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ABSTRACT

Allosteric enhancers of the adenosine A4 receptor amplify signaling
by orthosteric agonists. Allosteric enhancers are appealing drug
candidates because their activity requires that the orthosteric site
be occupied by an agonist, thereby conferring specificity to
stressed or injured tissues that produce adenosine. To explore
the mechanism of allosteric enhancer activity, we examined their
action on several A; receptor constructs, including (1) species
variants, (2) species chimeras, (3) alanine scanning mutants, and (4)
site-specific mutants. These findings were combined with homol-
ogy modeling of the A; receptor and in silico screening of an

allosteric enhancer library. The binding modes of known docked
allosteric enhancers correlated with the known structure-activity
relationship, suggesting that these allosteric enhancers bind to
a pocket formed by the second extracellular loop, flanked by
residues S150 and M162. We propose a model in which this
vestibule controls the entry and efflux of agonists from the
orthosteric site and agonist binding elicits a conformational change
that enables allosteric enhancer binding. This model provides
a mechanism for the observations that allosteric enhancers slow
the dissociation of orthosteric agonists but not antagonists.

Introduction

G protein—coupled receptors (GPCRs) are expressed through-
out the body and regulate a broad range of physiologic actions
through transmembrane signaling and coupling to heterotri-
meric G proteins (Lin et al., 2013; Venkatakrishnan et al., 2013).
As a result, GPCRs are the most targeted protein class in modern
therapeutics (Overington et al., 2006). However, only a small
fraction of known GPCRs have been targeted, leaving much room
for new drug development through reverse pharmacology.

Allosteric modulators of GPCRs bind outside the conven-
tional orthosteric ligand-binding site and elicit either a negative
(negative allosteric modulators) or positive (positive allosteric
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modulators) effect on transmembrane signaling and receptor
coupling. Adenosine receptors (ARs) are a family of GPCRs for
the nucleoside adenosine, which consists of four members: AR,
AsaR, AsgR, and AsR. Positive allosteric modulators of the
adenosine A; receptor (A;R) are also known as allosteric
enhancers (AEs). A number of AEs have been identified, targeted
primarily to the A;R subtype (Bruns and Fergus, 1990). Herein,
we identify the A;R AE binding site and suggest a mechanism by
which these compounds act.

AEs decrease the dissociation kinetics of prebound orthosteric
agonists and have no effect on the binding kinetics of
orthosteric antagonists (Bruns and Fergus, 1990; Figler et al.,
2003). A prerequisite for AE activity is occupancy of the
orthosteric site by an agonist. This property makes AEs
appealing as drug candidates because they act selectively in
tissues actively releasing adenosine, such as a site of injury. For
example, AEs of A;Rs protect the heart (Mizumura et al., 1996),
brain (Daval et al., 1989a,b), and kidney (Park et al., 2012) from
ischemia reperfusion injury; inhibit lipolysis (Dhalla et al.,
2009; Wojcik et al., 2010); and decrease neuropathic pain (Li

ABBREVIATIONS: 1-277, 6-(3,4-methylenedioxyphenyl)-8H-indeno[1,2-d]thiazol- 2-ylamine hydroiodide; 4-41, bis-(2,2'-N,N-piperdinecarboxya-
midephenyl)-disulfide; A{R, adenosine A; receptor; AE, allosteric enhancer; ALIBERO, automated ligand-guided backbone ensemble receptor
optimization; AR, adenosine receptor; ATL525, 2-amino-4,5,6,7-tetrahydro-benzo[b]thiophen-3-yl)biphenyl-4-yl-methanone; ECL, extracellular
loop; GPCR, G protein—coupled receptor; GTPyS, guanosine 5-(y-thio)triphosphate; hA;R, human adenosine A; receptor; HEK293, human
embryonic kidney cell line; '2°-ABA, '2°-N®-(3-iodo-4-aminobenzyl)adenosine; NECA, adenosine-5'-N-ethylcarboxamide; NSQ AUC, normalized
square-root area under curve; PD 81,723, (2-amino-4,5-dimethyl-3-thienyl)-[3-(trifluromethyl)-phenyl]-methanone; PDB, Protein Data Bank; SAR,
structure—activity relationship; TM, transmembrane; VLS, virtual ligand screening; XAC, xanthine amine congener.
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et al., 2002, 2003). An additional advantage of AEs is that their
selectivity for tissues that generate adenosine may obviate the
limitation of A;R orthosteric agonists, which produce heart
block as a dose-limiting side effect.

Identification of the molecular determinants of AE activity
has the potential to advance mechanistic studies and clinical
development. Mathematical modeling is one approach that has
been used to gain mechanistic insight into allosteric enhancers
(May et al., 2007; Canals et al., 2011, 2012; Heitman et al.,
2012). In general, the models involve simplified systems,
including the receptor, the orthosteric ligand, and the allosteric
enhancer. Such modeling predicted that the A;R allosteric site
resides along the path followed by a ligand to reach the
orthosteric site (Pietra et al., 2010). Although unable to identify
specific residues or protein domains, the mathematical models
provide guidance for the design of experiments. Nevertheless,
despite 23 years of research since the initial discovery of A;R
AEs (Bruns and Fergus, 1990), a detailed understanding of their
mechanism of action remains largely unknown.

Drug development of AEs has also been impeded in part by
difficulties in studying their physiologic actions in vivo.
In previous studies, AE activity was reported to vary in vitro
and in vivo among species such as human, mouse, guinea pig
(Amoah-Apraku et al., 1993; Kollias-Baker et al., 1994), dog
(Mizumura et al., 1996), and rat (Bruns and Fergus, 1990).
However, many of these investigations used assays that do
not distinguish AE activity from competitive antagonist
activity, which is also possessed by AE compounds to a vari-
able extent. Consequently, the measured activities were
a composite of allosteric and competitive antagonist effects.
To obviate this issue, kinetic methods are considered the most
sensitive and direct measurement of allosteric modulation of
GPCRs (Christopoulos and Kenakin, 2002).

An additional impediment to the drug development of AEs is
that their binding sites have not been precisely determined.
GPCRs possess seven transmembrane domains, three intra-
cellular and three extracellular loops, an extracellular N
terminus, and an intracellular C terminus. Residues in each
of these domains affect allosteric modulation (Conn et al., 2009;
Gobly6s and IJzerman, 2011). In the muscarinic receptors,
allosteric sites have been identified in the second extracellular
loop (ECL) 2 (Voigtlander et al., 2003) and near transmem-
brane domain (TM) 6 and ECL3 (Ellis et al., 1993). However,
allosteric sites are not necessarily conserved between GPCR
subfamilies so that allosteric targeting of each receptor is an
individual pursuit (Christopoulos and Kenakin, 2002; Birdsall
and Lazareno, 2005).

For adenosine receptors, a study using orthosteric agonists
tethered to AEs (so-called bitopic ligands) suggested that the
ECL2 of A;R may be an AE binding region (Narlawar et al.,
2010). In addition, a recent study showed that mutation of
ECL2 residues W156 and E164 in A;R-modified AE activity
(Peeters et al., 2012). Our studies sought to define the AE
binding site of A;R in more detail.

Materials and Methods

Radioligand Binding. Radioligand binding was performed as
previously described (Tranberg et al., 2002; Figler et al., 2003). We
used an AE activity assay that measures ligand dissociation and
therefore is not complicated by AE antagonist activity, as the receptor
is prebound to orthosteric ligand. Receptors (10 ug in 50 ul) and the

A;R-specific agonist 2’I-ABA [0.5 nM in 50 ul; 2°I-N5-(3-iodo-4-
aminobenzyl)adenosine] are brought to equilibrium binding by a 120-
minute incubation at ambient temperature. At this concentration,
1251 ABA specifically binds to A;R (Supplemental Fig. 1). In the
kinetic assay that we used (Figler et al., 2003), we observed that the
effects of allosteric enhancer were directly related to the time of
incubation. For each assay, the AE was added for a consistent period
(10 minutes). Ten minutes was selected because it was sufficient for
the AE to bind to A;R but sufficiently short that any effects on the
equilibrium binding of the prebound, orthosteric agonist radioligand
were minimized.

Finally, 50 ul containing 50 uM guanosine 5-(y-thio)triphosphate
(GTPyS) and 100 uM xanthine amine congener (XAC) are added for
15 minutes, which is sufficient to evaluate the AE-induced stability to
GTPyS-induced dissociation. XAC is a nonspecific AR antagonist that
is added to ensure that ’I-ABA does not reassociate with the receptor.
The residual binding is adjusted to a 100-point scale, giving a unitless
value for the enhancer activity. An enhancer score of 0 is fully decoupled
(GTPyS and XAC with no added AE), and a score of 100 is equilibrium
binding (no added AE, GTPyS, or XAC). The AE score was measured at
the end of the 10-minute incubation period, in which case the score
ranged from 0 to 100.

Statistical Analysis. AE activity measurements were conducted
in triplicate on cell lysates from the species variants or receptor
mutants. Each lysate was derived from at least two parallel-derived
stable cell lines or at least three independent transient transfections.
Results were compared by two-way analysis of variance at each
concentration point and fitted for EC5y and maximal AE activity
(regression line asymptote) in Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA). Direct comparisons (log EC5( or maximum AE activity) were
made using the Student’s ¢ test, in which three to five experiments were
averaged. Curves were also compared by the extra sum-of-squares F'
test in Prism 5.0. Error was presented as = S.E.M.

A;R Mutagenesis. Human and dog A;R ¢DNAs were subcloned
into the pDoubleTrouble vector (hexahistidine and FLAG peptide-
tagged CLDN10B vector) (Robeva et al., 1996) for stable expression in
mammalian cells. Mutagenesis was performed using QuikChange
Lightning and/or QuikChange Multi Lightning (Agilent Technologies,
Santa Clara, CA). Primers were synthesized per Agilent guidelines. All
mutations were confirmed by sequencing (GENEWIZ, South Plainfield,
NJ). The A;R affinity for ?’I-ABA was not affected significantly by the
reported mutations.

4x Alanine Scan of ECLs. The mutations introduced into the
A;R-pcDNA3.1+ background were NIGP 70 AAAA; QTY 74 AAA;
FTH 77 AAA; NNLS 147 AAAA; AVER 151 LAAA; AVER 151 QAAA,;
AWAA 155 LALL; AWAA 155 GANH; NGSM 159 AAAA; GEP 163
AAA; VIK 166 AAA; PS 261-2 AA, HK 264-5 AA; C260A and C263A
(Supplemental Table 1). Receptor mutants were transiently trans-
fected into human embryonic kidney (HEK293) cells using Lipofect-
AMINE 2000 (Invitrogen, Carlsbad, CA) per the manufacturer’s
instructions. To allow sufficient time for protein expression, cells were
lysed and prepared for binding 72 hours post transfection.

Generation of Stable Cell Lines. Plasmids were purified with
NucleoBond Xtra Midi kit (Macherey-Nagel GmbH, Diiren, Germany),
and receptor mutants were transfected stably into HEK293 cells using
LipofectAMINE 2000. Cells were selected for plasmid expression with
G418 (1 mg/ml; Inalco Pharmaceuticals, San Luis Obispo, CA),
screened for A;R expression by agonist (??I-ABA) radioligand binding
+ adenosine-5'-N-ethylcarboxamide (NECA) as a measure of non-
specific binding. HEK293 cells were cultured with 10% COs at 37°C in
Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% fetal
bovine serum (Gemini Bio-Products, West Sacramento, CA) and 1%
antibiotic/antimycotic (Invitrogen). Cell lysates were prepared by
repeated (10-12) passes through a 28.5-gauge needle (BD Biosciences,
San Jose, CA) at 4°C in a hypotonic solution (10 mM HEPES, pH 7.4)
containing 2 U/ml of adenosine deaminase (Roche Applied Science,
Indianapolis, IN, ) (Robeva et al., 1996; Figler et al., 2003). Radioligand
binding was conducted as previously reported with identical reagents
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and materials (Figler et al., 2003). Several A;R mutants were created in
cell lines to delineate specific residues responsible for differences
between human and dog A;R (Supplemental Table 2). Single alanine
mutants created to identify specific residues involved in binding were
N147A, N148A, L149A, and S150A (Supplemental Table 3). Kp and
B,,ax data were determined for each mutation or cell line (Supplemental
Table 4).

Allosteric Enhancers. Synthesis and characterization of AE 1-227
[6-(3,4-methylenedioxyphenyl)-8H-indeno[1,2-d]thiazol-2-ylamine hydro-
iodide] have been reported previously (compound 3ab) (Chordia et al.,
2005). AEs ATL525 (2-amino-4,5,6,7-tetrahydro-benzo[b]thiophen-3-yl)
biphenyl-4-yl-methanone) (Tranberg et al., 2002) and 1-277 were
evaluated at concentrations <100 uM. Concentrations >100 uM
require dimethylsulfoxide levels known to disrupt the radioligand
binding assay. It is difficult to determine whether AEs have direct
agonist effects because cells and membranes are frequently contami-
nated with low levels of adenosine. It is clear AEs produce much
stronger effects in the presence of orthosteric agonists than in their
absence. ATL525 displays minimal antagonist effects, as previously
demonstrated (Figler et al., 2003).

Molecular Modeling. Ligand preparation, sequence alignment,
homology modeling, docking, and analyses were carried out in ICM
version 3.7-3a (Molsoft L.L.C., La Jolla, CA) (Abagyan and Totrov,
1994; Cardozo et al., 1995). A multiple-sequence alignment was
generated between human (h) AjR, AsaR, AggR, AsR and AR for the
species of interest (dog, mouse, rat, chicken, and rhesus monkey;
(Supplemental Fig. 2). Building of the initial homology model of hA;R
was based on the high-resolution, agonist-bound, crystal structure of
the adenosine AR receptor [Protein Data Bank (PDB) ID 3QAK] (Xu
et al., 2011) after removal of the T4-lysozyme insertion. The backbone
conformations of the well-aligned regions were inherited from the
template, whereas the insertions and deletions were modeled by
exhaustively searching a library of PDB fragments for loops of similar
length and termini orientation. The loop searches were performed for
the following regions in hA;R: A155-G163 (P149-H155 in hA;sR),
which were disordered in the template, and L.211-Q223 (L208— R222
in hA,R), which was replaced by the T4-lysozyme in the template.
The loop fragments were sampled and minimized in the context of the
model to find an optimal conformation for each loop. The model was
then subjected to extensive side-chain sampling and refinement.

Potential ligand binding sites in the initial hA;R homology model
were predicted using the ICM PocketFinder algorithm (An et al.,
2005). Residues that were identified as surrounding the potential AE
binding site in ECL2 were used to define the binding site for docking
(F77, N148, E153, A157, M162, G163, V166, 1167, K173). The model
was subjected to refinement and evaluation using the Automated
Ligand-guided ALiBERO algorithm (Rueda et al., 2012). This algo-
rithm searches the conformational space of the proposed binding site
in the initial hA;R homology model by Elastic Network Normal Mode
Analysis of the neighboring backbone and side chain atoms.
ALiBERO evaluates multiple generated conformations for their
compatibility with the activity of known AEs. For this evaluation,
we used a set of 58 compounds (Supplemental Table 5) that were
previously characterized for A;R allosteric modulator activity: 33
“active” compounds (Goblyos and IJzerman, 2011) and 25 “inactive”
compounds (Bruns et al., 1990). (Inactive compounds were defined as
chemicals with A;R enhancement of less than 10%.) The library of
known active and inactive compounds was screened against 100
ALiBERO-generated receptor conformations using the ICM ligand
docking and scoring module (Supplemental Fig. 3), and a receiver-
operating characteristic curve was built for each receptor conforma-
tion. The normalized square-root area under curve (NSQ_AUC)
(Katritch et al., 2011, 2012) was also calculated. The ability of the
receptor conformations to discriminate active compounds from
inactive compounds in virtual ligand screening (higher NSQ_AUC)
correlates with increased reliability of the model. Using ALiBERO,
the five receptor conformations that contributed to the ensemble with
the highest NSQ AUC were resubjected to the Elastic Network
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Normal Mode Analysis sampling procedure, and this was repeated
four times to further optimize the hA;R homology models. The
receptor conformations from the final ensemble with the highest
NSQ_AUC were visually inspected, and the docked binding modes of
the AEs were compared with the structure-activity relationship
(SAR) of known AEs. Based on visual inspection of the receptor-ligand
complexes, the model of hA;R in complex with a 2-aminothiophene AE
that satisfied the known SAR was retained for further docking
studies.

To evaluate the species differences for A;R, ECL2 in the hA;R
homology model was mutated to ECL2 for each species of interest
(dog, mouse, rat, chicken, and rhesus monkey). The complexes
underwent minimization where the 2-aminothiophene was tethered
to its initial position (tzZWeight = 0.1), “soft” van der Waals terms were
used (vwMethod = 2), and side-chains within 8 A were minimized for
up to 10,000 iterations, mimicking the induced fit effect of ligand
binding. The AEs PD 81,723 [(2-amino-4,5-dimethyl-3-thienyl)-[3-
(trifluromethyl)-phenyl]-methanone] and ATL525 were computation-
ally docked into the proposed allosteric site in ECL2 of all species, and
their interactions with the receptor were assessed.

Results

Overall Strategy. To comprehensively explore the AE
binding site in A;R, we examined the activity of AEs on (1)
species variants, (2) species chimeras, (3) alanine scanning
mutants, and (4) targeted site-specific mutants. To yield more
accurate measurements of AE activity, we used a kinetic assay
that is not influenced by competitive antagonism (Tranberg
et al., 2002; Figler et al., 2003). In addition, our test compound,
ATL525, is a highly efficacious AE with limited antagonist
activity.

To quantify AE activity, we used a system that “scores” AE
activity, with results ranging from 0 to 100, where 0 represents
no effect of the AE on orthosteric agonist dissociation kinetics
and 100 represents equilibrium binding, or no orthosteric
agonist dissociation. Reported pharmacological parameters were
calculated from curves fit to the raw scores. GTPyS-insensitive
binding, such as that scored in this assay, is a unique reporter for
AE activity that is minimally affected by '2°I-ABA binding
affinity. AE affinity, cooperativity with agonist, and changes in
receptor—G protein coupling are all inter-related in every assay
system.

Agonist dissociation experiments using ATL525 allowed us
to evaluate the effects of AEs directly on the receptor, not the
whole cell, which results in a more precise evaluation of AE
binding. Because of the effects of competitive antagonism,
measurement of dissociation kinetics gives the most pure
assessment of AE activity. We also determined the EC5q of
AEs as a measure of AE binding affinity. The ECsq is reported
as an index of AE affinity, which has never been experimen-
tally reported. All reported mutations were evaluated for
changes in GTP sensitivity, and none was observed.

The structural interpretation of our mutagenesis and
activity experiments was guided by an A;R homology model
based on the X-ray crystal structure of the agonist-bound
hA2AR (PDB ID 3QAK) Xu et al., 2011). Further computational
analysis used the ICM PocketFinder algorithm (An et al.,
2005), and the identified allosteric binding pocket was refined
using the ALiBERO protocol (Katritch et al., 2010, 2012; Rueda
et al., 2012). Taken together, these analyses defined an AE
binding pocket in ECL2, and we propose that AEs function by
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occupying this vestibule and blocking agonist dissociation from
the high affinity (R*) state of the receptor.

AE Activity Does Not Correlate with Overall Se-
quence Identity between Species. We first compared A;R
sequence variability between a number of species with the
relative activities of the potent AE, ATL525, which lacks
antagonist activity (Fig. 1, inset) (Figler et al., 2003). Experi-
ments on the dissociation kinetics of orthosteric agonist
revealed a range of AE activities among these species (Fig.
1). Agonist dissociation from the rhesus monkey A;R is the
slowest, followed by human and chicken, with dog, rat, and
mouse being the least affected by ATL525. The AR sequence
variability, relative to monkey, are human, 0.3% (1 residue of
327); mouse and rat, 4.9% (16/327); dog, 6.1% (20/327); and
chicken, 19.4% (63/325). The order of AE activities does not
correlate with overall sequence variability. This finding
suggests that AE activity is governed by specific amino acids
in discrete binding or signaling domains.

Chimeric Mutagenesis Indicates That Residues 150
and 162 Mediate AE Activity. Since AE activity varies
among species, we created species chimeras to identify residues
responsible for AE activity differences. Analysis of the sequence
alignments between species revealed that the ECL2 (residues
147-175) and the C terminus (residues 291+) regions of the
protein contain the highest sequence variability (Fig. 2A). On
the basis of previous studies of receptor species chimeras, the C
terminus and third intracellular loop are not involved in AE
activity (Bhattacharya et al., 2006). However, as noted already,
there is evidence that AEs bind to ECL2 (Narlawar et al.,,
2010); hence, we focused our attention on this region.

Excluding the chicken A;R, only ECL2 residues 147-162
are variable among species, and we created a set of chimeras
between the human and dog receptors spanning this region
(Supplemental Table 1). Our experiments identified two
human-to-dog mutations that reduced the activity of AEs on
hA;Rs to that of dog A;R: S150G and M162G (Fig. 3B).
Compared with hA;R, activity on the dog AR is decreased by
17.7 = 1.3 enhancer score points. AE score on the hA;R-
dECL2 chimera decreases by 29.6 *= 0.34 (P < 0.0001), S150G
decreases by 27.9 + 0.88 (P < 0.001), and M162G decreases by
16.9 = 2.2 (P < 0.01) enhancer score points.

125 r T T T T T
B Rhesus Monkey
O Human
1001 3 Chicken
g ¥ Mouse
3] 75 A
D 131 o
@
o
s
£ 50
=
w
251
0

A o 0: ,@° %6 9)9 yﬁ ,v“ o?

[ATL525] (log, M)

Fig. 1. Variation in interspecies AE activity. Enhancer activity score
(0-100) among species is plotted against concentration of ATL525; (H)
rhesus monkey, (O) human, ((J) chicken, (¥) mouse, (A) dog, (®) rat. Each
point is the mean *= S.E.M. (Inset) Chemical structure of ATL525.

The species differences in AE activity are not due solely to
these two residues, since introducing the reciprocal mutations
in dog AR did not restore activity. To further investigate this
result, we built a homology model of hA;R based on the crystal
structure of agonist-bound hAy,R (PDB ID 3QAK) (Xu et al.,
2011). In the hA;R homology model, residues 150 and 162
reside at opposite sides of ECL2, potentially defining the
boundary of a binding site (Fig. 3A).

Alanine Scanning of ECL2 Confirms That Residues
150 and 162 Mediate AE Activity. To further define the
role of ECL2 in AE activity, we conducted an alanine scan, in
which blocks of four consecutive residues from all three hA;R
ECLs were mutated to alanine (Fig. 2B; Supplemental
Table 2). In particular, these experiments were designed to
identify conserved residues between dog and human AR that
alter AE activity. Two of the mutants caused large decreases
in AE activity: NNLS 147 AAAA and NGSM 159 AAAA. Our
initial experiments used transient transfections, and we also
generated stable cell lines of these two mutants, as well as
mutants in which residues 147-150 (NNLS) were individually
mutated to alanine. AE activity measurements revealed that
only the S150A mutation significantly decreased AE activity
compared with human, with AE sensitivity similar to NNLS
147 AAAA (Fig. 3C). The involvement of ECL2 residue M162
was also confirmed by alanine scanning. The NGSM 159
AAAA mutation reduced AE activity to a similar extent as the
M162G species chimera mutant. The efficacy of AEs is
significantly reduced by these mutations compared with
native hA;R. Maximum AE activity decreased for NNLS 147
AAAA Dby 37.3 = 6.3 (P <0.0001) and for S150A by 28.4 = 2.6
(P < 0.001). Compared with hA;R, the S150A mutation shifts
the ECsp from 2.9 uM = 0.19 to 5.5 uM + 0.36 (P < 0.05),
suggesting that this mutation affects the ability of the AE to
occlude the orthosteric binding pocket more than to affect AE
binding affinity. A recent alanine scanning study (Peeters
et al., 2012) used an indirect yeast growth reporter assay that
is susceptible to antagonist activity of AEs, effects of agonist-
AE cooperativity, and signal amplification (discussed in
Stewart et al., 2009). Nevertheless, these experiments showed
that the mutations W156A and E164A in ECL2 decreased the
effects of the AE PD 81,723. Agonist dissociation measure-
ments with receptor chimeras and alanine mutants demon-
strated that mutation of hA;R residue S150 to either G or A
significantly decreases the activity of ATL525 (Fig. 3B). The
decrease in AE activity was not additive with M162G,
suggesting that S150 and M 162 both participate in AE binding.

Identification of ECL2 residues S150 and M162 as mediators
of AE activity can potentially explain the A;R subtype
specificity of 2-aminothiophene AEs. The A;R and the AE-
insensitive AgpR differ in 19 of 34 residues in ECL2. In
addition, the A;R has only one disulfide bond in ECL2, whereas
the AsAR contains three. As a result, the A;pR ECL2 is likely to
have reduced conformational flexibility compared with ECL2
in the AR, and this constraint may impede AE binding
compared with the A;R.

ECL2 Mutagenesis Affects the Activities of Two
Chemical Classes of AEs. The first described A;R AEs
were 2-aminothiophenes, exemplified by PD 81,723. Thereaf-
ter, more efficacious compounds were developed such as
ATL525 (van der Klein et al., 1999; Baraldi et al., 2000;
Tranberg et al., 2002). We recently demonstrated that a second
class of AEs, 2-aminothiazole compounds, also possess AE
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activity (Chordia et al., 2005). We evaluated the AE activity of
the 2-aminothiazole compound 1-277 (Fig. 3D, inset) on native
hA;R and the S150A and M162G mutants. Although the
M162G mutation had no effect on the AE score of 1-277, the
S150A mutation decreased the 1-277 AE score, similar to
ATL525 (Fig. 3). Since AEs from both chemical classes display
reduced activity on receptors bearing the mutation S150A, this
residue may interact with the common feature between these
structurally different chemical classes: a 2-amino-substituted,
sulfur-containing, five-membered ring. The general inference is
that these two classes of AEs likely share a common A;R
binding site.

Molecular Modeling, In Silico Screening, and Dock-
ing Simulations Identify an AE Binding Pocket in
ECL2. On the basis of the involvement of S150 and M162 in
AE activity, we sought to further investigate the structural
details of AE binding using molecular modeling, in silico
screening, and docking simulations. A potential pocket that
included residues S150 and M162 in ECL2 was identified in our
hA;R homology model using the ICM PocketFinder algorithm

(Fig. 4, A and D, red surface) (An et al., 2005). The proposed
ECL2 binding site is a solvent-exposed cleft that is accessible to
AEs. Notably, similar pockets formed by ECL2 were present in
homology models of A;Rs from several other species (Supple-
mental Fig. 4).

Comparison of the agonist-bound crystal structure of AspR
with the inactive, antagonist-bound structure reveals a distinc-
tive coupled movement between the antiparallel B-sheets in
ECL1 and ECL2 and TM3. In the antagonist-bound structure
of AsAR (PDB ID 4EIY) (Liu et al., 2012), TM3 contains a kink
(Fig. 5, blue); however, in the agonist bound structure (PDB ID
2YDV (Lebon et al., 2011) TMS3 is straightened in an outward,
piston-like movement of ~2.5 A (Fig. 5, orange), breaking
contacts with TM5 and TM6. At the same time, agonist binding
results in a repositioning of the B-sheets adjacent to TM3 in
ECL1 and ECL2 (Fig. 5, black arrow). It should be noted that
the coupled movement of the antiparallel 3-sheets and TM3
was observed in both the thermostabilized (Lebon et al., 2011)
and the fused T4 lysozyme (Xu et al., 2011) agonist-bound A;pR
structures. This mechanism may also be involved in the
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activation mechanism of A;R. Thus, AE binding to the proposed
allosteric site in ECL2 (Fig. 5b, red surface) may affect the
conformational equilibrium of TM3 in hA;R and bias the
receptor toward the active state. Although further insights into
this coupled mechanism for hA;R will require crystal struc-
tures of the active and inactive states of hA;R, we speculate
that a conformational switch in the receptor on orthosteric
agonist binding accounts for the differential effects on association
and dissociation kinetics.

To improve our model of the AE binding site, the hA;R
homology model was refined using the ALiBERO protocol
(Rueda et al., 2012). ALiBERO uses elastic-network normal
mode analysis to generate multiple binding site conforma-
tions and virtual ligand screening to identify models that best
discriminate between “active” and “inactive” compounds. For
this analysis, a library of known A;R AEs (“actives”) (Goblyos
and IJzerman, 2011), as well as compounds that had little or
no AE activity (“inactives”) (Bruns et al., 1990), was used
(Supplemental Table 3). The ability to distinguish active from
inactive compounds in virtual ligand screening is correlated
with increased accuracy in predicting atomic contacts within
ligand binding sites (Katritch et al., 2010; Kufareva et al.,
2011; Rueda et al., 2012). Consistent with the crude character
of the initial hA;R homology model, the putative ECL2 pocket
did not recognize the known AEs, where the NSQ_AUC of only
1.8 is close to a random NSQ_AUC value of 0. After model
optimization using ALiBERO, the best receptor conformation
ensemble recognized the known AEs with an NSQ_AUC of
89.8 (approaching the ideal of 100), indicating that the refined

[1-277] (log, M)

models could better predict atomic contacts between A;R and
AEs.

Docking PD 81,723 and ATL525 into the optimized receptor
conformations illustrated how AEs could bind to the proposed
allosteric site formed by ECL2 (Fig. 4, B-F; Supplemental
Figs. 5 and 6). Superposition of the docked poses of ATL525
and PD 81,723 revealed a similar binding mode for the two
AEs, including the presence of a hydrogen bond between the
2-amino group and S150, a residue independently implicated
in AE binding in mutagenesis experiments (Fig. 3, B and C).
The 4- and 5-positions of the thiophene are solvent exposed
and the 3-benzoyl group is directed toward the back of the site
formed by ECL2. Docking calculations with PD 81,723
demonstrated a similar binding mode.

The increased length of ATL525 versus PD 81,723 (~12 A
and ~9 A, respectively) may account for its greater AE
activity. Specifically, ATL525 can extend further over the
orthosteric binding site and form additional van der Waals
contacts with the proposed allosteric pocket (Supplemental
Fig. 6). In addition, increasing the size of the fused ring at the
4- and 5-positions increases AE activity (Bruns et al., 1990).
More recent studies showed that large substituents at the 4-
and 5-positions also enhance AE activity (Romagnoli et al.,
2008; Aurelio et al., 2009). These observations provide two
possible explanations to account for differences in the AE
activity of ATL525 and PD 81,723: the ability of ATL525
to form additional A;R-AE interactions and an increased
ability to trap agonists in the orthosteric binding pocket,
thereby preventing exit from the receptor. Orthosteric agonist
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Fig. 4. ATL525 docked to the hA;R homology model. (A) The hA;R homology model (gray) based on the high-resolution crystal structure of hA;sR (PDB
ID 3QAK). Residues S150 and M162, identified as being involved in AE signaling by site-directed mutagenesis in ECL2 (green), are shown as sticks.
Ligand binding pockets were identified using ICM PocketFinder, including the orthosteric site (blue surface) and a pocket in ECL2 large enough to
accommodate hA;R AEs (red surface). (B) Allosteric enhancer, ATL525 (ball and stick), docked into the hA;R ECL2 binding pocket of the ALiBERO-
optimized hA;R homology model (ribbon). (C) Enlarged view of ATL525 docked into the hA;R homology model. (D, E, and F) Extracellular views of (A, B,
and C), respectively, perpendicular to the plane of the membrane. AE atoms colored according to atom type; carbon, purple; sulfur, yellow; nitrogen, blue;
oxygen, red. Dotted lines depict hydrogen bonds between ATL525 and S150.

trapping is likely bestowed by substitutions on the 4- and
5- positions of the thiophene ring.

Discussion

The binding modes of AEs are consistent with the estab-
lished SAR (Bruns et al., 1990), in which the 2- and 3-positions
of the thiophene are restricted to an amino group and
a carbonyl-containing substituent, respectively, and various
alkyl and aryl substituents are tolerated at the 4- and 5-
positions (Supplemental Fig. 7). A key feature of 2-amino-
thiophenes is an intramolecular hydrogen bond between the
2-amino and the 3-keto groups, creating a ring coplanar with
the thiophene ring (Bruns et al., 1990). The hydrogen bonding
interaction to S150 may explain why acylation of the 2-amino

group results in loss of AE activity (Bruns et al., 1990). The
docked poses of the AEs in the potential AE binding site were
consistent with the established SAR. The 2-amino group
formed a hydrogen bond to S150, the 3-benzoyl group was
directed toward the back of the pocket, and the 4- and 5-
positions of the thiophene were solvent exposed (Fig. 4E). This
docked conformation of ATL525 may explain the diversity of
alkyl and aryl substituents that are tolerated in these
positions (Bruns et al., 1990; Romagnoli et al., 2012).

We note that the hA;R ECL2 site is similar to a computa-
tionally predicted ligand entry vestibule comprising ECL2
and ECL3 in the Bs-adrenergic receptor. Alprenolol, a non-
selective B-adrenergic receptor antagonist, was predicted to
pass through several metastable states in this vestibule as it
enters the Bs-adrenergic receptor orthosteric site (Dror et al.,
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2011). The proposed ECL2 AE pocket in A;R may serve
a similar function. The orthosteric agonist-bound receptor
conformation may have a less accessible vestibule than the
antagonist bound conformation, since agonists dissociate from
A;Rs much more slowly than antagonists with comparable
equilibrium binding affinity (Casadd et al., 1993). On binding,
AEs may sterically interfere with the exit of agonists and
thereby slow ligand dissociation. This notion is supported by
the observation that bulkier allosteric ligands, created by
inserting larger cyclic linkers between the 4- and 5-positions
on the thiophene ring, exhibit higher activity (Tranberg et al.,
2002). In addition, this explanation is consistent with previous
observations that AEs increase the B, ,, of orthosteric agonist
ligands (Figler et al., 2003). Comparison of the agonist- and
antagonist-bound crystal structures of A;AR (Fig. 5) demon-
strates that agonist binding results in a conformational switch
of TM3 and the antiparallel B-sheets in ECLs 1 and 2, and we
suggest that this coupled movement facilitates AE binding to
ECL2, locking the agonist in the orthosteric binding pocket
until the AE dissociates.

The functional consequence of AE binding to active, re-
ceptor—G protein complexes is an apparent increase in the
efficacy and duration of agonists. Site-directed mutagenesis
and molecular modeling studies suggest that the AEs bind to
a pocket in ECL2 that is flanked by S150 and M162 in the
hA;R. We propose that AEs function by occupying the identified
ECL2 vestibule, thereby impeding agonist dissociation. Identi-
fication of the ECL2 vestibule provides an unprecedented
opportunity to use pharmacological and structural data to
guide the development of new AEs for hA;R (Burford et al.,
2011; Lane et al., 2013; Wang and Lewis, 2013).

Fig. 5. Superimposed representative
AsaR X-ray crystal structures (ribbons),
with bound agonist (PDB ID 2YDV)
(Lebon et al., 2011), TM3 (orange cylin-
ders), and antagonist (PDB ID 4EIY) (Liu
et al., 2012) (TM3 blue cylinders). Black
arrows indicate movement of TM3 and
ECL2 from the antagonist-bound state
(blue) to the agonist-bound state (orange).
(A and B) Two views showing the AszR
orthosteric site (blue surface), the model
of ECL2 for hA;R (green ribbon), and
the proposed allosteric site (red surface)
superimposed onto the AspR crystal struc-
tures. Conserved disulfide bond shown as
sticks.
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