355 binding
Specific [*H)ZM241385 binding
(in %)

0 -

el ol LSRR MMM SaaAS Laas Aasas) L] o e |
0 -12 411 <10 -9 8 -7 -6 -5 -4 0 12 1110 -9 8 -7 -6 -5 -4 g 121110 -8 8 7 6 5 4
Log [LUF7445) Log [LUF6632] Log [ZM241385]

Figure. 2 Displacement of specific [’H] ZM241385 binding from the adenosine hA>aAR receptor at
25°C by LUF7445 (a), LUF6632(b) and ZM241385(c) during an incubation of 0.5h (blue curve) and
3h (red curve), respectively. Representative graphs are from one experiment performed in duplicate.
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Notably, compared to the long residence compound LUF6632, LUF7445 showed a more
pronounced influence with prolonged incubation time, suggesting an increasing level of
covalent binding over time. The combined data yielded an approx. 5-fold shift in apparent Ki
value for LUF7445. The affinities of the compound for the other adenosine receptor subtypes
are reported in Table S1 of the SI, showing that LUF7445 is very selective towards A2a
receptors.

3.4. Kinetic characterization of LUF6632, LUF7445 and ZM241385 in a
competition association binding assay.

The ‘apparent Kishift’ of LUF7445 drove us to investigate the irreversible characteristics of
LUF7445 binding by performing kinetic assays to determine its dissociation rate from the A2a
adenosine receptor. In our previous research, the kon (k1= 0.24 + 0.05 x10® M'-min") and kofr
(k2 = 0.48 £ 0.03 min’') values of [°’H]-ZM241385 at 25°C have been determined by a
traditional association and dissociation assay [21]. Here we derived the kinetic parameters, i.e.
the kon (k3) and kofr (k4) values, for the three unlabeled ligands from a competition association
assay (Figure 3). Both LUF6632 (kon= 1.53 + 0.083 nM™! min!) and ZM241385 (kon=1.72 +
0.36 nM™! min'') showed a similar association rate, which was significantly faster than for
LUF7445 (kon=0.0059 + 0.00049 nM™! min™).

Table 2. The (apparent) association and dissociation rate constants of LUF7445, LUF6632 and

ZM241385 determined in competition association assays with [*H]-ZM241385 binding to HEK293-
hA2AAR membranes

Compound Kon (nM! min!)? Kofr (min!)? RT(min)
LUF7445° (0.0059 £ 0.00049) (1.37 £ 0.68x10°1) (2.86 £ 0.87x10')
LUF6632 1.53 +0.083 0.15+0.021 6.80 +0.97
ZM241385 1.72 £ 0.36 1.04+0.13 0.96 +0.12

?Association [kon] and dissociation [kos]| rate constants were determined by competition association
assay at 25°C; all these values were determined by analyzing the data in the mathematical model
described by Motulsky and Mahan [27];’For LUF7445, no equilibrium is reached between receptors
and ligand, hence the Motulsky/Mahan mathematical model [27] for the competition association assay
is not valid. The values obtained are therefore considered to provide qualitative insight only, and are in
brackets.

As detailed in Table 2, LUF6632 displayed a dissociation rate constant of 0.15 £ 0.021 min’!
which equals to a receptor RT of 6.80 = 0.97 min, being 7 fold longer than ZM241385’s RT
which was 0.96 + 0.12 min at 25°C. Figure 3 shows that LUF7445’s behavior was very
different, causing an initial ‘overshoot’ of the competition association curve which over time
progressed to negligible radioligand binding at 240 min. Analyzing this curve with the
(equilibrium) Motulsky and Mahan model [27] led to a negligible dissociation rate (Kot = 1.37
+ 0.68 x 10" min') and an almost infinite RT for LUF7445 (values between brackets in
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Table 2). These data provided further evidence for a putative irreversible binding mode
between LUF7445 and the hA2a adenosine receptor. This data is qualitatively summarized in a

simplified scheme in the SI (Scheme 2).

-~ Control

100 2o = e - -o- +LUF6632
-= +LUF7445
-+ +ZM241385

Specific [*H]ZM241385 binding
(%)
@
<o

0 30 60 90 120 150 180 210 240
Time in min

Figure. 3 Competition association binding assay with [’H] ZM241385 in the absence or presence of
indicated compounds at 25°C. Representative graphs are from one experiment performed in duplicate
(see Table 2 for kinetic parameters).

3.5.Binding mode of LUF7445 in the hA24AR binding pocket
Although the radioligand binding results above characterized LUF7445 as an irreversibly
binding ZM241385 derivative, it remained to be tested what the target residue of the reactive
warhead is. We therefore constructed a binding model based on the reported adenosine Aza

X-ray crystal structure (PDB code: 4EIY) and chemical structure of LUF7445.

SER1565-2

LYs1 595" D/

< ASP170%*

vz

GLU16954

HIS 264543 M h
/ﬁ.“ /PHE1687] §

‘,;:S; \ =

ASN253°%

\ 6

Figure. 4 Binding model of LUF7445 in the hA;4 adenosine receptor-binding pocket based on the
hA»a adenosine receptor crystal structure (PDB code: 4EIY). The black carbon sticks represent the
structure of LUF7445. The important residues and H-bonds for ligand recognition are indicated by
yellow dashed lines.

From the docking result, the ZM241385 core structure, shown as black carbon sticks in Figure
4, is in the same position as ZM241385 in the A2a crystal structure, participating in H-bond
formation with residues such as His264, Glul69, Phel68 and Asn253. Due to the flexibility

68



A Covalent Antagonist for the Human AR

3 ECL2

of the three-carbon linker a lysine residue in close proximity of the ligand, K15 , could

interact with the 4-fluorosulfonylbenzoic warhead in LUF7445 to form a covalent sulfonyl
amide.

3.6. Lysine K153FC2 residue is the possible anchor point for covalent bond
formation.

To investigate the structural nature of the interaction between the ligands and receptor, we

AECL2 receptor)

therefore mutated the potential target lysine residue to alanine (A2aAR-K153
to compare with the wild type receptor and perform a “wash-out” experiment. Following
preincubation with either LUF7445 or ZM241385, cell membranes overexpressing mutant
A24AR-K153AF2 or wild type A2aAR were washed three times to remove the non-
covalently bound ligands. After this repeated washing cell membranes were incubated with

the radioligand [PH]ZM241385 to assess the remaining radioligand binding.

g, * %
T 120 f
£
o 100 - WT
©
& _ 80 mm K153A
I
N ©
gc 60
T 40
L
Q 20
=
£ - l
2
(7] T T T

@ \J el

& ,(«“" o

D & 1}9

Figure 5. Involvement of Lys153 in the binding of LUF7445. HEK293 cell membranes
overexpressing wild type or K153 A mutant hA,x AR were pretreated with buffer (vehicle) or 1 uM of
LUF7445 or ZM241385 for 1h followed by 3 wash cycles. The membranes were then subjected to a
standard [*’H] ZM241385 radioligand binding assay to measure remaining specific [’H] ZM241385
binding. Results were obtained from three independent experiments performed in duplicate. Data are
normalized to 100% of the vehicle group response. Error bars indicate SEM values.**Significant
difference between groups (P<0.01); Student’s t-test

In the absence of antagonist (labeled ‘+ vehicle’ in Figure 5) both the mutant A2aAR-
K153AF2 and the wild type A2aAR receptor containing membranes had a similar recovery
of radioligand binding, which we normalized to 100% recovery. LUF7445 caused a
significant decrease of radioligand binding on the A2aAR WT cell membranes with only 10.4
+ 3.0% recovery of specific binding despite the extensive washing, while more radioligand
binding was ‘saved’ at the cell membranes overexpressing A2aAR-K153AF2 (32.8 + 0.9%
remaining). As a control, both cell membrane preparations preincubated with ZM241385
showed that ZM241385 was rapidly washed off the membranes, as a full recovery of

radioligand binding was observed.
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3.7. Functional characterization of LUF7445 and ZM241385 in cAMP assay
Functional characterization of these compounds in a cAMP assay on the HEK cells expressing
the hA2aAR showed their antagonist behavior. The cAMP production was stimulated by the
addition of the reference agonist NECA (10 nM). Both LUF7445 and ZM241385 caused a
concentration-dependent inhibition of NECA’s effect (100% in the absence of antagonist, see
Figure 6a). The potency of LUF7445 (pICso = 8.10 + 0.044) was somewhat lower than of
ZM241385 ( pICso= 8.71 + 0.13). Again, it should be mentioned that LUF7445 precludes a

true equilibrium affinity determination.
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Figure.6 Functional characterization of LUF7445 and ZM241385 on hA;a AR expressed in HEK293
cells (a) Concentration-inhibition curves for LUF7445 and ZM241385 in a cAMP assay in the
presence of 10 nM NECA (100%). Results were obtained from three independent experiments
performed in triplicate. (b) Recovery of cAMP production. Cells were pretreated with a concentration
corresponding to the ICsy value (retrieved from Fig.6a) of the indicated compound, or with buffer
(control) for 1 hour. Then, 3 wash cycles were applied, followed by adding 10 nM NECA to stimulate
cAMP production. Data are expressed as means + SEM of three separate experiments each performed
in duplicate. ***Significant difference between groups (P<0.001); Student’s t-test

From Figure 6a we determined the ICso values of the two compounds, which concentrations
were then used to pretreat the HEK-A2aAR cells, followed by three wash steps. Thereafter,
we stimulated the cAMP production in these cells with 10 nM NECA, resulting in a sustained
inhibition of cAMP production in the presence of LUF7445 (48 + 1%), while ZM241385
showed no difference in restoration of cAMP production compared to the control cells in the
absence of any indicated compound (Figure 6b). Apparently, the cAMP production induced
by NECA in the presence of LUF7445 was inhibited under conditions where a reference
antagonist did not, further validating LUF7445 as a covalent antagonist forming an

irreversible bond with the hA2aAR.

4. Discussion

Covalent ligands for GPCRs are emerging as a useful tool for receptor structure-elucidation

and the chartering of the ligand-receptor binding pocket. As an example, the 3D architecture
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of the betaz-adrenergic receptor in an active conformation has been recently determined in the
presence of a covalently binding derivative of noradrenaline [4,30]. In the current study we
designed and synthesized a covalent antagonist (LUF7445) to investigate ligand-receptor
interaction in the binding pocket of the hA2aAR, and compared its behavior to the reference
antagonist ZM241,385 and the long residence time ZM-derivative LUF6632 [19]. All three
compounds showed a high affinity for the hA2aAR.

The rational ligand design came from the reported crystal structures of the hA2aAR bound to
ZM241385, providing a clear blueprint of ligand-binding interactions [13,14,31]. A deep,
planar, and narrow cavity holds the aromatic core and furan ring of ZM241385, while the
phenylethylamine substituent is directed to the extracellular region (EL2 and EL3). The
architecture of the ligand binding pocket offered us a good starting point for the structural
modification of ZM241385. Therefore, instead of the 4-hydroxyphenylethylamine side chain
in ZM241,385, the electrophilic fluorosulfonyl group, chosen to permit a possible nitrogen-to-
sulfur bond between the ligand and a nearby free amino group in the receptor, was introduced

and incorporated in a linker to yield LUF7445.

A first hint of the covalent nature of LUF7445 was found in incubation time-dependent
radioligand displacement assays. A longer incubation time rendered LUF7445 more potent in
displacing the radioligand from the receptor, while this was not or hardly the case for
ZM241384 and LUF6632, respectively. LUF6632 had previously been identified as an
antagonist with a long residence time (>300 min) at the receptor, when assessed at 4 °C [19].
The current set of experiments was performed at 25 °C, making LUF6632 dissociate faster
(RT = 6.8 min, Table 2) from the receptor with no substantial pKi shift in affinity at the two
incubation times. Similar experiments on other GPCRs, such as CBi cannabinoid receptor
[32,33] and histamine H2 receptor [34], demonstrated that the covalent interaction between

the ligand and the receptor resulted in a time-dependent affinity change.

However, it is far from conclusive to identify a presumed covalent ligand from an affinity
shift alone, as pseudo-irreversible interactions can also occur caused by slow dissociation
rates. From a kinetic perspective, a covalent ligand refers to a ligand that stays at the receptor
for an infinite time period. If the incubation time is long enough, all receptors will be
occupied by the covalent compound, rendering competitive radioligand binding impossible. In
accordance with this, a continuing decrease of specific radioligand binding was observed in

the kinetic experiments over a 4 h incubation at 25 °C (Figure 3). The inadequacy of the
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Motulsky-Mahan equations [27] to fit this data is further evidence for the non-equilibrium
features of the binding of LUF7445 to the receptor. Furthermore, extensive washing did not
free the receptors from LUF7445, as demonstrated by the lack of [*’H]ZM241385 binding
(Figure 5, WT receptor), compared to a full recovery of membranes pretreated with
ZM241385. This confirms the washing steps did remove the reversible ligand from the
receptors, and in return validates the irreversible binding of LUF7445 to the hA2aAR. Similar
findings were obtained on the adenosine A1 receptor and histamine Hs receptor where
preincubation of a covalently binding ligand concentration-dependently decreased radioligand

binding after extensive washing of the cell membrane preparation [7, 35].

Based on the ZM241385 binding mode of the hA2aAR, we hypothesized that LUF7445
covalently interacts with a lysine residue, K153FM2 resulting in a sulfonamide bond
formation (Figure 4). Hence, the K153AEC? mutant construct, potentially preventing the
covalent bond from being formed, was made to perform a similar wash-out experiment as
described above. Since ZM241385 showed a similar affinity for both the K153AFt? mutant
(pKi = 7.83 = 0.04) and WT receptors (pKi = 7.91 = 0.05) [20], we assumed that the
difference in radioligand binding recovery was not due to a point mutation within a receptor
binding site, which has the potential of altering ligand binding properties. Moreover, in the
absence of either LUF7445 or ZM241385, the apparently same binding capacity (data not
shown) proved that the washing steps had little influence on the integrity of both WT hA2aAR
and mutant A2aAR-K153AE2. The mutation led to a three-fold increase of binding recovery
indicating a substantially decreased level of covalent binding to the cell membranes, resulting
from a decreased possibility to form a covalent bond between the warhead and a target
residue. The mutation did not lead to a full recovery of radioligand binding, however,
suggesting that other unidentified residues may play a similar role. Likewise, Nijmeijer et al
identified a cysteine amino acid to be the linking residue for the covalent probe at the
histamine Ha4 receptor mentioned above [35], and it may be that the very reactive

fluorosulfonyl warhead in LUF7445 also targets other residues such as cysteines [36].

A covalent antagonist will decrease the maximal agonist-induced effect by a permanent
occupancy of the available receptors, which was indeed demonstrated in the functional assay.
The concentration-effect curves obtained in the cAMP functional assay showed an
antagonistic behavior of LUF7445 (Figure 6A). A much lower stimulation by AR receptor
agonist NECA was observed as the number of available receptors was most likely reduced by

the irreversible binding of LUF7445 (Figure 6B). A similar experiment at the adenosine A1
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receptor showed that the irreversible binding by FSCPX decreased the maximal effect in the
agonist dose-response curves [37]. All these results contributed to our hypothesis that
LUF7445 is an insurmountable antagonist for the hA2aAR indeed, and that the fluorosulfonyl

group present in LUF7445 reacts with K1535¢2 via a covalent modification.

Besides in clinical trials for Parkinson’s disease, A2a antagonists have risen to prominence as
a future add-on to cancer combination therapy. Under chronic hypoxic conditions within the
tumor microenvironment, increased accumulation of extracellular adenosine around the tumor
tissue activates A2aARs in the vicinity, which promotes peripheral tolerance by inducing T-
cell anergy and the generation of adaptive regulatory T cells [38]. In contrast, blockade of
A2aARs plays a vital role in retardation of tumor growth, relieving immune cells from their
repressed conditions, reducing the metastasis of tumors [39], and thus boosting antitumor
immunity. As a consequence, potent Axa receptor antagonists are now being considered as
potential therapeutics in diminishing the rate of cancer development [40,41]. The starting
point of our design strategy, ZM241385, has been reported to significantly inhibit melanoma
growth and reinforce the antineoplastic immune response, when combined with anti-
CTLA4mADb [42]. However, in vivo tumor rejection during treatment with ZM241385 failed
to take place most likely because of ZM241385’s short half-life [11]. In addition, we
speculate that the relatively short receptor residence time of ZM241385 at physiological
temperature is another aspect that allows the massive amounts of adenosine produced in the
tumor environment to continue to activate the A2aAR. Thus, a covalently binding antagonist
such as LUF7445 may be a better proposition under these conditions.

5. Conclusion

The structure-based design of LUF7445, an antagonist for the human A2aAR, is reported in
this study. In a number of in vitro assays, we obtained accumulating evidence for the covalent
nature of the ligand’s interaction with the receptor. More specifically, LUF7445 appeared to
bind covalently to a lysine residue in the extracellular domain of the receptor (K153E¢L2). Its
antagonistic nature was confirmed in a functional assay, as it blocked hA2aAR-mediated
cAMP accumulation by agonist NECA. The results contribute to a better understanding of
long-lasting effects caused by ligands covalently reacting/interacting with GPCRs. In itself
LUF7445 may be a probe to explore the added value of covalent antagonists for the adenosine
Axa receptor in certain disease states such as cancer immunology, in which high adenosine

levels are causative. In the end, rational design of covalent probes may have further value in
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new technologies such as activity-based protein profiling with the perspective of imaging or

structural probing of GPCRs.

6. Supporting information

6.1. Chemistry
All solvents and reagents were purchased from commercial sources and were of analytical
grade. "H NMR spectra were recorded on a Bruker AV 400 liquid spectrometer (‘H NMR,
400 MHz) at ambient temperature. Chemical shifts are reported in parts per million (ppm), are
designated by 6. Coupling-constants are reported in Hz and are designated as J. Analytical
purity of the final compounds was determined by high pressure liquid chromatography
(HPLC) with a Phenomenex Gemini 3pu C18 110A column (50 x 4.6 mm, 3 um), measuring
UV absorbance at 254 nm. Sample preparation and HPLC method was as follows: 0.5 mg of
compound was dissolved in 1 mL of a 1:1:1 mixture of CH3CN/H20/tBuOH and eluted from
the column within 15 min, with a three component system of H2O/CH3CN/1% TFA in H20,
decreasing polarity of the solvent mixture in time from 80/10/10 to 0/90/10. All compounds
showed a single peak at the designated retention time and are at least 95% pure. Liquid
chromatography—mass spectrometry (LC—MS) analyses were performed using Thermo
Finnigan Surveyor — LCQ Advantage Max LC-MS system and a Gemini C18 Phenomenex
column (50 x 4.6 mm, 3 um). The sample preparation was the same as for HPLC analysis.
The elution method was set up as follows: 1-4 min isocratic system of H2O/CH3CN/1% TFA
in H20, 80:10:10, from the 4th min, a gradient was applied from 80:10:10 to 0:90:10 within 9
min, followed by 1 min of equilibration at 0:90:10 and 1 min at 80:10:10. Thin-layer
chromatography (TLC) was routinely performed to monitor the progress of reactions, using
aluminum coated Merck silica gel F254 plates. Purification by column chromatography was
achieved by use of Grace Davison Davisil silica column material (LC60A 30-200 micron).
Solutions were concentrated using a Heidolph laborota W8 2000 efficient rotary evaporation
apparatus and by a high vacuum on a Binder APT line Vacuum Drying Oven. The procedure

for the synthesis of similar compounds is given as a general procedure.
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Scheme 1. Synthesis route of LUF7445.

Reagents and conditions: A) fert-Butyl (3-aminopropyl) carbamate, MeCN, reflux, 60 h; B)
TFA, DCM, room temperature, 0.5 h; C) SOCla, reflux, 2 h ; D) triethylamine, dry dioxane,
70 °C, 18 h.

tert-Butyl (3-((7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]triazin-5-
yl)amino)propyl)carbamate (2) 2-(Furan-2-yl)-5-(methylsulfonyl)-[1,2,4]triazolo[ 1,5- 3

a][1,3,5]triazin-7-amine (1) (280 mg, 1 mmol, 1 eq) , which was synthesized as previously
reported [20], was suspended in acetonitrile (to give a 0.1 M solution). tert-Butyl (3-
aminopropyl)carbamate (0.19 mL, 1.10 mmol, 1.1 eq) was added. The mixture was heated to
70 °C for 60 h. The final crude mixture was purified using flash column chromatography
(DCM:EtOAc — EtOAc). Flash column (DCM:EtOAc, 50% — 100% EtOAc) gave a
yellowish solid (310 mg, 0.83 mmol, 41% yield)."H NMR (400 MHz, DMSO-ds) & 8.50-7.94
(m, 2H), 7.91-7.83 (m, 1H), 7.48-7.40 (m, rotamer 1, 0.30H), 7.36 (t, /= 5.6 Hz, rotamer 2,
0.70H), 7.04 (d, J= 3.3 Hz, 1H), 6.90-6.76 (m, 1H), 6.67 (dd, J = 3.0, 1.7 Hz, rotamer 3,
0.85H), 6.49—6.39 (m, rotamer 4, 0.15), 3.24 (q, J = 6.7 Hz, 2H), 2.97 (q, J = 6.4 Hz, 2H),
1.72-1.56 (m, 2H), 1.37 (s, 9H) ppm.
N3-(3-aminopropyl)-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5] triazine-5,7-diamine (3)
Boc protecting groups were removed by dissolving (2) (374 mg, 1 mmol, 1 eq) in DCM,
adding TFA (3.9 mL, 50 mmol, 50 eq) and removal of solvents after the reaction was
finished. The remaining material was co-evaporated thrice with H2O and once with acetone,
affording the triple TFA salt in quantitative yield. "H NMR (400 MHz, DMSO-ds) & 8.61—
8.04 (m, 2H), 7.88 (s, 1H), 7.70 (brs, 3H), 7.63-7.53 (m, 1H), 7.12-7.01 (m, 1H), 6.68 (dd, J
=3.3, 1.7 Hz, rotamer, 0.95H), 6.64—6.59 (m, rotamer, 0.05H), 3.40-3.28 (m, 2H), 2.85 (q,J
=6.7 Hz, 2H), 1.89-1.68 (m, 2H) ppm.

4-Fluorosulfonyl benzoylchloride (5) Commercially available 4-fluorosulfonylbenzoic acid
(500 mg, 2.45 mmo, 1 eql) was dissolved in thionyl chloride (8.89 mL, 122.4 mmol, 50 eq)
and heated at 70 °C under N2 atmosphere. After 2 h, all material was dissolved and the thionyl

chloride was removed by evaporation. The crude product was co-evaporated twice with
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toluene to give a brown liquid that solidified when it cooled down to room temperature. The
resulting product was used directly in the next step. 'H NMR (400 MHz, Acetone-ds) & 8.52
(d, J=8.5 Hz, 2H), 8.39 (d, J = 8.7 Hz, 2H).

4-((3-((7-amino-2-(furan-2-yl)-[1,2,4] triazolo[1,5-a][1,3,5]triazin-5-
yl)amino)propyl)carbamoyl) benzene sulfonyl fluoride (6) LUF7445(3) (TFA salt, 322
mg, 0.83 mmol, 1 eq) was added to dry dioxane (5 mL). (5) (184 mg, 0.92 mmol, 1.1 eq) was
added along with triethylamine (0.3 mL, 2.49 mmol, 3 eq). The mixture was heated to 70 °C
for 18 h. The reaction was finished, solvents were removed and a flash column (EtOAc—
99% EtOAc + 1% AcOH) was used. Subsequent washing with acetone of the obtained solids
gave the title compound as a white solid (77mg, 0.18 mmol, 22% yield)."H NMR (400 MHz,
DMSO-ds) 6 8.90 (t, J= 6.0 Hz, 1H), 8.52-8.02 (m, 6H), 7.87 (s, 1H), 7.58-7.44 (m, 1H),
7.04 (d, J=3.3 Hz, 1H), 6.68 (dd, J=3.3, 1.8 Hz, 1H), 3.36-3.33 (m, 4H), 1.80 (pent, J = 6.3
Hz, 2H) ppm. HPLC: 96.7%, RT 7.40 min. LC-MS: [ESI+H]": 461.13

6.2. Biology.
Table S1. Affinities of LUF7445 at the other adenosine receptor subtypes. Data are expressed
as means + SEM or percentage displacement at 1 uM of three separate experiments each

performed in duplicate.

pK; or displacement at 1 uM (%)

Compound
hA* hA2A° hAp° hA;5?

LUF7445 6.43+£0.095 | 8.99 +£0.008 0.0% (2.0, -4.7,-2.6) | 7.31 £0.083

“Affinity determined from displacement of specific [’H]DPCPX binding on CHO cell membranes
stably expressing human adenosine A; receptors at 25°C during 3h incubation;

® Affinity determined from displacement of specific ['H]ZM241385 binding from the hA,4AR at 25°C
during 3h incubation;

% displacement at 1 uM concentrations of specific [’H]JPSB603 binding on CHO cell membranes
stably expressing human adenosine A,p receptors at 25°C during 3h incubation;

dAffinity determined from displacement of specific [’H]JPSB-11 binding on CHO cell membranes
stably expressing human adenosine Aj; receptors at 25°C during 3h incubation
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Scheme 2. Simplified representation of interaction between LUF7445 and hA>aAR during a

competition association assay. The radiolabeled ZM-receptor complex ([RZM]) is being measured. If

a compound L, such as LUF7445, binds covalently, the equilibrium shifts to the right ([RL]). The

longer the incubation, the more receptors will be occupied by LUF7445. 3
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