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The four adenosine receptors (ARs), Aq, Aoa, Aog, and Az, constitute a subfamily
of G protein-coupled receptors (GPCRs) with exceptional foundations for
structure-based ligand design. The vast amount of mutagenesis data, accu-
mulated in the literature since the 1990s, has been recently supplemented with
structural information, currently consisting of several inactive and active struc-
tures of the As5 and inactive conformations of the A; ARs. We provide the first
integrated view of the pharmacological, biochemical, and structural data avail-
able for this receptor family, by mapping onto the relevant crystal structures all
site-directed mutagenesis data, curated and deposited at the GPCR database
(available through http://www.gpcrdb.org). This analysis provides novel
insights into ligand binding, allosteric modulation, and signaling of the AR
family.

Adenosine Receptors: a GPCR Family with Extensive Structural Information
G protein-coupled receptors (GPCRs, see Glossary) are an important class of membrane
proteins targeted by approximately one third of the drugs currently on the market [1,2]. They are
activated by a wide variety of signaling molecules of different nature: from proteins or peptides
(i.e., chemokine receptors), to small neurotransmitters and neuromodulators including nucleo-
sides and nucleotides [3]. The latter group is where we find the four receptors activated by
adenosine, consisting of the A4, Asa, Aog and Az adenosine receptors (ARs) [4]. They mediate
central nervous system (CNS) depressant, anticonvulsant, sleep-promoting, antidiuretic, neg-
ative inotropic, negative chronotropic, anti-inflammatory, immunosuppressive, and angiogenic
effects, and are involved in the pathophysiology of cardiovascular and neurodegenerative
diseases, as well as in cancer growth and immune responses [5,6]. The interest from both
academia and industry in ARs is in stark contrast to the low success of drug candidates in
reaching the market. To date only one selective AR ligand, the Ao, agonist regadenoson, has
gained FDA approval (as a coronary vasodilator used in cardiac imaging), while an antagonist
of the same receptor, istradefylline, has been approved in Japan in combination with levodopa
for the treatment of Parkinson’s disease [7].

Since the cloning of ARs in the beginning of the 1990s, the efforts to characterize them have led

to the accumulation of a substantial amount of experimental data. Decades of site-directed
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Recent technological advances in
membrane protein crystallization have
resulted in a nearly exponential
increase of available receptor struc-
tures. The AR family is an important
example in this respect. Crystal struc-
tures of antagonist- and agonist-
bound adenosine Ao receptor have
recently been supplemented by a fully
activated conformation in complex
with a G-protein mimic, and by antago-
nist bound structures of the A
receptor.

SDM experiments have been essential
to identify residues involved in molecu-
lar interactions between ARs and their
ligands. Leveraging on recent crystal
structures, this vast amount of data
can now be systematically classified
and interconnected with chemical
and structural information of ligands
and receptors.

The mapping of mutational data onto
crystal structures provides new under-
standing of molecular interactions
involved in  ligand  recognition.
Together with computational model-
ing, this can be used as a roadmap
to create novel hypotheses and assist
in the design of more systematic muta-
genesis studies to answer remaining
structural and functional questions.
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mutagenesis (SDM; Box 1) studies, in combination with pharmacological data and computa-
tional modeling, have paved the way for understanding receptor-ligand binding and activation
signaling pathways. More recently, advances in membrane protein engineering and crystal-
lography have sparked a surge of experimental GPCR structures [8], among which ARs have
emerged as one of the most thoroughly characterized families: several structures are available
for the inactive conformation of the human A,, AR bound to different chemotypes of orthosteric
antagonists (Box 2) [9-11]. Some of these reveal allosteric sites, like the binding site for the
negative allosteric modulator (NAM) sodium ion (Na*) [12], or potential allosteric sites in the
extracellular loop (EL) region [13]. Recently, the A;AR has been crystallized in complex with
xanthine antagonists [14,15]. In addition, active-like (agonist-bound) structures of the A-p AR
have been obtained with several adenosine derivatives [16-18], lately complemented with the
first fully active conformation bound to an engineered G protein fragment [19].

The current structural information is further supplemented by data obtained from additional,
complementary techniques (Box 1). These include nuclear magnetic resonance (NMR) [20,21]
or the mutagenesis/modeling combination known as biophysical mapping (BPM) [22]; a
technique recently used to design Ax,AR antagonists [23]. These different sources of experi-
mental data can be integrated in computational models, which are used to elucidate the
molecular determinants of ligand binding and receptor function [24]. In the ARs, protocols like
proteochemometrics (PCM) [25] or free energy perturbation (FEP) [24,26] have success-
fully filled the gap between affinity and structural data (Box 1).

Box 1. Experimental and Computational Methods to Investigate Binding and Signaling Events in ARs

SDM: classical molecular biology method, where a single mutation is engineered in the DNA sequence codifying the
receptor, to further investigate receptor structural or biological properties. Ligand-binding affinities are measured in
terms of their ability to competitively displace the radioligand, yielding ligand-affinity ratios between the receptor mutant
and wt variants. An analogous comparison can be made in functional assays to evaluate the effect on the potency or
efficacy of agonists.

Neoceptor: an approach to investigate the (direct) role of residues in ligand binding, where the (fractional) charges of
both ligand and protein are simultaneously reversed to investigate the (direct) role of residues in ligand binding. It was
first introduced by Jacobson et al. into the AR field and has since been used in several examples [40,41].

Thermostabilization: mutagenesis strategy to increase the thermostability of GPCRs, leading to the so-called StaRs
(stabilyzed Receptors). This method has been patented and applied on the AspAR, resulting in Apa—StaR2 that
contained eight mutations, which stabilized the antagonist state of the receptor: A54L2*52(A/A/A/A), T8BAS*S(T/T/
T/T), R107AS SO (K/R/C/K), K122AM*3(A/K/R/W), N154AE2(A/N/T/N), L235A* 7 (L/L/L/L) V239AS* 4 (LVAV/L), and
S277AT*42(1/S/S/S) [54]. Similarly, the inactive A;-StaR was constructed containing six mutations: A57L12*%2,
TO1AS*%6 Y205A5<€3(Y/L/L/Y), L236AS*S7, 240A%**!, and T277A7*“? (for the general residue numbering see
Box 3).

Biophysical mapping: starting from a StaR (see above), additional single mutations are added at positions that could
be involved in small molecule interactions. The StaR and a panel of binding-site mutants are captured onto Biacore
chips to enable characterization of ligand binding using surface plasmon resonance measurement. A matrix of binding
data for a set of ligands versus each active site mutation is then generated, providing specific affinity and kinetic
information (Kg, kon, @nd keg) Of receptor-ligand interactions. This proprietary method has been used in the discovery of
AopAR antagonists [11,22].

NMR: classical NMR experiments recently revealed the conformational selection of ligands for certain receptor states
[20], while the NMR determination of interligand NOEs (Noclear Overhauser Effect) for pharmacophore mapping
(INPHARMA) was used to obtain information on ligand poses inside the binding site of the AxaAR reconstituted into
nanodiscs [52].

In silico SDM: this protocol, based on free-energy perturbation of residue side chains, can be used to identify the
molecular interactions that are gained or lost as a result of the point mutation, since the corresponding shifts in ligand
binding free energy are related to molecular interactions, as demonstrated on 34 of the AxpAR mutants described in this
review [24,26].
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We herein review all the available mutagenesis data on the light of the structural information
available for ARs. To do so, the existing SDM data were systematically collected from 80
individual publications and the resulting 2624 curated data points, of which 96% are from
human receptors, were made available through the GPCRdb [27]. A comprehensive mapping
of these data onto the available structural information provides an overview of ligand binding
and activation events, which we present here in three sections: (i) orthosteric ligand binding;
(i) allosteric modulation; and (iii) receptor activation and G protein binding (Figure 1,
Key Figure).

Orthosteric Ligand Binding

Common Core Scaffold of Agonists and Antagonists

Classical AR agonists and antagonists share several interactions within the orthosteric
binding pocket, since they are derived of a similar planar heterocycle (Box 2), from where
modifications can confer high affinity, selectivity and/or intrinsic activity (i.e., the ribose
moiety). The crystal structures of the A,pAR confirmed that the central heterocycle of both
agonists and antagonists resides in the same binding pocket, dominated by H bonds with the
completely conserved N253%*55(N/N/N/N) in all AR subtypes (see Box 3 for an explanation on
residue numbering). The key role of this residue was suggested by early alanine scanning in
different ARs [22,28-32]; in all cases abolishing ligand binding (Figure 2B), while retaining
normal expression and basal activity levels [28]. The heterocyclic core is further stabilized by
m — 7 stacking with F168*5*52(F/F/F/F) in the second extracellular loop (EL2), which could be
replaced by another aromatic residue (tryptophan) with no significant changes in ligand
binding affinities [28,33]. The neighboring residue, E1695-2(E/E/E/V), is involved in ligand
binding, through an H bond in the scaffolds bearing an exocyclic amino group (Figure 2A and
Box 2), while it can create a lid closing the binding site via a salt bridge interaction with
H264E-3(H/H/N/-) [34]. This double role explains why alanine mutation completely abolishes
binding of the agonist CGS21680 [35] and the antagonist ZM241385 [36], while binding is
preserved upon a more conservative mutation to glutamine. Interestingly, the A;pAR has been
crystallized with and without this salt bridge linking EL2 and EL3, and in the A;AR K2655-3(K/
A/G/P), might replace H264-2 in this salt bridge. The role of this salt bridge in the kinetics of
ligand binding is explained below.

Selectivity Hotspots: Mutagenesis Suggestions Confirmed by Crystal Structures

Deeper in the binding pocket, H250%*52 (H/H/H/S) stabilizes both agonists and antagonists,
through interaction with the different modifications emerging from the core scaffold. This is in
line with the abolished A,sAR binding observed in the H250°%°A mutant [30,32], while
mutation to a bulky phenylalanine does not significantly affect antagonist binding
(Figure 2B) [32,37]. The AsAR has a serine in this position, which might explain why it is more
tolerant towards larger substituents binding deep in the pocket. Another selectivity hotspot was
recently confirmed for the A;AR, where T2707**(T/M/M/L), a previously proposed hotspot for
AAR interspecies selectivity [38], accommodates cycloalkylic groups at the C8 position of
xanthines, characteristic of A-selective xanthine derivatives (Figure 2C) [14,15]. Consequently,
a M270T7*3* mutant A,sAR showed increased affinity for A; selective ligands, whose affinity
was correspondingly reduced in the inverse mutant (T270M”*3* mutant of the A1AR [14,15]).
The comparison of A;AR and AxaAR inactive structures highlighted another difference leading
to antagonist selectivity. The N1 substituent of the xanthine derivative PSB-36 occupies a
narrow cavity between TM3, TM5, and TM6 in the A;AR, which is not present in the AxpAR.
Consequently, PSB-36 is forced to sit in an alternative, less-favorable position [15].

Triggering Receptor Activation: Residues Involved in Agonist Recognition
The triad formed by E13"*3® (E/E/E/E) — S2777*42 (T/S/S/S) — H278"*4® (H/H/H/H), together
with T88%*%6 (T/T/T/T) and H250°*52 (H/H/H/S), constitute the main binding site for the ribose
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Glossary

Agonist: a ligand that increases
receptor signaling. Classical agonists
promote receptor activation by
emulating the binding interactions of
the endogenous ligand on the
orthosteric pocket. Depending on the
maximum signal obtained, we have
full or partial agonists.

Allosteric modulator: a ligand that,
by binding to a site distal from the
orthosteric binding site, either
enhances (PAM, positive allosteric
modulator) or reduces (NAM,
negative allosteric modulators) the
signaling produced by orthosteric
agonists.

Antagonist: a ligand that inhibits
receptor signaling, typically by
competing with the endogenous
agonist for the orthosteric pocket
(neutral antagonist). If in addition to
the competitive effect, the antagonist
inhibits the basal signaling by shifting
the receptor equilibrium towards the
inactive conformation, it is called an
inverse agonist. An alternative
mechanism of antagonism is the
negative allosteric modulation (NAM).
Adenosine receptors (ARs): a
family of four receptors, namely A4,
Aoa, Ao, and Az, which are
activated by the nucleoside
adenosine. It is classified within the
class A GPCRs.

Efficacy: the maximum effect that
can be achieved by an agonist.
Free energy perturbation (FEP): a
computational method where the
relative free energy between two
end-point states (i.e., a wild-type and
a mutated sidechain of a receptor) is
calculated by simulating the
alchemical transformation between
the two molecular systems
represented, typically by molecular
dynamics (MD) sampling.

G protein: the guanine nucleotide-
binding protein, the main intercellular
communicator associated with
GPCRs. A G protein consists of Ga,
GB, and Gy subunits forming a
heterotrimeric complex.

G protein-coupled receptors
(GPCRs): a superfamily of
transmembrane receptors that are
activated by an extracellular ligand,
and transmit signals to the
intracellular compartment via
activation of intracellular pathways.
The signaling pathway starts by
activating G proteins inside the cell.
There are four classes of GPCRs:
class A (rhodopsin-like receptor
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moiety in (full) agonists (Figure 2D). This triad was proposed in the early nineties as an important
structural feature for AR activation [39], further supported by experiments using a ‘neoceptor’
approach [40,41] (Box 3). The E131*%°-H278"*® interaction is present in all agonist crystal
structures, stabilizing the conformation of H278”*“® required to form an H bond with the ribose
moiety. Consequently, mutations of E13A"*% reduce the potency of full agonists, but
interestingly not of non-nucleoside partial agonists [28]. Using molecular dynamics (MD)
simulations, Rodriguez et al. showed that this interaction was not only less stable in the
absence of a ligand, but also dependent on the protonation state of the residues involved,
which might be altered by the presence of full agonists [42]. Removal of either of the two
histidine side chains in the binding site in the H250A%*%2 [30,32] and H278A”*“® [32] mutants
strongly decreased agonist potency and binding, and also reduced antagonist binding.

Mutation of other polar side chains coordinating the ribose in the A;,AR (S277A7#2 [32] and
T88A%-%° [43]) reduced agonist potency, but increased antagonist binding and the potency of
the partial agonist LUF5834 [28]. Crystal structures of agonist-bound A;,AR show a direct
interaction between NECA (5'-N-ethylcarboxamidoadenosine) and T88%>%® through the amide
in position 5’ of the ribose, which is not present in adenosine. This could explain why NECA is
more sensitive to the T88A3® mutation and has a higher affinity than adenosine for the AosAR
[43-45]. Mutations of the polar side chain at position 7x42 have a drastic effect on agonist
binding, as seen in alanine mutants in the AsgAR (S279A7*4?) [46] and the A;AR (T277A7*42)
[47-49]. Additionally, the inactive A,a stabilized receptor (StaR; Box 1) contains alanine
mutations of T88%% and S2777**? [50], while antagonists crystalized with the wild-type
(wt) receptor do not show interactions with these residues; all of which points to a role of
these polar side chains in attaining a fully active conformation. Interestingly, the same mutants
have negligible or even positive effects on the potency and/or efficacy of partial agonists at the
Aq [47-49] and Asa ARs [28].

Mutations on the orthosteric site, which represent 80% of the collected mutational data on
ARs, have been characterized in more detail than the mutations on the allosteric or G protein
sites described in the next sections. Indeed, in silico SDM simulations of several A;pAR
orthosteric-site mutants (Box 1) have provided a complement to the structural analysis of
static crystal structures discussed above, revealing nonevident effects like water-mediated
interactions or the role of mutations which are not in direct contact with the ligand [24,26].

Extracellular Region: Ligand Kinetics and Receptor Architecture

Mutations in the ELs do not only influence binding of orthosteric ligands, but may also play arole
in ligand kinetics. In addition, this region plays a structural role through a series of cysteine
bridges, and has been related to selectivity among certain receptor subtypes. Finally, muta-
tional studies and lately crystal structures [11] suggest that this region might be the binding site
of PAMs, in analogy to other GPCRs [51]. Here, we discuss the mutational data of the EL region
in ARs.

Residues That Govern the Kinetics of Ligand Binding

Ligand-binding kinetics governs the residence time of a drug, which has implications for its
clinical efficacy [52]. The kinetics of ligand binding in ARs has been demonstrated to be variable,
as recently examined by SDM and other methods [53]. Residues distant from the orthosteric
site can influence the kinetics of ligand binding without altering the binding affinity constant (K;).
For instance, the kon and ke Values ZM241385 on StaRs versus wt receptors are significantly
slower, but the binding affinity remains unaltered [54]. Other point mutations located in the
binding site [L85AZ*33(L/L/L/L), Y271AT*35(Y/Y/N/Y), and N181AZ**3(N/N/N/S)| simulta-
neously increased the ko and decreased the binding affinity of the antagonist ZM241385
[22]. Mutations of residues located in the EL region of the AopAR, either increased [E169Q5-2 (E/
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family); class B (secretin family); class
C (metabotropic glutamate receptor
family); and class F (frizzled/
smoothened receptor family).
Kinetics of ligand binding: is
defined by the relationship between
association and dissociation
constants (kon and ke, respectively).
Ki: a measure of a ligand’s affinity for
its target, a concentration at which
50% of the target receptors is bound
with the ligand.

kon: association rate constant. The
rate at which a ligand binds to its
target corresponds to its
concentration multiplied by kon.

Kos: dissociation rate constant. The
rate at which a ligand dissociates
from its target corresponds to ke
(there is no concentration
dependence).

Orthosteric site: the binding site of
endogenous agonists.

Partial agonist: an agonist that has
a reduced efficacy as compared to
the endogenous ligand (as opposed
to full agonists).

Potency: the amount of ligand
needed to achieve a desired
biological effect, often given as the
concentration of ligand needed to
achieve a half-maximal effect (e.g.,
ECso for agonists or ICsq for
antagonists; K; value).
Proteochemometrics (PCM): a
computational method forming an
extension of Quantitative Structure-
Activity Relationship (QSAR)
modeling by addition of an explicit
protein descriptor. Hence PCM can
describe the bioactivity relations
between multiple ligands and multiple
targets.

Residence time: a measure of the
life-time of a ligand-receptor complex
which is the reciprocal of the
dissociation rate (1/kos).
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Box 2. Ligands Cocrystallized with ARs

The chemical nature and functional behavior of the ligands cocrystallized with the Ao, and A; ARs is variable. Still, most of the agonists and antagonists are derivatives
or analogs of purine, a planar heterocycle (imidazo[4,5-d]pyrimidine, blue substructure in Figure 1), present in the endogenous agonist adenosine. This allows some
conserved interactions between receptor and both agonist and antagonist, like the H bonds with N2538-%° (N/N/N/N) (Box 3 explains residue nomenclature), due to
the chemical motif denoted with a red square on each structure.

Full agonists (upper row, Figure |) are clearly differentiated by bearing a sugar moiety at position 9, some of which contain an ethylamido modification at C4’ of the
ribose instead of a hydroxymethylene group (NECA, UK432097, and CGS21680). The amino group at position 6 of the purine ring may bear a bulky substituent
(UK432097), while different substituents are allowed at position 2 (UK432097 and CGS21680).

Most antagonists (Figure |, second row) also contain a purine core or an analogous heterobicycle (blue) as is the case for xanthine derivatives (caffeine, XAC, DU172,
and PSB-36; the last two cocrystallized with the A;AR) or the azapurine present in the triazolotriazine ZM241385. The triazine derivatives T4G, T4E, and the
aminotriazole 8D1 are exceptions bearing structurally simple, monocyclic cores. Other antagonists have been described for ARs, but we here focus on those for
which there is mutational and structural data.
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Figure I. Ligands Cocrystallized with ARs. Chemical structures of agonists (upper row) and antagonists (middle and lower rows) cocrystallized with the ARs.
Conserved interactions between receptor and both agonist and antagonist are attributable to the chemical motif denoted with a red square on each structure. Most
antagonists also contain a purine core or an analogous heterobicycle, which are shown in blue. Abbreviations: AR, adenosine receptor; NECA, 5'-N-
ethylcarboxamidoadenosine.

E/EN), H264AFS(H/H/QN), and T256AS*S8(T/T/T/I)] or decreased [IB6AZ<S3(/1/1/V),
S67AZ*C4N/S/S/S), KI153AF2(W/K/C/R), and L267A7*3(S/L/K/Q)] the ko of ZM241385
[36], while its affinity was minimally affected. This led to the conclusion that these residues
should play a role in the dissociation pathway of ZM241385. Recent mutagenesis, crystal
structures, and MD simulations confirmed that breaking the salt bridge between E1695-2,
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Key Figure

Overview of the Structural Sections of an Adenosine Receptor
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Figure 1. Each section, further illustrated in panels I-1l, is the focus of a dedicated chapter within the text, describing key structural features of the adenosine receptor
family. (I) Orthosteric binding site. (Il,) Allosteric modulation in the loop regions. (llg) Allosteric modulation by sodium and amilorides. (Ill) The G protein binding site. The
key residues in each section are shown according to a pseudo-sequence alignment of human adenosine receptor subtypes.

H2645-3 (supported by polar interactions with T256%%%9) is crucial in the dissociation of
ZM241385 [36,55], as previously indicated by MD simulations of Asan and Aog receptors
[42]. The stabilization of the salt bridge between E1695-2 and the positively charged
H264E-% should be considered in the design of A,4R antagonists with long residence time.

Architecture and Stability of the Variable EL2 Region

The extracellular region — especially EL2 — differs within the AR family in terms of sequence
length, composition, and even tertiary structure (Figure 3B) [14,15]. The existence of cysteine
bridges, which play an important role in the architecture and stability of the EL2, is variable
between ARs. The cysteine bridge formed between C77°*2%(C/C/C/C) and C166*°*%° (C/C/C/
C) is a highly conserved moatif in class A GPCRs (87 %) shared amongst all ARs [27] (Figure 3B).
Serine mutations of one of these cysteines abolished ligand binding in the A; [56] and Aog ARs
[67], but in the A2aAR only resulted in reduced potency or affinity of small agonists (e.g., NECA
and adenosine), while having no effect on larger 2-substituted adenosine derivatives (e.g.,
CGS21680) [51]. The reduced effect on this receptor could be understood with the first A, AR
crystal structures, revealing additional disulfide bridges that reinforce the architecture of EL2
due to two extra cysteines in this loop. Serine mutations of these cysteine residues [C1465-3(L/
C/K/K) and C1595-2(M/C/G/S)] result in a lower potency of adenosine, but do not alter the
potency of NECA and CGS21680. On the contrary, serine mutations in the A,gAR of the three

80 Trendsin Pharmacological Sciences, January 2018, Vol. 39, No. 1



Box 3. Generic Residue Numbering
All residues and their mutations have been numbered according to the following scheme:
A000B™®(C/D/E/F)

Where:

* A=the wt residue.

e 000 = the residue number of the mutated residue, this number corresponds with the residue numbering of the
receptor under investigation.

e B =the mutated residue, if no mutation is given this entry is left blank.

=00 _ the GPCRdb numbering scheme, which is a structure-based update of the Ballesteros-Weinstein (B-W)

numbering scheme. T represents the transmembrane helix number and 00 the correlative residue number. The latter

starts at the most conserved topological position in each helix, which is numbered 50. Here, we adopt the last

maodifications to this numbering scheme, accounting for structural kinks and bulges in the alignment and numbering

[81]. Residues in an inter- or extracellular domain of the receptor are represented using °°*°, where the first two

numbers depict the two transmembrane domains before and after the inter- or extracellular domain. If the residue

position is not conserved, which is mostly the case in extra and intracellular loops and termini, no number is assigned

and instead it is indicated the loop region where it belongs (EL1-IL3).

e C/D/E/F = the residue type in adenosine Ay, Aoa, Aos, and Ag, respectively, which will be given once in a paragraph.

The topological domains were classified as TM1-7 for the seven transmembrane helices, H8 (the C-terminal « helix),

EL1-3 for the extracellular and IL1-3 to the intracellular loops.

cysteine residues present in EL2 [C1545-2(W/K/C/R), C1665-2 (K/A/C/—), C167E-2 (—/—/C/-)]
do not affect ligand binding, indicating that they are not involved in disulfide bond formation [57].
Finally, the dynamics of the EL region might play a role in the allosteric modulation of ARs, which
we explain in the next section.

Sites for Allosteric Modulation in ARs

Allosteric modulation of GPCRs is gaining acceptance as a new approach for drug develop-
ment, since allosteric ligands typically display higher target selectivity compared to orthosteric
ligands [3,58]. In ARs, two distinct receptor regions have been revealed as sites for allosteric
modulation (Figure 3): the EL2 region and the sodium-binding pocket.

EL2 as an Allosteric Region

The role of the extracellular loops in receptor structure and dynamics might explain why this
region has been identified as a site for the binding of both PAMs and NAMs. The Aoa-selective
agonist CGS21680, as well as other nonselective agonists, show increased efficacy in a
chimeric AsgAR receptor containing the EL2 of the AspAR in comparison to the wt AogAR
[69,60]. These results suggest an allosteric control of EL2, since the increased agonist
efficacies can be explained by the role of this loop in stabilizing agonist-bound receptor
conformations [59]. Moreover, ligand selectivity may be achieved — probably by an indirect
effect — in extracellular regions far away from the ligand binding pocket [61-63]. Recent results
on the A4AR provide additional evidence to the idea that ARs can be activated by PAMs binding
to the EL regions [64,65]. These insights have been recently complemented by the observation
of a potential allosteric pocket in a recently published antagonist-bound A;,AR structure [13].

Allosteric Modulation by Sodium lons and Amilorides

Sodium ions downregulate the pharmacological response of GPCRs, including the Ax,AR [66].
The 1.8 A resolution crystal structure of the inactive AspAR in complex with ZM241385 has
demonstrated the presence of a previously predicted sodium ion binding site formed by several
GPCR-conserved residues, namely D5225° (D/D/D/D), S91°*%° (S/S/S/S), W246°%*48 (W/W/
W/W), N2807 4% (N/N/N/N) and N2847*4° (N/N/N/N) (Figure 3D) [12]. This finding was followed
by SDM and biophysical characterization of this pocket, combined with MD simulations, which
revealed a mechanism of allosteric control where sodium specifically stabilizes the inactive
conformation of the receptor [67,68]. Upon agonist binding, the sodium-binding site collapses
due to a concerted movement of several residues situated in TM3, TM6, and TM7. In particular,
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Figure 2. Orthosteric Ligand Binding. (A) Topological overview of ARs, with the different regions of the orthosteric
ligand-binding site depicted and amplified in panels B-D. (B) The purine-derivative scaffold common to agonists and
antagonists superimposes in the same binding region, as shown for agonist NECA in the active-like AopAR structure (blue)
and the antagonist ZM241385 in complex to the inactive AopAR (orange). (C) Crystal structures of antagonist PSB-36
bound to AsxAR (orange) and to A;AR (magenta), highlighting residue 27073 (T/M/M/L), which has been identified as a
key position involved in ligand selectivity. (D) Residues involved in agonist binding, shown for the agonist-bound AxaAR
structure in complex with NECA (blue, hydrogen bonds in broken lines) and superimposed to the corresponding inactive
structure of the same receptor (orange). An inward movement of helices in TM1, TM5, and TM7 is observed, resulting in a

(Figure legend continued on the bottom of the next page.)
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an H bond is formed between the backbone oxygen in N2847*°, part of the highly conserved
NPxxY motif, and D522*°, which is one of the highest conserved residues amongst the entire
family of GPCRs [27,69]. Accordingly, alanine mutations of both N2847*4° [67,70] and D522*°
[67,71] have little effect on antagonist or agonist binding but completely abolish receptor
activation. A series of MD simulations of the B»-adrenergic receptor, mapped onto the A pAR
crystal structures, has concluded that the protonation state of D522%° changes during the
activation pathway from an inactive, deprotonated, to an active, protonated state. In this
scenario, S91%*3° would play a regulatory role in the protonation of D522*%°, as mutations to
alanine in A1 and Asa ARs increase their basal activities [44,67,69]. In the active-like state, the
backbone interaction between D522*5° and N2847**° causes a helix bulge in TM7, leading to
conformational rearrangements related to receptor activation as discussed in the next section.

Another conformational change is initiated by the movement of residues W246°**8 and
F242%%44 which propagates to an outward shift of TM6 as observed in agonist-bound and
fully activated structures (Figure 3C). This movement might be blocked by amiloride and
derivatives, which are negative AMs predicted to bind to the sodium site [67], which is in line
with data showing that F242A%*4* mutations increase the thermostability of agonist-bound
AonAR [50]. Tryptophan W246%%48, previously coined as the ‘toggle switch’ [9], forms a bulky
lining separating the orthosteric site from the sodium-binding site. Mutation to alanine does not
alter agonist binding to the AsAR, but receptor function is completely lost [30,71,72]. Similarly,
on the AspAR the corresponding W246°*8A mutant reduces the efficacy of full agonists,
whereas the activity of partial agonists is slightly increased [28,46,67,73].

Mutations in the sodium pocket affect amilorides in a different way compared to sodium.
Allosteric modulation by sodium is completely abolished in D52A%*%° and N284A”*“° receptor
mutants, but the latter show increased affinity for amilorides. The interpretation, supported by
MD simulations, is that the positively charged guanidinium group of amilorides form a salt
bridge with D522*%°, while N28474°, N2807*®, and W246°**® make suboptimal interactions
with amilorides. Additionally, W246A5<“® has been shown to increase the competitive behavior
of amilorides in radioligand-binding assays with ZM241385, due to an increased penetration of
5'-substituted amilorides into the orthosteric binding site in the mutant receptor [74].

Receptor Signaling and G Protein Binding

The intracellular side of the TM bundle is more conserved within the GPCR superfamily than the
extracellular domain [2]. This region undergoes the most pronounced conformational changes
upon receptor activation and is implicated in the binding of the intracellular G protein. Four
motifs play a major role here (Figure 4): NPxxY in TM7, the DRY motif (TM3), the ionic lock and
the TDY triad, as observed in the G protein-bound crystal structure [19].

TM7 NPxxY Motif

This motifis located in TM7 and contains N2847*4°, which has been discussed above as part of
the sodium-binding site, and is the center of the helix bulge observed in A;pAR active-like
structures (Figure 3D). Residue Y288”%% experiences an upward movement and undergoes
an H-bond interaction with Y197°%8 (Y/Y/Y/Y) in the G protein-bound structure (Figure 4B).
These pairs of tyrosines are considered as a possible activation switch, based on their high
conservation in class A GPCRs [27] and their specific interaction in the G protein-bound state,
while the side chain of Y197°*%8 has been shown to flip out into the membrane in AspAR
agonist-bound crystal structures [16-18] (Figure 4B). The Y282F"*%% mutation in the AsAR

collapse of the sodium-binding pocket (see Figure 3). The table shows the effect of selected alanine mutations of the Ao aAR
on binding (and potency) of the different pharmacological classes of orthosteric ligands. A detrimental effect is shown in
red, while blue denotes an increasing effect. Abbreviations; NE, no effect.
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Figure 3. Sites for Allosteric Modulation. (A) Topological overview of ARs, with the different regions involved in binding
of allosteric ligands depicted and amplified in panels B-D. (B) Extracellular loops 1 and 2 from A;AR (pink) and AsaAR
(orange) crystal structures. The conserved disulfide bridge between TM3-EL2 (positions C2*2° — C*©*5%) and the AopAR
specific disulfide bridges in EL2 (C712*5'-C159 and C74%*22-C146) are shown in sticks. (C) The downward movement
of residues W246%<*® and F2425<4 observed in agonist-bound structures of A;xAR (orange) and the fully active
conformation in complex with a G protein mimic (green). This conformational change, which is related to the outward
movement of TM6 characteristic of G-protein-coupled receptor activation, is proposed to be hindered upon binding of the
NAM amiloride and derivatives. (D) The sodium-binding pocket, shown in complex with Na* as revealed in the AsaAR
inactive structure (orange, hydrogen bonds in dashed lines). In agonist-bound structures, this pocket is collapsed because
of a bulge in TM7 around residue N284"+4°, which is incompatible with the binding of Na™, explaining the mechanism of

(Figure legend continued on the bottom of the next page.)
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resulted in a nearly 30-fold reduction in potency for Cl-IB-MECA (2-Chloro-N6-(3-iodobenzyl)-
adenosine-5'-N-methyluronamide), but did not alter basal activities [75]. In the AgAR, the
Y197S/N®*® mutations, which maintain the polarity of the wt tyrosine, led to an increase in
constitutive activity [62]. To fully understand the role of the Y197°*%8-y288753 switch in AR
activation, mutations to alanine and phenylalanine would be of particular interest.

TM3 DRY Motif

The GPCR conserved DRY [D101%4° (D/D/D/D)-R102%%° (R/R/R/R)-Y103%°" (Y/Y/Y/Y)] motif
in TM3 binds the C terminus of the G protein in the fully activated AspAR. R102A%5° moves
towards Y197°*%8 in analogy to the fully active B, structure, to allow the G protein to move in,
and undergoes intensive van der Waals interactions with Y391 in the mini Gs-A>aAR bound
structure [19]. In a mutational study on the A;gAR addressed to investigate its selectivity for G
proteins, R102A%°° maintained potency and maximum response close to the wt receptor for
the G.s subtype, but lost potency for seven other subtypes [76]. In the AsAR, mutations
R102A%59 and R102K35° led to constitutively active receptors [75]. Interestingly, two structural
motifs, the ionic lock (Figure 4C) and the TDY triad (Figure 4D), keep R102%%° locked in the
conformation observed in inactive and agonist-bound structures of AssAR, as opposed to the
corresponding fully active, mini Gs-AxaAR crystal structure.

lonic Lock

The salt bridge formed between E228%*° (E/E/E/E) and R102%*%° (R/R/R/R), also called the
ionic lock, is proposed to be an important factor in the deactivation of the receptor. It is present
in several but not all A;pAR inactive crystal structures [10]. No mutation data are available for
residue E228°%0 in ARs, but other experimental work points towards a regulatory role of this
salt bridge in receptor activation. In particular, NMR-based studies of the A;sAR have shown a
rapid interchange (low millisecond timescale) of two antagonist states, associated with ionic
lock formation [20]. In analogy to the case of the B2 adrenergic receptor, MD simulations of the
AonAR, starting from a conformation where the ionic lock is not present, have shown a rapid
formation (10-15 ns) and highly stable (100 ns) ionic lock interaction [42,77]. A recent AopAR
crystal structure has revealed an interaction between E228%*%C and R107°*%® (K/R/C/K) [13],
which together with the thermostabilizing effect of the R107A%*%5 mutant [10], suggests a role
of this residue against the formation of the ionic lock.

TDY Triad

Residues T412>%9 (T/T/T/T)-D101%*4® (D/D/D/D) (DRY)-Y 1128458 (Y/Y/Y/Y) form a triad fully
conserved amongst all AR subtypes and some other class A families (e.g., B-adrenergic and
dopamine receptors) [27]. This triad has previously been suggested to be involved in a network
of polar interactions stabilizing the ionic lock [42]. The T412*%°A mutation has been shown to
produce constitutively active A,gARs [29,78]. In the AsAR, mutations of D107%**° to aspara-
gine, lysine, and arginine do not significantly alter the basal activities of the receptor or the
potency of agonists [75]. No mutational data for 1123458 is available for ARs. Notably, the
structural differences of the corresponding TDY triad in the different conformations of the B»
adrenergic receptor are more pronounced than in the AspAR. In all Bo structures the IL2 is
disordered except for the fully activated structure, where the region forms an a-helix. This
results in an H bond between Y3**%® and D***°, possibly altering the salt bridge strength

sodium as a NAM. This also applies for the fully-active, G protein mimic-bound A,aAR structure (green). The table shows
the effect of selected alanine mutations of the A,4AR on binding (and potency) of the different pharmacological classes of
orthosteric ligands. A detrimental effect is shown in red, while blue denotes an increasing effect. In both cases a high
intensity of such effect (>30 fold) is depicted by a darker color. 2 There is only thermostability data available for F2426 x 44.
® No measurable activation by agonists due to high basal activities. Abbreviations: NAM, negative allosteric modulator; NE,
no effect.
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Figure 4. Receptor Signaling and G Protein Binding. (A) Topological overview of ARs, with the different regions
involved in receptor signaling and G protein binding depicted and amplified in panels B-D (color code as in Figures 2 and 3).
(B) Residues Y197%*% and Y288 58 form a possible activation switch, interacting in the G protein bound state (green); an
interaction that is lacking in the inactive structures (orange), even if their orientation is somehow similar; while in agonist-
bound structures without the G protein (blue) Y197°*%® flips outwards in the membrane. (C) The interaction between
E228%*30 and the side chain (ionic lock) or backbone of R102%*%° is observed in inactive A,»AR structures; in one case
replaced by interaction of E228°%%° with R107%*%®, (D) The TDY triad (T412*%°-D1013*49-y11234*%%) forms a ‘cage’
around R102%*%0 in inactive (orange) and agonist bound (blue) A,xAR crystal structures, blocking the access of the G
protein. Conversely, in the G protein-bound crystal structure (green), R102%%%0 s free and, according to the low density
observed in the corresponding crystal structure (5g53), can be modeled to form an H bond to Y197°*% as shown in the

(Figure legend continued on the bottom of the next page.)
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between R®*5° and D®*#°. In the As5AR, IL2 is consistently found in an a-helical conformation,
and the shape of the TDY triad remains the same. Additional mutagenesis experiments are
needed to confirm a possible regulatory role of this triad in the activation of ARs and other class
A GPCRs.

Concluding Remarks

The effects of point mutations of the four ARs on ligand binding affinities, functional potencies,
and efficacies constitute a valuable source of pharmacological information. We analyzed the
existing data and mapped it on the collection of available AR crystal structures, allowing for a
comprehension of receptor-ligand interactions and receptor activation outstanding within the
GPCR families. A majority of the mutational data collected refers to orthosteric ligand binding,
where combinations of SDM and crystal structures led to the design of AR antagonists [79], and
novel computational protocols have provided with detailed energetic descriptions of ligand
binding. Still, some issues remain unsolved with regard to ligand optimization, such as
achieving better selectivity ratios or attaining an agonist functional response on ligands lacking
a ribose moiety, though recent advances in this regard are promising [80]. Allosteric modulation
is a promising pharmacological strategy to overcome some of these issues, but while there is
indirect evidence pointing to the location of allosteric sites on the EL region, a crystal structure
with an allosteric modulator is still lacking. The kinetic characterization of ligand binding is an
emerging area, though not yet fully understood, where new mutational and structural data
could be particularly helpful. Finally, the crystal structures of A;pAR provide a complete
landscape of end-point receptor conformational states, complemented with mutational data
that points to specific activation switches, but additional mutations and ligands that stabilize
intermediate conformational states are needed to fully understand the activation mechanism.
These and other key issues in the field are collected in the Outstanding Questions. Our analysis
shows that the ARs constitute a family of GPCRs with an exceptional knowledge base of
structural, biochemical, and pharmacological data, which configures a useful and dynamic map
to design orthosteric and allosteric modulators, and envisage molecular switches involved in
receptor activation and signaling.
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