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ABSTRACT

This study describes the localization and computational predic-
tion of a binding site for the Az adenosine receptor (AzAR) positive
allosteric modulator 2-cyclohexyl-1H-imidazo[4,5-c]quinolin-4-
(8,4-dichlorophenyl)amine (LUF6000). The work reveals an extra-
helical lipid-facing binding pocket disparate from the orthosteric
binding site that encompasses transmembrane domain (TMD) 1,
TMD?7, and Helix (H) 8, which was predicted by molecular model-
ing and validated by mutagenesis. According to the model, the
nearly planar 1H-imidazo[4,5-c]quinolinamine ring system lies par-
allel to the transmembrane segments, inserted into an aromatic
cage formed by w- stacking interactions with the side chains of
Y2847-5% in TMD7 and Y293%°* in H8 and by w-NH bonding be-
tween Y2847°° and the exocyclic amine. The 2-cyclohexyl group
is positioned “upward” within a small hydrophobic subpocket cre-
ated by residues in TMDs 1 and 7, while the 3,4-dichlorophenyl
group extends toward the lipid interface. An H-bond between the
N-1 amine of the heterocycle and the carbonyl of G29'° further
stabilizes the interaction. Molecular dynamics simulations pre-
dicted two metastable intermediates, one resembling a pose de-
termined by molecular docking and a second involving transient

interactions with Y293%5%: in simulations, each of these inter-
mediates converges into the final bound state. Structure-activity-
relationships for replacement of either of the identified exocyclic
or endocyclic amines with heteroatoms lacking H-bond donating
ability were consistent with the hypothetical pose. Thus, we charac-
terized an allosteric pocket for 1H-imidazo[4,5-c]quinolin-4-amines
that is consistent with data generated by orthogonal methods,
which will aid in the rational design of improved AsAR positive allo-
steric modulators.
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Orthosteric AzAR agonists have advanced in clinical trials for inflam-
matory conditions, liver diseases, and cancer. Thus, the clinical
appeal of selective receptor activation could extend to allosteric
enhancers, which would induce site- and time-specific activation
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allosteric modulators.
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Introduction

Pharmaceutical targeting of the Az adenosine receptor (AsAR)
has emerged as a promising therapeutic approach for a broad
spectrum of diseases that are driven by chronic inflammation.
The A3AR is a G; protein-coupled receptor that is abundantly
expressed in various immune cell populations including gran-
ulocytic cells (neutrophils, eosinophils, basophils, mast cells),
macrophages, and microglia, where it controls chemotaxis and
cellular activation (Walker et al., 1997; Jordan et al., 1999;
Hammarberg et al., 2003; Chen et al., 2006; Hasko et al., 2008;

ABBREVIATIONS: A3AR, Az adenosine receptor; AB-MECA, N6—4-aminobenzyl)adenosine—s’-N-methylcarboxamide; CI-IB-MECA, 2-chloro-N®
-(3-iodobenzyl)adenosine-5'-N-methylcarboxamide; GPCR, G protein-coupled receptor; H, Helix; HEK293, human embryonic kidney 293;
['2°NI-AB-MECA, N°-(4-amino-3-['?*lliodobenzyl)adenosine-5'-N-methylcarboxamide; IB-MECA, N®-(3-iodobenzyl)adenosine-5'-N-methylcarboxa-
mide; LUF6000, 2-cyclohexyl-1H-imidazo[4,5-c]quinolin-4-(3,4-dichlorophenyl)amine; OS9, orphan site 9PAM, positive allosteric modulator;
RMSD, root mean square deviation; [**S]GTPyS, guanosine 5'-[y-[>*S]thio]triphosphate; TMD, transmembrane domain.
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van der Hoeven et al., 2008; Ge et al., 2010; van der Hoeven
et al., 2010; Antonioli et al., 2022; Gao et al., 2023). Moderately
selective nucleoside agonists for the Az;AR first developed
nearly 30 years ago, including N°®-(3-iodobenzyl)adenosine-5'-
N-methylcarboxamide (IB-MECA) and its 2-chloro derivative
CI-IB-MECA, are currently in advanced clinical trials for the
treatment of psoriasis, nonalcoholic steatohepatitis, and hepato-
cellular carcinoma (Fishman et al., 2023). Newer nucleoside ago-
nists containing a rigid ribose substitution, some of which are
greater than 10,000-fold selective verses the other adenosine re-
ceptor subtypes (A, Aga, and AgpARs), are being developed for
the treatment of neuropathic pain, stroke, and traumatic brain
injury (Liston et al., 2020, 2022; Bozdemir et al., 2021).

As an alternative and more precise approach to target the As
AR, we have pursued the development of positive allosteric mod-
ulators (PAMs) for the clinically important AsAR. G protein-
coupled receptor (GPCR) PAMs are ligands that act at an allo-
steric site outside the orthosteric binding site for the endogenous
agonist, thereby magnifying signaling by increasing orthosteric
agonist binding affinity resulting in an increase in potency and/
or by increasing the orthosteric agonist signaling efficacy
(Coughlin et al., 2019; Slosky et al., 2021; Wang et al., 2021).
The advantages of allosteric modulators include the potential for
greater specificity since allosteric sites are not subjected to evolu-
tionary pressures to accommodate a shared ligand across recep-
tor subtypes. The spatiotemporal specificity of PAMs, in
principle, reduces the risk of unwanted, on-target side effects
and the potential for efficacy loss due to receptor desensitization.

In prior work, we have developed an AsAR PAM, named
LUF6000, and its congeners based on the 1H-imidazo[4,5-c]
quinolin-4-amine chemical scaffold (Fig. 1) (Gao et al., 2002,
2008, 2011; Goblyos et al., 2006; Kim et al., 2009; Du et al.,
2012, 2018; Fallot et al., 2022; Fisher et al., 2022). LUF6000
displays positive cooperativity with orthosteric agonists, en-
hancing their A3AR binding and potentiating agonist-induced
downstream signaling. Uniquely, LUF6000 has been shown
in transfected human embryonic kidney 293 (HEK293) cells
to selectively enhance signaling by specific Ga protein iso-
forms (Gajz and Gaga) without potentiating B-arrestin2 re-
cruitment. This suggests that LUF6000 and its congeners
may bias signaling in cells that coexpress the A3AR and spe-
cific Ga protein isoforms, such as spinal cord neurons involved
in pain sensation and immune cells (Fisher et al., 2022). Un-
fortunately, at higher concentrations approaching 1 to 10 pnM,
essentially all of the 1H-imidazo[4,5-c]quinolin-4-amine deriv-
atives thus far synthesized and characterized begin to reduce
agonist potency due to a mechanism of action involving direct
competition for orthosteric site binding. Another disadvantage
of LUF6000 and all other similar 1H-imidazo[4,5-clquinolin-4-
amine derivatives we have investigated to date is that they
are only weakly active at rodent A3ARs, thereby limiting the
ability to test for efficacy in experimental animal models of
disease (Du et al., 2018; Fallot et al., 2022; Fisher et al.,
2022). Thus, we continue to search for improved derivatives
with rodent activity and less propensity to reduce agonist po-
tency; to date this endeavor is impeded by the lack of A3AR
structural information to help guide drug design decisions.

Due to rapid advances in structural and computational
biology, the diversity of allosteric binding sites for GPCRs
is becoming increasingly appreciated. Locations of PAM bind-
ing sites that have been verified include the “extracellular
vestibule” of muscarinic receptors comprising the extracellular
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Fig. 1. Chemical structure of the 1H-imidazo[4,5-c/quinoline-4-amine
A3AR positive allosteric modulator LUF6000.

face of the transmembrane domain (TMD) bundle that lines
the path leading to the orthosteric site deeper within the
transmembrane core (Burger et al., 2018; Nguyen et al., 2022;
van der Westhuizen et al., 2021). However, a 3, adrenergic re-
ceptor PAM (Compound-6A) and a dopamine D; receptor
PAM (DETQ) each bind on their respective receptor’s inner
surface in a pocket created by intracellular loop 2 and TMDs 3
and 4 (Wang et al., 2018; Liu et al., 2019). More recently, a
cryogenic electron microscopic structure of the A; adenosine
receptor, complexed with adenosine, the aiz G protein subu-
nit, and the PAM MIPS521 was reported (Draper-Joyce
et al., 2021). Here, MIPS521 was described to bind to an
intramembrane extrahelical site that involves TMDs 1, 6,
and 7. With each of these uniquely positioned, diverse sites,
allosteric ligand binding is hypothesized to alter the recep-
tor’s ability to transition between active and inactive states,
providing positive cooperativity.

Previously, we exploited species differences using a human
(responding species)/mouse (nonresponding species) chimeric
receptor approach to localize the LUF6000 binding pocket to
the inner portions (with respect to the lipid bilayer) of the re-
ceptor (Fisher et al., 2022). In the current study, the binding
region was narrowed further, informed by additional chime-
ric receptor studies, which was followed by induced-fit dock-
ing and molecular dynamics to pinpoint the binding site for
LUF6000. This site is located in an extrahelical, lipid-facing
pocket formed outside the receptor core similar to that de-
scribed for the A;AR, except in this case binding interactions
occur with TMD1, TMD7, and Helix (H)8.

Materials and Methods

Materials. Unless noted otherwise, all chemicals and reagents
were purchased from Sigma-Aldrich (St. Louis, MO). Mycoplasma-free
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HEK293 cells were purchased from the American Type Tissue Col-
lection (#CRL-1573, Manassas, VA). The cells were further tested
for possibility of mycoplasm contamination on a yearly basis. Cell
culture media and additional components were from Thermo Fisher
(Waltham, MA). LUF6000 was custom synthesized as previously de-
scribed at a purity of > 95% (Goblyos et al., 2006).

Creation of HEK293 Cells Lines Expressing Adenosine Recep-
tors. Full-length ¢cDNAs encoding wild-type human (AY136749.1), wild-
type mouse (NM_009631.4), human/mouse chimeric, and mutated As
ARs were synthesized commercially (Top Gene Technologies, St. Laurent,
Quebec) and subcloned into pcDNA3.1 (#V79020, Invitrogen, Carlsbad,
CA). Plasmids were transfected into HEK293 cells using TransIT-293
transfection reagent (#MIR 2704, Mirus Bio, Madison, WI) and se-
lected using 2 mg/ml G418 (#G-418-5, Goldbio, St. Louis, MO) in
cell culture media (DMEM with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 mg/ml streptomycin). Cell lines derived from indi-
vidual clones were maintained in media containing 0.6 mg/ml G418.
The expression level of each cell line expressing mutant receptors
was similar (~1,000-3,000 fmol/mg protein) based on saturation
radioligand binding analysis (Supplemental Table 1).

Membrane Preparations. HEK293 cells were washed with PBS
followed by homogenization in Buffer A containing 10 mM Na-HEPES
(pH 7.4), 10 mM EDTA, and 1 mM benzamidine and centrifuged
(27,000 x g) for 30 min at 4°C. Cell pellets were rehomogenized in
Buffer A (except the EDTA concentration was reduced to 1 mM) and
centrifuged. The supernatant was discarded, and cell pellets were re-
suspended in Buffer A (1 mM EDTA) containing 10% glucose and
stored at -20°C.

Guanosine 5-[y-[3®S]thioltriphosphate Binding Assays.
HEK?293 cell membranes (5-10 pg of protein) were pretreated with
LUF6000 for 1 h in 100 pl of GTPvS binding buffer (50 mM Tris HC1
at pH 7.4, 1 mM EGTA, 10 mM MgCl,, 100 mM NacCl, 0.004% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, and 0.5%
bovine serum albumin) in a 96-well, large-volume polypropylene plate
(Du et al., 2018; Fisher et al., 2022). In all assays, ZM241385 and
PSB-603 (#1026 and 3198, respectively, Tocris, Bristol, UK), each at a
final concentration of 300 nM, were included in the assays to block Asp
expressed endogenously in HEK293 cells. Adenosine deaminase
(1 unit/ml; #10102105001, Roche Diagnostics, Mannheim, Germany)
was also included to degrade adenosine present in the assay. The reac-
tions were initiated by the addition of ~0.2 nM guanosine 5'-[y-[**S]
thioltriphosphate ([*°S]GTPyS) (#NEG030H250UC, Perkin-Elmer,
Waltham, MA) and the selective A3AR agonist CI-IB-MECA (#1104,
Tocris, Bristol, UK) at the indicated concentrations, performed in trip-
licate, and incubated for 2 h at room temperature. At the end of the
2-h incubation period, the membranes were harvested by rapid filtra-
tion through Whatman GF/B filters (#FP-105, Brandel, Gaithersburg,
MD) presoaked in GTPyS binding buffer containing 0.02% 3-[(3-chola-
midopropyl)dimethylammonio]-1-propanesulfonic acid using a 96-well
cell harvester (Brandel). Radioactivity trapped by the filter was mea-
sured by scintillation counting. Nonspecific binding was determined in
the presence of 10 uM unlabeled GTPyS (#G8634, Sigma-Aldrich). Re-
sults with LUF6000 are normalized to the E,,. value obtained in the
presence of the vehicle.

['2°1]I-AB-MECA Binding Assays. Cell membranes (50 p.g) were
incubated in 100 pl of binding buffer (50 mM Tris-HCI at pH 7.4, 10 mM
MgCly, 1 mM EDTA, and 1 unit/ml adenosine deaminase) containing
~0.3 nM ['25T]N8-(4-amino-3-iodobenzyl)-adenosine-5'-N-methylcar-
boxamide ([*?’T]I-AB-MECA) (Melman et al., 2008; Paoletta et al.,
2013). The reactions, performed in triplicate, were incubated at room
temperature for the times indicated, after which bound and free ra-
dioligand were separated by rapid filtration through GF/C glass fiber
filters (#FP-205, Brandel). Radioactivity trapped by the filters was
measured using a gamma counter. For dissociation studies, ['%I]I-
AB-MECA was incubated with membranes for 3 h to achieve equilibrium,
after which the assays were initiated by the addition of adenosine-5'-
N-ethylcarboxamide (100 pM; #1691, Tocris, Bristol, UK), along with
LUF6000 (10 wM) or equivalent vehicle (DMSO). Specific [**°1]1-AB-
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MECA binding was measured by rapid filtration at the indicated
times. Nonspecific binding was measured by including 100 w.M adeno-
sine-5'-N-ethylcarboxamide for the duration of the assay. For equilib-
rium binding assays, membranes were incubated for 3 h with 6 to 8
concentrations of [*2°T]I-AB-MECA for 3 h before filtration; the specific
activity of [**TI-AB-MECA was reduced 10- to 20-fold with the nonra-
dioactive compound. [**T]I-AB-MECA (specific activity ~2,200 Ci/mmol)
was prepared by radioiodination of AB-MECA (#28415, Cayman Chemi-
cal, Ann Arbor, MI) using the chloramine-T method and purified by
high-pressure liquid chromatography (Auchampach et al., 1997).

Molecular Modeling. Detailed procedures for A3AR protein
structure prediction, molecular docking, and molecular dynamics are
described in detail in the Supplemental Material file.

Data Analysis. For [??S]GTPyS binding assays, ECso and Emay
values were calculated from data obtained from concentration-response
curves according to: E = (Epp.y * x)/(ECso + %), in which x is the con-
centration of CI-IB-MECA. For ['*’I|II-AB-MECA dissociation binding
assays, data were fit to a one-phase exponential decay model: Y =
(Yo — NS)e“® * Y in which Y, is specific binding at time 0, % is the dis-
sociation rate constant, NS is nonspecific binding, and t is elapsed
time. Data (K; and By, values) from [*?°I]I-AB-MECA saturation
binding assays were fit optimally to a one-site binding model de-
scribed within the GraphPad (version 9.5.1) package that accounts
for ligand depletion to determine K4 and B,,.« values. All values are
presented as the mean + S.D. Data were compared using unpaired
Student’s ¢ tests or one-way ANOVA with Dunnett’s multiple com-
parison tests to identify concentrations of LUF6000 that produced
changes in the EC5( and/or E .« of C1-IB-MECA compared with vehi-
cle (DMSO). A P value < 0.05 was considered statistically significant.
Please note that this study was exploratory and not designed to test
a prespecified null hypothesis. Therefore, calculated P values are de-
scriptive only and must not be interpreted as hypothesis testing.

Results

AzAR Human/Mouse Chimeras

Our recently published work with human/mouse chimeras
predicted the allosteric binding pocket for LUF6000 to be
within the lower portions of the AsAR but did not delineate
which of the TMDs and their corresponding intracellular
loops is/are involved (Fisher et al., 2022). Therefore, we gen-
erated four new chimeric receptors depicted in Figs. 2 and
3A, in which we replaced the human A3AR sequence with the
mouse sequence. The first three chimeras replaced each indi-
vidual intracellular loop along with the lower half of each
connecting TMD on either side with the mouse sequence,
which were designated H/MTMDl-Z/ICLl, H/MTMD3»4/ICL27 and
H/Mryps.encLs. Separation between proximal and distal por-
tions of the TMDs was x.50 per the Ballesteros—Weinstein
numbering system, where amino acid x.50 is the most con-
served amino acid within that TMD (Ballesteros and Weinstein,
1995). The fourth chimera (H/Mrymp7msct) replaced the distal
portion of TMD7, H8, and the C-terminus with the mouse se-
quence. Residue C303%%* within HS is a palmitoylation site and
defines the border between H8 and the C-terminal tail. As
shown in Fig. 2, the number of amino acid differences for each
chimera were as follows: H/Mmvpi-21c1.1 = 4, HMmypsaicie = 2,
H/MTMDS-G/ICLS = 9, and I_I/MTMDWHS/CT =1lin TMD7, 4 in H8,
and 8 in the C-terminus (13 total).

Each chimera was evaluated in [3?S]GTPyS binding assays
to assess G protein exchange activity. Concentration-response
curves were performed with the AzAR-selective orthosteric ag-
onist Cl-IB-MECA (10~ -107% M) in the presence of either ve-
hicle (DMSO) or 0.1, 1, or 10 xM LUF6000. For each chimera,
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Fig. 2. Strategy for creating human/mouse chimeric receptors.
(A) Snake diagram of the human Az;AR amino acid sequence.
Colored circles demarcate regions that were scanned for differ- Y.
ences between the human and mouse sequences for the follow- ﬁﬂ
ing chimeras: yellow = H/Mrymi.21011, green = H/Mrvmsaicre, S
blue = H/Mrvmsencrs, purple = H/Mrvprmscr. Amino 60

acids that differ between the two sequences and changed 6\7? 6
to the mouse sequence for the individual chimeras are Y 5
highlighted in red. Figure prepared using the GPCRdb da- %@' o

tabase (www.gpcrdb.org).

the potency of CI-IB-MECA to stimulate [?°S]GTPyS binding
was similar (Supplemental Table 2). As shown in Fig. 3B and
Supplemental Table 2, assays with the wild-type human Aj
AR LUF6000 increased the E,.. of CI-IB-MECA ~2.4-fold
(Supplemental Table 2), demonstrating efficacy enhancement
while decreasing its ECsq ~5-fold (from 19 to 90 nM). Our
prior work indicates that the reduction in potency of Cl-IB-
MECA produced by LUF6000 is due to competitive antago-
nism at the orthosteric binding site (Fisher et al., 2022). In
contrast, LUF6000 failed to increase the E ., of CI-IB-MECA
in assays with the wild-type mouse AsAR, although it contin-
ued to compete for binding at the orthosteric site, resulting in
a reduction in the potency of CI-IB-MECA (from 1 to 5 nM).
Assays using isolated HEK293 cell membranes expressing
H/Mmyvmps-aicie and H/Mrvps.enrcrs chimeras determined sus-
ceptibility to efficacy enhancement by LUF6000 similar to that
observed with wild-type human A3;ARs (Fig. 3B; Supplemental
Table 2). Mild efficacy enhancement (~79% increase in the
Eax of CI-IB-MECA at a concentration of 10 wM versus vehi-
cle) was observed in assays using H/Mrypi.91c1,1 membranes.
Strikingly, however, when using H/Mrymp7mscr membranes
LUF6000 failed to produce efficacy enhancement although it
produced a substantial reduction in potency [ECsy of C-IB-
MECA = 19 nM (vehicle) versus 966 nM (10 .M LUF6000)].
The loss in allosteric activity of LUF6000 unmasked its full
antagonistic propensity (competition for orthosteric ligand
binding), resulting in a dramatic rightward shift in the
CI-IB-MECA concentration-response curve. [**’T]I-AB-MECA
(agonist) radioligand dissociation binding assays, which de-
tect the pure allosteric actions of LUF6000 uncomplicated by
its orthosteric effects, corroborated findings from the G pro-
tein activation assays where LUF6000 at a concentration of
10 uM was found to slow the rate of ['?°’T]I-AB-MECA dissoci-
ation in assays with the H/Mrvpi-21c1.1, H/MtMmD3-41c12, @and
H/Mrmps-encrs chimeras (Fig. 3C, Supplemental Table 2).
However, with the H/Mryvp7/ms/cr chimera, LUF6000 no longer
slowed [*?°T]I-AB-MECA dissociation, indicating a loss of allo-
steric activity. Collectively, these results narrow the LUF6000
binding site to a region comprising the distal portions of TMD7
and H8. Results of the [**S]GTPyS binding assays also suggest

Human A; Adenosine
Receptor

QO H/Mmupr2icLs chimera
. Hl'an:;.y](:Lz chimera
@ H/Muspossnces chimera

. Hl'Mmgymsl(;r chimera

potential interactions with TMD1 and/or intracellular loop 1.
TMD2 was ruled out since there are no amino acid differences
in the lower portion of TMD2 between the human and mouse.

Molecular Modeling

To map the LUF6000 binding site, we created a structural
model of the AsAR using the AlphaFold multistate protocol
(Heo and Feig, 2022). This is a modified version of AlphaFold
(Jumper et al., 2021), which utilizes an annotated database
of experimentally solved GPCR structures categorized ac-
cording to their activation state. In this case, we modeled the
human A3AR in its active conformation. Subsequently, dock-
ing was performed with LUF6000 using the standard preci-
sion protocol of the Glide program (Friesner et al., 2004).
Considering the results of the chimeric receptor studies, the
predicted topology of the receptor’s H8 region, and the hydro-
phobic properties of LUF6000, an extrahelical binding site
was anticipated. Accordingly, the SiteMap tool (Halgren,
2007, 2009) was employed to search for hypothetical binding
sites on the receptor surface (Supplemental Fig. 1), and the
fourth-ranked site (site S4; SScore: 0.891, DScore 0.952) was
found to be located at the interface among TMD1, TMD?7,
and H8, correlating precisely with the results of the human/
mouse chimeric receptor studies. Thus, docking analysis with
LUF6000 was concentrated on this region. Interestingly, four
additional potential binding sites were identified from the
SiteMap analysis in regions that are not consistent with the
human/mouse chimeric receptor results (Supplemental Fig. 1).
The top-ranked predicted binding site correlates with the pu-
tative orthosteric ligand binding site.

To generate possible LUF6000 binding poses within the S4
allosteric pocket, we carried out molecular docking analyses
with the Glide program (Friesner et al., 2004), and calculations
of the top five-ranked poses are provided in Supplemental Fig. 2.
Because four of the poses (P1, P2, P3, and P5) were degenerate,
the top-ranked P1 pose was selected as the putative LUF6000
binding mode, as depicted in Fig. 4. According to the model,
the nearly planar 1H-imidazo[4,5-clquinolin-4-amine ring sys-
tem of LUF6000 lies parallel to the transmembrane segments,
inserted into an aromatic pocket formed by Y284"5% F289%5°,
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and Y293%%4. The 2-cyclohexyl group is positioned “upward”
within a small hydrophobic subpocket (S4°) created by residues
M276"47, M277748, P279750, C25"%, V8 and G29'*°, while
the 3,4-dichlorophenyl group extends toward the lipid inter-
face via a -7 stacking interaction with the aromatic sidechain
of Y2847%%. Notably, no stabilizing H-bond interactions be-
tween LUF6000 and residues within the binding pocket
were predicted. This was surprising considering the proxim-
ity of several highly interactive residues, notably Y2847-55
and Y293%5%. Thus, the pose suggests weak binding interac-
tions. Because of the lack of H-bonding with the representative
P1 pose, we investigated the merits of pose P4 (Supplemental
Fig. 3), which is similar except the orientation of the heterocy-
clic scaffold is flipped such that the 3,4-dichlorophenyl group
associates with the hydrophobic subpocket and the 2-cyclohexyl
group extends toward the lipid interface without a n-n stacking
interaction. Similarly, with this pose no H-bonding was
predicted.

To further refine pose P1, multiple independent MD simu-
lations were performed to reveal whether additional stabiliz-
ing interactions may form in a dynamic environment. Since
the active-state conformation of GPCRs can rapidly devolve if
left unrestrained (Latorraca et al., 2017), simulations were
performed with the AlphaFold multistate AsAR model com-
plexed with a homology model of the Ge; subunit, based on
the active-state cryo-electron microscopy structure of the A,
AR bound to adenosine and complexed with the Ga;s subunit
as a template (PDB ID: 7LD4; Draper-Joyce et al., 2021). In
addition, C303%%* in H8 was palmitoylated due to its proxim-
ity to the putative LUF6000 binding site. Simulations were
conducted identically either without (apo) or with (holo)
LUF6000 bound to the S4 allosteric site, where the systems
were 1) embedded within a phosphatidylcholine bilayer sol-
vated with explicit water molecules containing a physiologic
concentration of sodium chloride, 2) equilibrated for 40 ns,
and 3) subjected to three independent MD replicates of 400 ns
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Fig. 4. Docking of LUF6000 with the AlphaFold model of the A3AR. The top ranked pose (P1) for LUF6000 within the S4 allosteric site is shown.
Panel A reports a three-dimensional representation of the pose, where LUF6000 is depicted in green and surrounding receptor residues within a
5 A radius are shown in cornflower blue. Connolly surface is projected and colored according to the residue type coloring scheme of Maestro. Panel
B illustrates the bidimensional interaction scheme for LUF6000 within the S4 pocket as provided by Maestro. A w-w stacking interaction is shown
between Y2847%° and the 3,4-dichlorophenyl group of LUF6000. The 2-cyclohexyl group is positioned within a hydrophobic subpocket formed by

residues in TMDs 1 and 7.

duration. Trajectories from the independent simulations were
clustered based on the pairwise root mean square deviation
(RMSD) matrix of the receptor backbone (apo system) or
LUF6000 coordinates (holo system) with the TTCLUST Py-
thon package (Tubiana et al., 2018). For each cluster, the pop-
ulation size, expressed as a percentage of trajectory frames
within the cluster, is reported.

MD Simulations with the Apo System. Cluster analy-
ses of the apo system revealed an equilibrium between an open
conformation of the binding site and a closed conformation, de-
pending on the relative orientation of Y2845 (Supplemental
Fig. 4). In the closed conformation, Y2847%° stacks against
Y293854 and H-bonds with the backbone carbonyl of G2914°,
completely closing the pocket and transforming it into a flat
hydrophobic surface. In contrast, Y284™%° projects away from
Y293%5* in the open conformation, allowing access to the
pocket. The presence of an equilibrium between these two al-
ternate conformations lends support to the proposed P1 dock-
ing pose, whereby components of LUF6000 may interact with
Y2847%% and Y293%5* in the open conformation. Switching be-
tween the open and closed conformations can be observed in
Supplemental Video 1, which reports a superposition between
the three apo MD trajectories.

MD Simulations with the Holo System. Simulations
performed on the holo system revealed instability of the
P1 pose over long simulation times (see Supplemental
Video 2 showing superposition of the three trajectories), as
illustrated by both the ligand RMSD and interaction

fingerprint similarity (Pavan et al., 2022) plots reported in
Supplemental Fig. 5.

Specifically, in the first replicate (MD1) LUF6000 escapes
the aromatic cage formed by Y2847%%, F2898%°, and Y293%5*
to rearrange itself into a more membrane-exposed conforma-
tion stabilized by a direct H-bond between the exocyclic nitro-
gen and Y293%%% n-n stacking with Y293%5%, and a water-
bridged H-bond with the unpaired carbonyl of M276”4" and
the N-1 nitrogen of the 1H-imidazo[4,5-c]quinolin-4-amine
heterocycle (Supplemental Fig. 6, Supplemental Video 3). No-
tably, the presence of a water molecule in the small hydro-
phobic cleft between M27674” and G25%° was also observed
in two high-resolution GPCR structures (5IU4 of an inactive-
state AgaAR in complex with ZM241385 and 5WIU of an
inactive-state D, dopamine receptor in complex with nemo-
napride) used in the work of Venkatakrishnan and colleagues
(Venkatakrishnan et al., 2019) to map conserved water mole-
cules in GPCRs.

In the second replicate (MD2), which demonstrated the
most stability based on its RMSD profile (Supplemental
Fig. 5), LUF6000 maintains a conformation similar to the
docking pose for most of the simulation but then eventually
loses contact with Y293%5% (Supplemental Fig. 7, Sup-
plemental Video 4). Although LUF6000 does not deviate
from the starting position, the pocket does not stabilize,
suggesting that the final position observed in this simu-
lation represents a metastable intermediate rather than
the bound state.
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Finally, in the third simulation (MD3), LUF6000 tran-
siently occupies the same metastable state observed at the
end of the MD2 trial before rapidly converting to a different
conformation that is maintained for the remainder of the trajec-
tory (Fig. 5; Supplemental Video 5). Specifically, after ~50 ns,
F289%%° flips away from its resting position and participates
in -1 stacking with F48%4°, This movement allows LUF6000
to insert deeper into the pocket, forming a stable H-bond
(persistence = 21%) between the N-1 nitrogen of the 1H-imida-
zo[4,5-c]quinolin-4-amine heterocycle and the backbone carbonyl
of G291*°. As a result, the heterocycle of LUF6000 forms a
stabilizing n-7 stacking interaction with Y293%%% whereas
the exocyclic amine and the 3,4-dichlorophenyl group, respec-
tively, form transient NH-n bonding and 7-7n stacking with
Y2847-5%. In this position, the 2-cyclohexyl substituent is better
accommodated into the hydrophobic S4' subpocket, forcing ex-
pulsion of the previously accommodated water molecule (Fig. 5;
Supplemental Video 5).

Clustering analyses of the holo trials support claims de-
rived from visual inspection of the individual trajectories
(Supplemental Fig. 8). Specifically, clusters C1, C3, and C4
represent degenerate solutions loosely resembling the dock-
ing pose, with LUF6000 7-7 stacking and forming a series
of close-range hydrophobic interactions with residues sur-
rounding the pocket. With each of these clusters, contact
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Fig. 5. Final state of the third molecular dynamics (MD3) refinement
performed on the P1 docking pose proposed to represent the bound
state of LUF6000 with the S4 site. Panel A shows a three-dimensional
representation of the final state of the simulation. Panel B shows per-residue
decomposition of the receptor-ligand interaction energy throughout the
400 ns simulation.
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with Y29382% is absent, resulting in positioning of the distal
portion of H8 further away from the cytosolic ends of TMDs
7 and 1. Cluster C2, which is the most highly populated
cluster and is predicted to represent the final bound state,
closely resembles the final state of MD3, with LUF6000
deeply buried within the site S4 pocket, whereas cluster C5
resembles the final state observed in MD1, where LUF6000
becomes more membrane exposed. Interestingly, in both of
these clusters, H8 is tilted “upwards” closer in space to TM7
and TM1, presumably as a result of LUF6000 functioning as
a molecular glue upon establishment of additional interac-
tions with Y293%%%, Considering that Lu and colleagues (Lu
et al., 2021) recently proposed that tilting of H8 is a require-
ment for the angiotensin-II receptor to become activated,
cluster C2 provides an attractive explanation for LUF6000's
pharmacological actions as a positive allosteric modulator.
Moreover, it is reasonable to assume that the remaining
clusters (C1/C3/C4 defined as metastate 1 and C5 defined as
metastate 2) represent intermediate binding states that pre-
cede the bound state (cluster 2). To directly test this hypothe-
sis, we extended the MD1 simulation for an additional 100 ns
to determine whether the C5 conformation converts to a bound
state. Strikingly, LUF6000 rapidly evolved toward a metasta-
ble state 1-like state before eventually converging to a C2-like
bound conformation (Supplemental Video 6). This finding sup-
ports the idea that H-bonding and =n-n stacking interactions
with both Y2847 and Y293%%* are pivotal in attracting and
maneuvering LUF6000 into the S4 binding pocket.

Additional Mutagenesis

The predicted binding mode was validated by mutagenesis
experiments, wherein allosteric enhancing activity of LUF6000
was greatly reduced in [3°S]JGTPyS exchange and ['?°I]I-AB-
MECA dissociation binding assays when Y2847%° was mutated
to a cysteine correlating with the mouse sequence (Fig. 6;
Supplemental Table 2). In addition, PAM activity of LUF6000
was lost entirely when Y293%%* was changed to phenylalanine
(Fig. 6; Supplemental Table 2). However, with both tyrosine
mutants, the orthosteric competitive nature of LUF6000 per-
sisted. According to the model, the dramatic effect of the loss
of a single oxygen atom in the Y293%5* mutation supports the
hypothesis that the Y293%5* hydroxyl group participates in
H-bonding with the exocyclic nitrogen of LUF6000 during
transition to the final bound state.

The possibility of a specific H-bond between the exocyclic
NH, acting as a donor, and Y293%%* was further strength-
ened by the observation that enhancing activity was reduced
with LUF6000 derivatives in which the exocyclic nitrogen
was replaced with other heteroatoms or methylated (Fig. 7;
Supplemental Table 3). We synthesized analogs with ether,
thioether, or methylamino substitutions in place of the exo-
cyclic NH as described in the Supplemental Chemical Syn-
thesis section in the Supplemental Material file; each of
these analogs cannot donate a H-bond to the receptor pro-
tein. Correspondingly, we also synthesized ether and thio-
ether derivatives of LUF6000 at position 1 of the heterocycle
that lack the ability to donate an H-bond, which were also found
to exhibit submaximal PAM activity (Fig. 8; Supplemental
Table 3).
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Discussion

This study describes a putative binding region and molecular
interactions for the prototypical 1H-imidazo[4,5-c]quinolin-4-
amine allosteric modulator LUF6000. Molecular modeling,
guided and further supported by mutagenesis and pharma-
cological studies, predicts that LUF6000 occupies an extrahel-
ical, lipid-facing allosteric pocket formed by TMD1, TMD?7,
and H8. The putative binding region does not overlap with the
orthosteric binding site, and no amino acid residues are shared
between the two sites.

This putative binding mode is contrary to prior computational
modeling predictions with the AzAR (Gao et al., 2003; Deganutti
et al., 2015) but is highly consistent with structure-activity-
relationship information accumulated by our group with 1H-imi-
dazo[4,5-c]quinolin-4-amine PAMs. For full PAM activity, hy-
drophobic substitutions are required at the 2- and 4-amine
positions of the 1H-imidazol[4,5-c]quinolin-4-amine heterocy-
cle, whereas polar substitutions are not tolerated (Gao et al.,
2002; Goblyos et al., 2006; Kim et al., 2009; Fallot et al.,
2022; Fisher et al., 2022). Concerning the 2-position, this
requirement was demonstrated in comprehensive evalua-
tion of 1H-imidazo[4,5-c]quinolin-4-amine derivatives with

2-cycloalkyl substitutions ranging from 3 to 12 carbons,
wherein full PAM activity was achieved with 2-cyclohexyl or
2-cycloheptyl substitutions; activity progressively diminished
with the addition of larger or smaller substitutions (Fisher
et al., 2022). Additional work established that PAM activity is
lost upon introducing nitrogen or oxygen to comparable ring
systems at the 2-position to increase polarity (Fallot et al.,
2022). However, less structure-activity-relationship work has
focused on the 4-position. Nevertheless, we previously showed
that an aryl substituent is greatly favored over heterocyclic
ring systems with greater polarity (Goblyos et al., 2006; Kim
et al., 2009).

Considering the extensive prior structure-activity-relationship
work and the proposed binding pose of LUF6000 described in
this study, we present the hypothesis that the 1H-imi-
dazo[4,5-c]quinolin-4-amine ring system inserts into an aro-
matic cage formed by Y2847% in TMD7 and Y2933 in H8
(Figs. 4 and 5), which becomes accessible when Y2847 posi-
tions to an open conformation. The 2-cyclohexyl group is situ-
ated within a hydrophobic subpocket created by residues in
TMDs 1 and 7, while the 3,4-dichlorohexyl group extends to-
ward the lipid bilayer, which due to its hydrophobic nature
may provide additional stabilization. AzAR-specificity in
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Fig. 7. Characterization of exocyclic ether, thioether, and N-methyl deriv-
atives of LUF6000 with wild-type AsARs. [*°SIGTPyS binding assays as-
sessing effects of increasing concentrations of the indicated exocyclic
ether, thioether, or N-methyl derivatives of LUF6000 with HEK293 cell
membranes expressing wild-type A3ARs. Allosteric actions of all the deriv-
atives were diminished compared with LUF6000, supporting the hypothe-
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hydroxyl of Y293%%%. Concentration-response curves with Cl-IB-MECA
were conducted in the presence of vehicle (DMSO, black) or 0.1 (yellow), 1
(blue), or 10 wM (magenta) of the indicated derivatives. The dotted line in
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ECsy and E,. values are reported in Supplemental Table 7. Data are
presented as the mean + S.D.
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relation to the other adenosine receptor subtypes, demon-
strated in prior published work (Fallot et al., 2022), is ex-
plained by replacing the critical Y293%5* with phenylalanine,
whereas nonresponsiveness of the mouse A3AR to LUF6000 is
explained by replacing the critical Y284"%° with a cysteine.
Based on the chimeric receptor studies, we exchanged the en-
tire distal portions of the mouse A3AR sequence with the hu-
man sequence, which included the distal half of TMD7, HS,
and the C-terminus. However, responsiveness to LUF6000 was
not conferred with the newly created chimeric receptors in [*®
SIGTPyS exchange assays (Supplemental Fig. 9, Supplemental
Table 2). Thus, amino acid differences in other regions of the
receptor, presumably TMD1 based on the previous chimeric
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Fig. 8. Characterization of ether and thioether derivatives of LUF6000
at the N-1 position of the imidazole ring with wild-type AzARs. [*°S]
GTPyS binding assays assessing effects of increasing concentrations of
the indicated ether and thioether derivatives of LUF6000 with HEK293
cell membranes expressing wild-type AzARs. Allosteric actions of both de-
rivatives were diminished as compared with LUF6000, supporting the hy-
pothesis for H-bonding between the N-1 nitrogen of the heterocycle of
LUF6000 and the hydroxyl of Y293%%*. Concentration-response curves
with CI-IB-MECA were conducted in the presence of vehicle (DMSO,
black) or 0.1 (yellow), 1 (blue), or 10 nM (magenta) of the derivatives. The
dotted line in each graph demarcates the E,,,, of CI-IB-MECA in the pres-
ence of 10 puM LUF6000 with membranes from wild-type A3ARs (240 +
11% of vehicle). EC59 and E,,. values are reported in Supplemental
Table 7. Data are presented as mean + S.D.

receptor and modeling results, also appear to contribute to
species differences.

In a prior mutagenesis study conducted by our group 20 years
ago when the structural assessment of GPCRs was in its infancy
(Gao et al., 2003), we explored the participation of several
amino acid residues in mediating the allosteric actions of three
structurally dissimilar PAMs. DU124183, a 1H-imidazo[4,5-
clquinolin-4-amine derivative that contains 2-cyclopentyl and
4-aminophenyl substituents (Supplemental Fig. 10), was included
in this investigation. We reported that the allosteric actions of
DU124183, detected by slowed [12°T]I-AB-MECA dissociation,
were reduced with each of the following mutants: N30A®°,
D58N%5° D107N34°, F182A53, and N274A7*% (Gao et al.,
2003). Considering that within the family of adenosine receptors
it is now known that each of these residues are required for re-
ceptor rearrangement, sodium binding, or orthosteric ligand
binding, loss of activity of DU124183 with each of these muta-
tions is predicted to affect the receptor’s ability to transition be-
tween active and inactive states or affect cooperative interactions
between the orthosteric and allosteric sites rather than the abil-
ity of DU124183 to bind to its allosteric site. Notably, the mutant
receptors in this original study were not investigated in assays
to assess G protein activation, and each of the amino acids is con-
served among the human and mouse sequences (conserved in all
species where the AzAR sequence has been reported).

At this time, we can only speculate on the molecular mech-
anism of LUF6000s allosteric effects. As described with other
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PAMs (Burger et al., 2018; Wang et al., 2018; Liu et al.,
2019; van der Westhuizen et al., 2021; Nguyen et al., 2022),
LUF6000 may favorably alter the conformational equilibrium
of the receptor toward an active compared with the inactive
state. Regarding the antagonistic nature of LUF6000 that oc-
curs at concentrations approaching 10 puM, we have previ-
ously found this to be consistent with competitive inhibition
at the orthosteric binding site rather than negative allosterism
(Fallot et al., 2022; Fisher et al., 2022). This was confirmed us-
ing “inner” and “outer” (with respect to the plasma membrane)
human/mouse chimeric receptors, where the positive allosteric
activity of LUF6000 was lost when the inner portions of the re-
ceptor were comprised of the mouse sequence, yet its competi-
tive antagonistic actions persisted (Fisher et al., 2022). This
conclusion was further supported by studies with the antagonist
radioligand 2’T-ABOPX, where LUF6000 was found to reduce
specific binding to zero in equilibrium binding assays, and by
docking studies with a homology model of the A3AR where
LUF6000 could be accommodated into the canonical AR orthos-
teric binding site as we described (Fallot et al., 2022; Fisher
et al., 2022).

The allosteric site described herein correlates closely with
orphan site 9 (OS9) predicted through a computational study
aimed to define the GPCR “pocketome” (Hedderich et al.,
2022). Through exhaustive docking analysis of a library of
small molecule probes with structures from 113 unique recep-
tors (557 unique structures), this study confirmed all previ-
ously identified allosteric pockets and revealed 9 untargeted
sites termed orphan sites. Like the proposed LUF6000 binding
site we have described, OS9 is an exofacial site that lies be-
tween TMDs 1 and 7 above H8. In a computational study
aimed to describe activation mechanisms of the angiotensin
type II receptor, Lu and colleagues (Lu et al., 2021) identified
a “cryptic” binding pocket similar to OS9, which was termed
pocket P6. Via mutational analysis of representative receptors
(angiotensin II, M3 muscarinic, and By adrenergic), both of
these studies provided evidence that amino acids surrounding
this site have a robust effect on both G protein activation and
B-arrestin recruitment, suggesting the modulatory potential of
ligands that occupy this site (Lu et al., 2021; Hedderich et al.,
2022). The position and shape of the OS9 pocket was predicted
to be highly conserved and was proposed to be a pan-class A
GPCR pocket.

In conclusion, here we have provided computational, muta-
genesis, and pharmacological evidence supporting an extrahel-
ical binding site for the 1H-imidazo[4,5-c]quinolin-4-amine As
AR PAM LUF6000. This site is likely shared among other
GPCRs based on past computational predictions of potential
allosteric sites for the broad family of GPCRs. This study has
provided new structural insights for the A3AR and will aid ra-
tional approaches to design improved allosteric ligands.
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