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Are Two Riboses Better Than One? The Case of the
Recognition and Activation of Adenosine Receptors
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Giovanni Bolcato,” Katia Varani,'” Giampiero Spalluto,” Stephanie Federico,” and

Stefano Moro*®

Traditionally, molecular recognition between the orthosteric
site of adenosine receptors and their endogenous ligand occurs
with a 1:1 stoichiometry. Inspired by previous mechanistic
insights derived from supervised molecular dynamics (SuMD)
simulations, which suggested an alternative 2:1 binding

Introduction

At the end of the 19th century, Paul Ehrlich stated a quote that
would mark a decisive moment in the history of biochemistry,
other than becoming a pillar of the modern drug discovery
process: “Corpora non agunt nisi fixata”." These words
summarize the principle by which, to produce a biological
response, any molecule has to bind with a partner within the
organism. The large variety of subfamilies for both ligands (e.g.,
small molecules, peptides, antibodies, aptamers, etc.) and their
biological partners (e.g., proteins and nucleic acids) provides a
complex interaction landscape through which Mother Nature
establishes its intricate balance.

The study of the response obtained when a ligand
approaches a target biomolecule has allowed the scientific
community to further increase the complexity of the topic by
distinguishing various mechanisms of action, including full
agonism, antagonism, partial agonism, and inverse agonism.” A
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stoichiometry, we synthesized BRA1, a bis-ribosyl adenosine
derivative, tested its ability to bind to and activate members of
the adenosine receptor family, and rationalized its activity
through molecular modeling.

crucial piece of the protein-ligand recognition puzzle was later
added with the observation that a molecule could bind to the
same target at multiple sites and that different sites on the
same macromolecule could elicit different biological responses.
From that moment on, orthosteric binders were distinguished
from allosteric ones.”

Another aspect that emerged from the mechanistic studies
concerns the stoichiometry by which the recognition process
takes place. Although the most common scenario is for a single
ligand molecule to interact with a single receptor molecule,
there are many exceptions to this rule to date. In this regard,
the endogenous neurotransmitter acetylcholine is, perhaps, the
most remarkable example of an alternative binding stoichiom-
etry to canonical 1:1, recognizing its nicotinic receptors in a
2:1 ratio to produce the associated biological response.”

As for the orthosteric ligands, the 1:1 stoichiometry rule still
undisputedly reigns in many fields of drug discovery, and one
of these is certainly associated with G protein-coupled receptors
(GPCRs). To date, this family consists of more than 800
members, and is one of the most populated protein families in
the human organism, making them a very popular class of
targets in drug discovery campaigns.”’ From a topological and
structural point of view, these receptors are embedded in the
cellular membrane and consist of an N-terminal (N-ter) extrac-
ellular and an intracellular C-terminal (C-ter) domain, between
which lies a transmembrane region formed by seven a-helices
(also called 7TM domain). These helices are joined by six
different loops, three of which are located on the extracellular
side of the membrane (extracellular loops, or ECLs), while the
other three lie on the intracellular one (intracellular loops or
ICLs)."®

The allosteric modulators of these proteins are well
known,” and in many cases have still made their way through
the drug discovery pipeline to the market,” once again re-
establishing the principle that multiple molecular entities can
bind to different portions of the receptor and cooperate in
modulating their biological response. On the contrary, the
possibility for these proteins to allocate two different molecules

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH
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in the same orthosteric binding site has never been exper-
imentally proven.

A prospective computational study by Deganutti et al.
speculated that it would be possible for the adenosine receptor
A2 A to simultaneously host two different adenosine molecules
in the orthosteric binding site. By exploiting Supervised
Molecular Dynamics simulations (SuMD),"® Deganutti et al.
proposed three different possible states for the 2:1 adenosine-
receptor complex, each of them depicting the key interactions
by which the endogenous ligand exerts its activity. Despite the
intriguing insights provided by this computational investiga-
tion, so far the resulting hypothesis about an alternative
binding stoichiometry has never been proven experimentally,
mainly due to the level of complexity that the test required for
this task would imply. Adenosine is rapidly both metabolized
and formed in biological preparations including membrane
preparations that are those generally used in binding assays,
thus reliable data cannot be obtained.

To avoid these limitations and experimentally support the
hypothesis of an alternative adenosine binding stoichiometry to
the canonical 1:1, we synthesized a bis-ribosyl adenosine
derivative (N6-(D-ribos-1-yl)-adenosine / BRA1, chemical struc-
ture reported in Figure 1) and tested its ability to bind to and
activate the members of the adenosine receptors family.

In this scientific work, we used BRA1 as a probe compound
to validate the capability of the orthosteric site of the adenosine
receptors to contemporarily host two different adenosine
molecules at the same time, without hampering the receptor
activation process. In particular, we used a combined exper-
imental and computational approach to determine the activity
and selectivity profile of this bis-ribosyl compound and
characterize its mechanism of action by investigating its ability
to recognize the orthosteric site of adenosine receptors A1,
A2 A, and A3. Due to the presence of the solution equilibrium
between the five different isomer species of the N6-(D-ribos-1-
yl)-adenosine compound, in our computational study we

[9]

considered them as separated entities, to independently
evaluate their ability to contribute to the activity of the ligand.
Through this work, we hope to broaden the knowledge of
GPCR ligand recognition and guide the development of novel
active molecules that could exploit hitherto unexplored non-
canonical interaction patterns.

Results and Discussion
Chemistry

An attempt to synthesize N6-(D-ribos-1-yl)-adenosine was
reported in 1968 by reacting 2-3-5-tri-O-benzoyladenosine and
1"-O-acetyl-2'-3"-5"-tri-O-benzoyl-D-ribofuranose at solid-state at
140°C in the presence of anhydrous zinc chloride, followed by
debenzoylation of the protected diriboside with a catalytic
amount of sodium methoxide.® The final product was
characterized only utilizing UV-visible spectroscopy and ele-
mental analysis. To the best of our knowledge, no more recent
attempt to synthesize this nucleoside derivative is reported in
the literature. Recently, Gates and coworkers described a one-
step synthesis of N6-(2-deoxy-D-ribos-1-yl)-2'-deoxyadenosine
by reacting 2’-deoxyadenosine and 2-deoxyribose in an acidic
medium (at 37°C for 72 h).*™ To accomplish a reliable synthesis
of N6-(D-ribos-1-yl)-adenosine, we performed the acid-catalyzed
reaction with the microwave-assisted approach. The substrates
adenosine and D-(—)-ribose were suspended in methanol and
glacial acetic acid (7:3), and heated in a microwave oven at
100°C (power 850 W) for 60 min. The resulting solution was
evaporated to dryness and purified by column chromatography
on silica gel. The pure product was isolated as a very
hygroscopic white solid in good yield (60%) and fully charac-
terized by proton NMR and 2D NMR experiments (COSY, HSQC,
and TOCSY), ESI-MS spectrometry, HPLC and LC/MS analysis.

Figure 1. Representation of the solution equilibrium between the ribofuranose and ribopyranose form of the N6-(D-ribos-1-yl)-adenosine (BRA1) compound
synthesized and evaluated in this study. Each isomer can have two different anomeric forms, o, and 3, which leads to a total of four different solution species
of the same compounds. The open-ring form is also present, but its relative solution concentration is negligible and, for this reason, it is not considered in this

study (see Supporting Information).
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According to the reaction mechanism (Figure 2A) and in
agreement with the literature,”® the adduct N6-(D-ribos-1-yl)-
adenosine is present in solution as an equilibrium mixture of
the a-pyranose (a-PYR), B-pyranose ($-PYR), a-furanose (a-FUR),
and B-furanose (3-FUR) isomers (Figure 1). The proton NMR
spectrum of N6-(D-ribos-1-yl)-adenosine (Supporting Informa-
tion, Figure S1) recorded in D20 at T=40°C showed in the
upfield region the resonances of the D-ribose unit connected to
the N9-amino group of adenine. A TOCSY spectrum confirmed
the presence of the proton-proton spin system H1’-H5' of the
N9-ribose (Supporting Information, Figure S2). As expected, the
region of the anomeric proton H1” of the N6-linked ribose
showed multiple resonances between 5.5-6.3 ppm (Figure 2B),
and the analysis of the TOCSY experiment revealed four
different proton-proton spin systems H1”-H5” (Supporting
Information, Figure S3), reflecting the isomeric composition in
solution. In the HSQC spectrum the four resonances of the

A NHa
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H1" pyr

H1" fur

—

0.07 ioo0 0,05 0.83

protons H1" correlate with C1” atoms at 81.6, 85.1, 78.6, and
78.1 ppm (Supporting Information, Figure S4), thus suggesting
that the isomers are cyclic structures and no acyclic form is
present in the equilibrium mixture. The two anomeric C1” that
resonate at lower fields belong to 5-member ring, while the
two higher-field resonances have been attributed to 6-member
ring. This attribution is consistent with the results of a
13 CNMR study on N-phenyl-D-ribosylamines where the value
of the chemical shift of the anomeric carbon C1” allowed to
identify of the furanoid and the pyranoid form since a carbon
resonates at lower fields in a 5-term cycle than in a 6-term
cycle.” Based on the integration of the resonances of H1”
protons, the ratio between pyranoid and furanoid isomers in
D20 was ~90:10 (Figure 2B), in agreement with the predom-
ination of a- and p-pyranose isomers observed both for
ribose®** and for N-aryl-aminoribose derivatives.3*32
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Figure 2. A) Schematic synthesis of N6-(D-ribos-1-yl)-adenosine. i: anhydrous methanol (700 uL), glacial acetic acid (300 L), MW irradiation 60 min at 100°C,
power 850 W, stirrer speed 800 rpm; yield 60 %. B) TH NMR spectrum of N6-(D-ribos-1-yl)-adenosine in D20 at T=40°C in the region of the anomeric protons
H1’" and H1"; see Figure 1 for numbering scheme. C) HPLC chromatogram of pure N6-(D-ribos-1-yl)-adenosine. The peaks of the major pyranoid (pyr) and the
minor furanoid (fur) isomers are labeled. See Experimental protocol for the detailed separation conditions.
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The a and B-isomers are separable by HPLC using water and
a small percentage of acetonitrile as mobile phase (Figure 2C),
and the purity of the compound BRA1 was found to be 96%.
Based on the integration areas, the ratio between the two
pyranoid and furanoid isomers was 90: 10 in agreement with
the NMR data. Furthermore, the LC/MS analysis of the same
sample revealed four isomers with virtually identical ESI-MS
spectra (Supporting Information, Figures S5-57). The total purity
of the sample evaluated based on the LC/MS chromatogram at
A\ 250.8 nm is 95% and is in very good agreement with the 96 %
value of the HPLC analysis.

Pharmacology

BRA1 was tested for its affinity at hA1, hA2 A, and hA3 ARs
stably transfected in CHO cells. The compound showed Ki
values in the micromolar range, showing a higher affinity (in
the low micromolar range) to ATARs and a lower one (in the
mid-micromolar range) to A2 A and A3 ARs (Table 1, Figure 3A).
Moreover, BRAT was examined in the cAMP assay to assess its
capability to modulate cAMP level production. The compound,
evaluated in the presence (for A1 and A3 ARs) or in the absence
(for A2 A and A2B ARs) of 1 uM forskolin, resulted in a full,
transfer micromolar affinity one micromolar potency it agonist
to ARs. Accordingly, BRAT showed potency in the low micro-
molar range for A1ARs and the mid-micromolar range for the

Table 1. Summary of pharmacological results.

Competition binding experiments A,ARs A,xARs A,4ARs A;ARs
[PHICCPA [*H1ZM241385 [PHICGS 21680 ['*IJABMECA
K; [uM] K [um] K [uM] Ki [uM]
BRA1 3.15+0.21 45+4 95+9 84+7
cAMP experiments A,ARs A,7ARs A, sARs A;ARs
1Cso [uM] ECyo [uM] ECs [uM] ICso [uM]
BRAT1 (full agonist) 1.02+£0.17 103+8 590 £55 350432
Adenosine® 031 0.73 23,5 0.29
[a] Data from Ref. [32].
A B
= AARS « AARS
120 B 120+
& & A;0ARs [PH]ZM241385 -a ApARs
€ 100 100
5 * A,ARs [PHICGS21680 —+ ApARs
& 805, - AsARs é 80+ — AsARs
£ 60 \ 0 60
g8 \ . 2
o 40 2 40
= N
S - o 2.
0 T T ) R 1 0 | - !
-10 -8 -6 -4 -2 -10 -8 6 -4 2
log [BRAT] (M) log [BRA1] (M)
C
120+ S CGS 21680
c ECsy =9.7 £ 0.8 nM
2 100
& . BRAT
E 80+ ECsy =103 + 8 uM
=
3 60- _, CGS 21680 + BRA1 100 uM
o ECsp =89+ 0.6 nM
S 401
< . ©G821680 + BRAT 1 mM
o 207 EC50 = ND
] 4 r . T 1
-10 -8 -6 -4 -2

log drug concentration (M)

Figure 3. A) Competition curves of specific binding to hA1, hA2 A, and hA3 ARs of BRA1. B) Concentration-response curves of BRAT on cAMP modulation. In
cAMP assays performed in CHO cells transfected with hA1 and hA3 ARs, BRA1 reduced forskolin-stimulated cAMP accumulation. In cAMP experiments
performed in CHO cells transfected with hA2 A and hA2B ARs, BRA1 induced an increase in cAMP production. C) Concentration-response curves of CGS521680
and BRA1 on cAMP modulation in CHO cells transfected with hA2 A. ND = not determinable.
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other AR subtypes (Table 1, Figure 3B). Additional evidence of
BRA1-mediated full agonism comes from its effect on
CGS 21680-mediated activation of A2 A AR. Figure 3, panel C
shows that the addition of a fixed concentration of BRA1 did
not change the EC50 value of CGS 21680, thus it is not an
allosteric modulator of the receptor, while basal cAMP levels
raised with the increase of BRA1 concentration, behaving
additive to CGS 21680 in activating the receptor (Figure 3C).

Computational evaluation

To computationally evaluate how the synthetic bis-ribosyl
derivative BRA1 would bind each adenosine receptor orthos-
teric site, docking calculations were carried out for each of the
four prevalent solution species of N6-(D-ribos-1-yl)-adenosine,
a-FUR, B-FUR, a-PYR, B-PYR respectively, against each consid-
ered adenosine receptor subtype A1, A2 A, and A3. The
experimentally solved structures for adenosine receptors A1l
and A2 A were available on the Protein Data Bank (PDB), with

accession codes 6D9H and 2YDO respectively. These two
structures were chosen, among the available ones, since they
are complexed with the endogenous agonist adenosine, which
is the starting point for the development of the BRA1 ligand
and is, therefore, the point of reference for structural evalua-
tions and the comparison of binding features. On the contrary,
no experimentally solved structures were available for the A3
receptor, therefore a homology model based on the A1
structure (PDB ID: 6D9H), was built and utilized for docking
calculations. Finally, since the experimental structure of the
adenosine receptor A2B in complex with adenosine was
recently solved (PDB ID: 8HDP), we also hypothesized how
would BRA1 bind to A2B orthosteric site.

Adenosine A1 receptor
Docking calculations results and subsequent analysis for the A1

adenosine receptor are summarized in Figure 4 and Figure 5,
which report a per-residue decomposition of the protein-ligand
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Figure 4. Per-residue interaction energy heatmap encompassing the recognition features of the best docking pose for each of the four solution species of N6-
(D-ribos-1-yl)-adenosine and for the crystal adenosine within the orthosteric binding site of adenosine receptor A1 (PDB ID: 6D9H). The vertical axis reports
the compound name, while the horizontal axis reports the protein residue name. The upper plot depicts a per-residue decomposition of the electrostatic
interaction energy, with colors ranging from blue (negative, thus attractive, interaction energy value) to red (positive, therefore repulsive, interaction energy
value). The lower plot, instead, illustrates a per-residue decomposition of the hydrophobic interaction contribution to the total interaction energy, ranging

from white (low intensity) to dark green (high intensity).
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Figure 5. This panel reports the superposition of the best docking pose within the orthosteric binding site of the A1 adenosine receptor for each of the four
solution species of N6-(D-ribos-1-yl)-adenosine (magenta) and the crystal pose of adenosine (grey). A) a-FUR. B) $-FUR. C) a-PYR. D) 3-PYR.

interaction energy and a superposition between the crystal
binding mode for the endogenous ligand adenosine and the
best docking pose for each solution species of BRA1, respec-
tively, as well as in Video_S1 (Supporting Information). As can
be seen in both Figure 5 (panel A) and Figure 4, the highest

ChemMedChem 2023, 18, €202300109 (6 of 14)

degree of congruence between the docking-predicted binding
mode for one of the isomeric forms of BRA1 and the crystal
adenosine is obtained in the case of a-FUR. Particularly, a-FUR
can preserve the full interaction pattern of the adenosine
scaffold (the double hydrogen bond between the adenine
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moiety and the Asn254 sidechain, the m-stacking between the
adenine portion and Phe171), as found in the reference crystal
structure, while adding some additional interactions features
with residues located in the upper portion of the binding site,
such as Glu170 and Glu172, as highlighted by the per-residue
heatmap reported in Figure 4. Despite not reaching such a high
level of agreement between the reference binding mode and
the query docking pose, even other solution species are
predicted to form bound complexes that preserve most, if not
the totality, of intermolecular interactions that are required for
the binding of adenosine. Peculiarly, each isomer can form at
least one hydrogen bond between the adenine moiety and the
Asn254 sidechain, despite an overall different orientation of this
fraction of the ligand within the binding site compared to the
crystal reference. Moreover, the change in the orientation of the
adenine portion does not interfere with the formation of a -
stacking interaction with the sidechain of Phel171. All things
considered, it seems that the synthetic bis-ribosyl derivative can
bind the orthosteric binding site of adenosine receptor A1 with
an interaction pattern that is practically superimposable to one
of the endogenous ligand adenosine. That is especially true in
the case of the a-FUR isomer, but the presence of a sub-optimal
recognition pattern also for the other solution species of BRA1
leads to the hypothesis that the binding event might not be
exclusive to the best fitting isomer, especially considering that
the pyranoid isomers are the predominant species in solution
(Figure 2). Interestingly, a glance at the predicted interaction
pattern with other adenosine receptor subtypes reveals that the
a-FUR—A1 complex is the only case in which the canonical
adenosine binding mode involving the double hydrogen bond
between the adenine moiety and the sidechain of the
asparagine residue located on the sixth transmembrane helix
(Asn254, in the case of A1) is maintained. This could be a
possible explanation for the higher binding affinity of N6-(D-
ribos-1-yl)-adenosine for the A1 adenosine receptor compared
to other subtypes (Table 1).

Adenosine A,,, A; and A,; receptors

As for receptor A1, the results of docking calculation and
subsequent analysis for the A2 A and A3 adenosine receptors
are summarized in Figure S10-S11 and Figures 6 and 7, as well
as in Video_S2 and Video_S3 (Supporting Information). Coher-
ently with the lower affinity value for BRA1 for these two
receptor subtypes compared to A1, none of the docking poses
produced for the query compound N6-(D-ribos-1-yl)-adenosine
exactly matches the atomic disposition within the orthosteric
binding site of adenosine. Despite this, as can be seen in
Figure S10, the interaction pattern is prevalently conserved,
especially the m-stacking with Phe168, electrostatic interactions
that involve the N9-linked ribose unit, and residues in the lower
part of the binding site such as Thr88, Ser277, and His278
(which are flagged as crucial for the receptor activation
process). Compared to the crystal adenosine, the interaction
with Asn253 is not as well maintained as in the case of the A1
receptor due to the alternative orientation of the adenine

ChemMedChem 2023, 18, €202300109 (7 of 14)

moiety that serves to better accommodate the N6-linked ribose
unit within the upper portion of the binding site. The loosening
of this interaction seems to be compensated by the strengthen-
ing of other auxiliary interactions with residues such as Leu167,
Phe168, His250, and lle274. Notably, the hydrogen bond
between the exocyclic amine group of the adenine core of
adenosine and the sidechain of GIu169 is replaced by
analogous interactions portrayed by the N6-linked ribose unit.
Curiously, the interaction pattern of a-FUR closely recalls the
one that was recently described by Supervised Molecular
Dynamics (SuMD) simulations for the non-ribose agonist
LUF5833:%¥ as described in the original publication, the non-
ribose agonist can replace the required ribose-involving inter-
actions by stabilizing a network of water molecules. Despite the
obvious difference in the ability to interact with the lower part
of the binding site due to the lack/presence of the ribose
moiety, the rest of the defining interaction features are practi-
cally superimposable, especially the lower importance of the
interaction with Asn253 in stabilizing the bound complex.
Concerning this, it is tempting to speculate that the presence of
a secondary ribose unit attached to the adenine core of
adenosine renders the ligand more similar to a non-ribose
agonist rather than to the starting molecule. A thorough
investigation of this hypothesis through the exploitation of
SuUMD simulations and algorithms which track the behavior of
water molecules such as AquaMMapS,® as successfully applied
in the work of Bolcato et al.,®¥ is already going on within our
laboratory and will be part of future scientific works. Notably,
the observations about the binding pattern predicted for the a-
FUR are also in agreement with the work of Deganutti et al.,”’
where the stabilization of the secondary adenosine molecule
within the orthosteric binding site coincided with a partial loss
of interaction between the protein and the already-bound
adenosine mainly caused by the loss of hydrogen bonds with
the sidechain of Asn253. Furthermore, the interaction of the N6-
linked ribose unit with the sidechain of Glu169 closely recalls
the orientation and the binding determinants of the extrac-
ellular adenosine molecule in the ribose up conformation,
especially concerning the bound state B and E described in the
original publication. The striking similarities between the bind-
ing determinants predicted for the ternary complex by
Supervised Molecular Dynamics simulations and the one
predicted by docking for the bis-ribosyl adenosine derivative
not only strengthen the possibility of a 2:1 binding stoichiom-
etry for adenosine in the case of A2 A but also extends this
possibility to other adenosine receptor subtypes, particularly A1
which is the only case which presents a docking pose for BRA1
which perfectly matches the experimental binding mode for
adenosine and is, indeed, the one which presents the highest
binding affinity for BRA1. Concerning the difference between
the four solution species of BRA1, once again the comparison
between the interaction pattern of crystal adenosine and each
isomer once again indicates a-FUR as the one that most closely
resembles the interaction pattern of crystal adenosine. The
observation that, for both A1 and A2 A, the favored isomer is
the one with two ribose units in the furanoid configuration is
also a further indication of a possible 2:1 binding stoichiometry,
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Figure 6. This panel reports the superposition of the best docking pose within the orthosteric binding site of the A2 A adenosine receptor for each of the four

solution species of N6-(D-ribos-1-yl)-adenosine (magenta) and the crystal pose of adenosine (grey). A) a-FUR. B) 3-FUR. C) a-PYR. D) 3-PYR.

with the ribose down adenosine binding first and establishing
favorable interactions with the lower portion of the binding site
which are needed for the receptor activation and the second,
ribose up, adenosine molecule subsequently binding, providing
the additional interactions with the upper part of the binding
site (similarly to the N6-linked ribose unit in the BRA1
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compound) and therefore leading to the stabilization of the
ternary complex.

Accordingly, the analysis of the predicted interaction
pattern for the various solution species of BRA1 against A3 is
similar to what was already described for receptors A1 and
A2 A, with the a-FUR isomer being able to replicate the binding
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Figure 7. This panel reports the superposition of the best docking pose within the orthosteric binding site of the A3 adenosine receptor for each of the four
solution species of N6-(D-ribos-1-yl)-adenosine (magenta) and the reference binding pose of adenosine (grey). A) a-FUR. B) -FUR. C) a-PYR. D) §-PYR.

determinants of adenosine quite well, except for the double
hydrogen bond with Asn250. As anticipated in the case of
adenosine receptor A2 A, the absence of a pose that exactly
matches the recognition pattern for the endogenous adenosine
could be a possible explanation for the lower affinity of the

ChemMedChem 2023, 18, €202300109 (9 of 14)

BRA1 for receptor subtypes A2 A and A3 compared to Al
(Table 1). Despite the lack of this double hydrogen bond
interaction with the asparagine sidechain, which is pivotal to
the recognition of adenosine, the rest of the intermolecular
binding features are retained and even strengthened. Intrigu-
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ingly, favorable contacts involve residues such as Val65, Val72,
Ser73, Thr87, Thr94, Asn250, GIn261, and Ser271, other than a
triplet of residues (GIn167, Phe168, and Val169) located on the
ECL2 which lines the upper portion of the binding site
(Figure S11). Notably, BRA1 can establish favorable electrostatic
interactions with the sidechain of the residue that precedes the
crucial phenylalanine responsible for the m-stacking with the
aromatic adenine core, GIn167 in this case. It is interesting to
notice how the aminoacidic composition of this upper portion
of the binding site, particularly regarding the residue i-1 and i+
1 relative to the position of the crucial phenylalanine residue,
plays a pivotal role in determining the orientation and the
binding features of the N6-linked ribose unit. This change in the
aminoacidic composition of this receptor region, could not only
be crucial in the stabilization of the bound complex but would
probably be the protagonist at an earlier stage, while the ligand
approaches the binding site. This is not surprising, considering
that the pivotal role of ECL2 in steering the binding event is
well renowned and characterized in the world of GPCR.F®
Limiting the discussion to the role of this vestibular region in
the binding affinity for the BRA1 ligand, it seems that the
polarity and charge properties of the residues surrounding the
crucial phenylalanine residue are pivotal in establishing inter-
molecular interactions with the N6-linked ribose unit, in
particular, related to hydrogen bonds between the sidechain of
those residues and the hydroxyl groups of the ribose. If that is
the case, this could be an additional explanation (other than
the quality of interaction with the sidechain of asparagine
residue) for the lower binding affinity of BRA1 for receptors
A2 A and A3 compared to Al: indeed, while A1 presents two
charged amino acids surrounding the phenylalanine residue
(Glu170 and Glu172, respectively), A2 A only presents one
charged residue (Glu169) with the other residue being hydro-
phobic (Leu167) and A3 do not present any charged amino
acids, with the i-1 and i+ 1 residues being GIn167 and Val169,
respectively.

Finally, the recent release of the experimentally solved
structure of the complex between adenosine and the A2B
receptor subtype,”” allowed us to investigate also the binding
mode of BRA1, despite not having any experimental data about
the binding (Figure S12 and S13, Supporting Information). As
for all previously discussed cases, docking results are compat-
ible with the binding of BRA1 to the A2B binding site with a
binding pattern superimposable to the one of adenosine.
However, as adenosine itself shows less affinity for A2B
compared to other subtypes (Table1) and it has been
demonstrated how this is related to the ECL2,*®¥ which is not
experimentally solved in both A2B structures, it is tentative to
speculate that BRA1 could also have less affinity for A2B
compared to other receptor subtypes regardless of the
congruence of the bound state.

Discussion

In the world of GPCRs, the 1:1 binding stoichiometry concern-
ing the orthosteric site is a dogma that has yet to be
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experimentally challenged. Inspired by the pioneering compu-
tational work of Deganutti etal,”” which investigated the
possibility of the adenosine receptor A2 A to contemporarily
host two adenosine molecules within its orthosteric binding
site, in the present scientific work we tried to address the issue
by synthesizing a bis-ribosyl adenosine derivative (N6-(D-ribos-
1-yl)-adenosine /BRA1), experimentally determining its binding
affinity toward different adenosine receptor subtypes and
computationally evaluating its interaction mode. Pharmacolog-
ical assays elucidated that BRA1 is active against each
considered receptor subtype (A1, A2 A, and A3, respectively),
being able to bind and activate them with a potency in the
range of low pM. The performed synthetic route led to a
solution equilibrium between five different isomeric species of
BRA1, that can be interconverted through the opening and
closure of the secondary ribose unit ring.

To rationalize the activity profile of BRA1 and give structural
insights into the possibility for the orthosteric binding site to
contemporarily harbor two different ribose units, docking
calculations were performed for each BRA1 isomer on each
adenosine receptor subtype. Docking results indicate that BRA1
nicely fits within the orthosteric binding site of the receptor
subtype with each of its solution forms. Among the various
isomer, the a-ribofuranose isomer (a-FUR) is the one that is
better able to reproduce the binding determinants of the
endogenous ligand adenosine and seems, indeed, the most
competent isomer for orthosteric site recognition. Despite the
better interaction profile for a-FUR, other isomers are also able
to fit within the orthosteric sites with a slightly worse
interaction pattern compared to the reference adenosine which
still retains most of the features required for the recognition of
the endogenous agonist. This observation indicates that the
activity of BRA1 against various adenosine receptor subtypes
could be attributed to the cooperative effort portrayed by each
of its equilibrium solution species rather than by a process that
strictly involves one of the isomers.

Concerning the different affinity for each receptor subtype,
the highest affinity of BRA1 for adenosine receptor Al
compared to the A2 A and A3 subtypes could be explained by
the fact that A1 is the only case in which the bis-ribosyl
adenosine derivative (particularly, the a-FUR isomer) is pre-
dicted to have a binding mode superimposable to that of
adenosine, with the addition of some ulterior interactions with
residue located in the upper portion of the binding site through
the N6-linked ribose unit. This region, which involves three
residues that are part of the second extracellular loop (ECL2)
including the crucial phenylalanine residue involved in the -
stacking with the adenine core of adenosine, presents a diverse
amino acid composition across different receptor subtypes,
leading to a different predicted interaction pattern with the N6-
linked ribose unit that could represent an additional explan-
ation for the different binding affinity of BRA1 toward the
different receptor species. Due to the peculiar location of these
residues within the orthosteric site, situated at the entrance of
the pocket in a region that is renowned for its importance in
determining the binding specificity of GPCRs, the exploitation
of techniques that go beyond the final bound state and
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investigate the binding process in its integrity such as
Supervised Molecular Dynamics will be needed to fully
characterize and rationalize the role that these residues might
play in the recognition process. Investigation in this sense is
already going on within our laboratory and will be part of
future scientific works.

Finally, the comparison between the computational analysis
performed on BRA1 and recent works performed within our
laboratory reveals two important aspects of the binding
features of this bis-ribosyl derivative. The first aspect is that,
contrary to expectations, the binding pattern of BRA1 is more
similar to that described for non-ribose agonists rather than
ribose ones,* due to the constraints posed on the position of
the adenine core by the presence of the secondary ribose unit
in the upper portion of the binding site. The second and most
important implication, which is closely related to the first one, is
that the binding determinants for the BRAT compound are in
agreement with observations on the ternary complex formed
by two adenosine molecules in the work of Deganutti et al.,”
with the loss of interaction with the asparagine residue located
in the sixth transmembrane helix being compensated by the
strengthening of other interactions and the addition of other
ones mediated by the secondary ribose unit.

Conclusions

Taken altogether, all the observations made in the present
study support the possibility of a 2:1 binding stoichiometry for
the adenosine within the orthosteric binding site of adenosine
receptors. Nevertheless, to fully disclose the importance of this
region in discriminating the binding affinity and the binding
pattern of BRA1, techniques that holistically analyze the binding
event and not only focus on the final stage (i.e., the bound
complex) such as Supervised Molecular Dynamics would be
required and, as anticipated before, computational investiga-
tions in this sense are already going on within our laboratory
and will be part of future scientific works.

The results of this work expand the knowledge on the
process of ligand recognition by adenosine receptors, paving
the way for the discovery of peculiar binding processes, and
may be inspiring the design of novel active chemical entities
that enlarge the pool of pharmacological tools available to
target not only adenosine receptors but also other class A
GPCRs.

Experimental Section

Experimental protocol

Adenosine (>99%), D-(—)-ribose (95-98%), and all solvents were
purchased from Merck. and have been used without further
purification. TLC plates (aluminium back silica gel /UV 254,
0.25 mm) were purchased from Macherey Nagel and eluted using 3:
1 EtOAc/CH30H. Compounds were visualized using a 254-nm UV
lamp or by staining with a solution of 1% KMnO4. Column
chromatography was performed using Silica gel 60 as stationary
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phase (Merck, 230-400 ASTM mesh) and 3:1 EtOAc/CH3OH as
mobile phase. The THNMR and two-dimensional 1H-1H COSY,
HSQC, and TOCSY spectra were recorded with a 500 MHz Varian
spectrometer using the signal of the residual protons of D20 as a
reference (8 4.61 at T=40°C). The ESI mass spectra were recorded
with a Massa Esquire 4000-Bruker mass spectrometer which uses an
electrospray ionization (ESI) source and an lon-Trap analyzer. The
accurate mass was obtained with a micrOTOF—Q-Bruker with an
electrospray ionization (ESI) source and time of flight (TOF) analyzer
for the analysis of accurate masses. The reactions were performed
in a Monowave 400 Anton Paar high-performance microwave
reactor or in a CEM Discovery Microwave Reactor. HPLC analysis
was performed on an Agilent Infinity System 1260 chromatograph
equipped with a quaternary pump (G1311CR), an analytical column
C18 (Zorbax Eclipse Plus 3.5 um 95 A, Agilent 100x4.6 mm), and a
wavelength UV detector variable (G1314BR). The elution conditions
were: flow 1 mL/min, A=250 nm, injected volume 20 pL, solvent A
H20 MilliQ, solvent B CH3CN. The elution gradient was: 0-5 min
0% B, 5-25 min 0-8% B, 25-30 min 8-0% B, 30-35 min 0% B. The
LC/MS analysis was performed on an Agilent Infinity System 1260
chromatograph equipped with a quaternary pump (G1311B), a C18
analytical column (LUNA 5 pum 100 A, 150x2 mm Phenomenex), a
Photodiode Array Detector (G1312 C) and an LC/MS quadrupole
(6120). The elution conditions were: flow 0.5 mL/min, injected
volume 2 pL, solvent A H20 MilliQ+0.1% HCOOH, solvent B
CH3CN+0.1% HCOOH. The elution gradient was: 0-5 min 0% B, 5-
25 min 0-8% B, 25-30 min 8% B, 30-35 min 8-0% B. For HPLC and
LC/MS analysis 2mg of pure N6-(D-ribos-1-yl)-adenosine was
dissolved in 1 mL of H20 MilliQ to obtain a 5 mM solution which
was then diluted 1:10 (0.5 mM) in H20 MilliQ.

Synthesis of N6-(D-ribos-1-yl)adenosine

The substrates adenosine (150 mg, 0.56 mmol, 1 eq) and D-(—)-
ribose (386 mg, 2.57 mmol, 4.6 eq) were suspended in 1 mL of
anhydrous methanol (700 uL) and glacial acetic acid (300 uL) and
the resulting suspension was irradiated in a microwave oven for
60 min at 100°C, power 850 W, stirrer speed 800 rpm. The time
course of the reaction was monitored by TLC analysis; Rf
adenosine =0.43, Rf N6-(D-ribos-1-yl)-adenosine=0.17. At reaction
completion, the resulting yellow solution was evaporated under
vacuum, and the solid residue was solubilized in the minimum
volume of CH3O0H, applied on a silica gel column (2.50x 17 cm),
and eluted. The fractions containing the title product were pooled
and evaporated to dryness under reduced pressure to give 135 mg
of a very hygroscopic white solid (yield 60%). TH NMR (500 MHz,
40°C, D20): D20,): 6 8.35 (s, H8), 8.35 (s, H8), 8.34 (s, H8), 8.33 (s
H2), 8.32 (s, H2), 8.30 (s, H2), 8.28 (s,H2), 6.16 (0.07H, br s, H1"), 6.06
(1H, dd, J=5.9, 1.3 Hz, H1"), 5.94 (0.05H, br d, H1"), 5.68 (0.43H, br s,
H1"), 5.65 (0.43H, br d, H1"), 4.76 (1H, q, J=5.7 Hz, H2'), 4.41 (1H, m,
H3'), 4.41 (m, H2"), 433 (m, H3"), 429 (m, H2"), 4.29 (m, H3"), 4.27
(TH, m, H4’), 4.09 (m, H3"), 4.09 (m, H4"), 4.09 (m, H4"), 4.07 (m,
H4"), 4.05 (m, H2"), 3.96 (m, H3"), 3.93 (m, H5"), 3.91 (m, H5"), 3.90
(TH, m, H5'), 3.86 (m, H4"), 3.85 (m, H5"), 3.85 (m, H2"), 3.83 (m,
H5"), 3.82 (1H, m, H5’), 3.76 (m, H5"), 3.76 (m, H5"), 3.75 (m, H5"),
3.70 (m, H5"). ESI-MS: m/z 400.2 [MH-+]; 422.1 [M+Na+].
(++)-HRESI-TOFMS: m/z 422.1281 [M+Na-+] (calcd for C,5H,,N;O4Na,
422.1282).

Computational part

Software overview

All the molecular modeling operations were executed with the
Molecular Operating Environment (MOE) suite (version 2019.01)."
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The preparation of the proteins downloaded from the Protein Data
Bank (PDB"?) was carried out using the dedicated tools of the MOE
suite. The homology modeling operations necessary to create the
virtual structure of human A3 receptors were also performed with
the dedicated tool of the MOE suite. The operations necessary for
the preparation of the ligands for molecular docking calculations
were carried out with the tools of the QUACPAC package of the
OpenEye! suite. For molecular docking calculations, the exploited
program was Glide!" (a systematic docking program developed
and distributed commercially by Schrédinger). Both the modeling
tasks and the docking runs have been executed on a 20 CPU Linux
Workstation (Intel i9-9820X).

Protein preparation

To evaluate the binding mode of the N6-(D-ribos-1-yl)-adenosine
derivative to the various human adenosine receptor subtypes, we
chose as reference the experimental structures of the GPCRs under
evaluation with the adenosine molecule crystallized within the
orthosteric binding site.

Concerning the A1, A2 A, and A2B receptors, their three-dimen-
sional structures were both retrieved from the Protein Data Bank
(PDB). Particularly, the system with accession code 6D9H (method:
Cryo-EM, resolution: 3.60 A)"® was chosen as a representative
structure for the A1 receptor, the crystal with code 2YDO (method:
X-ray crystallography, resolution: 3.00 A)"® was selected for A2 A
receptor, while the structure 8HDP (method: Cryo-EM, resolution:
3.20 A)"¥ was selected for A2B.

Before any computational operation, the receptors have been
aligned to their respective FASTA sequence, allowing to high-
lighting of the presence of mutated residues, that was reformulated
with the Protein Builder application present in MOE. Then, both
structures have been properly prepared for computational handling
using the dedicated tools present in the MOE suite. Specifically, the
Structure Preparation tool was exploited to rebuild the small
missing loops in the structures, the Protonate 3D application was
applied to assign to each residue the proper protonation state at
pH 7.4, and finally, the added hydrogen atoms were energy
minimized under the AMBER10:EHT force field implemented in
MOE."" Due to the lack of experimental structure of the human A3
receptor to date, the complex between the adenosine and the A3
receptor was created through homology modeling, using as the
template the A1 receptor previously prepared. This operation was
performed with the appropriate tool implemented in the MOE
suite. The choice of template was made based on a study
previously published by our laboratory, which showed how models
created on A1 perform better than models created using A2a as a
template."® Furthermore, we avoided AlphaFold since it is biased
toward inactive state structures” while we are interested in
investigating the adenosine receptors in the active state, the one
induced by binding to the endogenous agonist adenosine.

Ligand preparation

N6-(D-ribos-1-yl)-adenosine presents a solution equilibrium that
involves five different isomeric forms: the open-ring configuration,
the o/f ribopyranose, and the a/f ribofuranose. Open-ring
configuration aside, whose concentration is negligible (see Support-
ing Information), each other isomer was considered as a separate
entity and investigated accordingly. For clarity reasons, the four
species will be referred to as a-FUR (a-ribofuranose), B-FUR (f3-
ribofuranose), a-PYR (a-ribopyranose), and -PYR (B-ribopyranose),
respectively. Each aforementioned ligand was prepared for docking
calculations using the tools of the QUACPAC package available in
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the OpenEye suite. Specifically, the tautomers tool was used to
highlight the most appropriate tautomer for each ligand, the
OMEGA application was exploited to generate the 3D coordinates
of the molecules, and the MolCharge tool was then used to
calculate the partial charges under the MMFF94 force field. Finally,
the dominant protonation state at pH 7.4 was calculated using the
FixpKa application.

Molecular docking

The four ligands, prepared as described above, were docked in the
orthosteric binding pocket of A1, A2 A, A3, and A2B receptors using
the Glide docking package. Specifically, a three-dimensional grid
was centered upon the co-crystallized adenosine molecules for A1,
A2 A, and A2B, while for A3 the same coordinates of A1 were kept,
given the fact that the A3 model is based on A1. A radius of 15 A
was used to define the grid borders, and the default settings for
grid generation were kept. After the grid generation, molecular
docking calculations were carried out using Glide, with Glide-SP
chosen as the scoring function, keeping all other parameters as
default. For each of the four ligands of interest, 50 poses were
generated, which were then filtered to eliminate the ones
presenting steric clashes or unfavorable electrostatic interactions
with the protein. The remaining poses were then analyzed by
exploiting an in-house Python script that performs a per-residue
interaction energy decomposition including a comparison with a
reference pose. For each receptor subtype, the adenosine crystallo-
graphic pose was set as the reference pose. The script analyzes
both the electrostatic interaction energy (expressed in Kcal/mol)
and the strength of the hydrophobic contact (expressed in arbitrary
units), plotting the final results as comparative per-residue
heatmaps. For each ligand pose, an RMSD value (representing the
congruency of the interaction pattern between the reference pose
and the query) is calculated and reported. The most representative
pose for each compound was then chosen according to the RMSD
value (the lower, the better) and by visual inspection, fetching for
poses that maintain the recognition features that are pivotal to the
recognition of adenosine within the orthosteric binding site.

Pharmacological experiments

Cell culture and membrane preparation

Chinese Hamster Ovary (CHO) transfected with human (h) adeno-
sine receptors (ARs) subtypes hA1, hA2 A, hA2B, and hA3 ARs
(Perkin Elmer, Boston, MA, USA) were grown in adhesion in
Dulbecco’s modified Eagle’s medium with nutrient mixture F12,
supplemented with 10% fetal calf serum, penicillin (100 U/mL),
streptomycin (100 ug/mL), L-glutamine (2 mM) and geneticine
(G418; 0.2 mg/mL), at 37°C, in a humified atmosphere with 5%
CO2, until their use in cAMP assays.””® Regarding membrane
preparation to be used in competition binding experiments, cells
were rinsed with phosphate-buffered saline and scraped off T75
flasks in ice-cold hypotonic buffer (5 mM Tris-HCI, 1 mM EDTA,
pH 7.4) after the culture medium has been removed. The resulting
suspension of cells was homogenized employing a Polytron and
centrifuged for 30 min at 40,000x g, at 4°C, to obtain the
membrane pellet to be used for experiments.?"!

Competition binding experiments

The compound affinity to hA1, hA2 A, and hA3 ARs was examined.
Competition binding experiments to hA1AR were performed
incubating 2-chloro-N6-[*Hlcyclopentyladenosine (PHICCPA) (1 nM)
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with membrane suspension (50 pg of protein/100 pL) and different
concentrations of the tested compound at 25°C for 90 min in
50 mM Tris-HCl, pH 7.4. Non-specific binding was determined in the
presence of 1 uM CCPA and was always <10% of the total
binding.?”

Inhibition binding experiments to hA2 A ARs were carried out
through the incubation of the radioligand PH14-(—2-[7-amino-2-{2-
furyl}{1,2,4}triazolo{2,3-a} {1,3,5}riazin-5-yl-amino]ethyl)phenol
(*H1ZM241385) (1 nM) with the membrane suspension (50 pg of
protein/100 pL) and different concentrations of the examined
compound for 60 min, at 4°C, in 50 mM Tris-HCI, 10 mM MgCl,
(pH 7.4). Non-specific binding was defined with ZM241385 (1 puM)
and was about 20% of the total binding. Moreover, hA2 A ARs
competition binding experiments were also performed by using (2-
[p-(2-carboxyethyl)phenethylamino]-5'-N-ethylcarboxamidoadeno-
sine) ([*H]CGS 21680) as radioligand (15 nM) incubated with the
membrane suspension (50 ug of protein/100 pL) and different
concentrations of the tested compound for 90 min at 25°C in
50 mM Tris-HCI, 10 mM MgCl, (pH 7.4). Nonspecific binding was
determined in the presence of CGS 21680 (1 uM) and was about
25% of the total binding.”?

Inhibition binding assays to A3ARs were conducted by incubating
the membrane suspension (50 ug of protein/100 pL) with 0.5 nM
['*1IN6-(4-aminobenzyl)-N-methylcarboxamidoadenosine
("*IJABMECA) in the presence of different concentrations of the
examined compound for 120 min, at 4°C, in 50 mM Tris-HCI, 10 mM
MgCl,, 1 mM EDTA (pH 7.4). Non-specific binding was defined as
binding in the presence of 1 pM ABMECA and was always < 10% of
the total binding.”"

The bound radioactivity was separated from the free one by
filtering the assay mixture through Whatman GF/B glass-fiber filters,
using a Brandel cell harvester (Brandel Instruments, Unterféhring,
Germany). The filter-bound radioactivity was counted by Packard
Tri Carb 2810 TR scintillation counter (Perkin Elmer).

Cyclic AMP assays

CHO cells transfected with hA1, hA2 A, hA2B, and hA3 ARs were
washed with phosphate-buffered saline, detached with trypsin, and
centrifuged for 10 min at 200x g. Cells were seeded in a 96-well
white half-area microplate (Perkin Elmer, Boston, USA) in a
stimulation buffer composed of Hank Balanced Salt Solution, 5 mM
HEPES, 0.5 mM Ro 20-1724, 0.1 % BSA. For A1 and A3 ARs, different
concentrations (1 nM-1 mM) of BRA1 were incubated for 30 min
before the addition of 1 uM Forskolin for another 30 min to
stimulate cAMP production. For A2 A and A2B ARs, cAMP levels
were analysed after incubation of the cells with various concen-
trations (1 nM-1 mM) of BRA1 for 30 min. The cAMP levels were
quantified utilizing the AlphaScreen cAMP Detection Kit (Perkin
Elmer, Boston, MA, USA), according to the manufacturer’s
instructions.”” Finally, the plate was read with a Perkin Elmer
EnSight Multimode Plate Reader.

Data analysis

The protein concentration was determined using a Bio-Rad method,
with bovine albumin as a standard reference. Inhibitory binding
constant (Ki) values were calculated from those of IC50 according
to the Cheng-Prusoff equation, Ki=IC50/(1 + [C*]/KD*), where [C*] is
the concentration of the radioligand, and KD* its dissociation
constant. Ki and IC50 or EC50 values were calculated by non-linear
regression analysis, using the equation for a sigmoid concentration-
response curve (Graph-PAD Prism, San Diego, CA, USA).
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