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1. Introduction

ABSTRACT

Allosteric modulators for the Gj-coupled A; adenosine receptor (AR) are of considerable interest as
therapeutic agents and as pharmacological tools to probe various signaling pathways. In this study, we
initially characterized the effects of several imidazoquinolinamine allosteric modulators (LUF5999,
LUF6000 and LUF6001) on the human A3 AR stably expressed in CHO cells using a cyclic AMP functional
assay. These modulators were found to affect efficacy and potency of the agonist CI-IB-MECA differently.
LUF5999 (2-cyclobutyl derivative) enhanced efficacy but decreased potency. LUF6000 (2-cyclohexyl
derivative) enhanced efficacy without affecting potency. LUF6001 (2-H derivative) decreased both
efficacy and potency. We further compared the agonist enhancing effects of LUF6000 in several other A;
AR-mediated events. It was shown that although LUF6000 behaved somewhat differently in various
signaling pathways, it was more effective in enhancing the effects of low-efficacy than of high-efficacy
agonists. In an assay of cyclic AMP accumulation, LUF6000 enhanced the efficacy of all agonists examined,
but in the membrane hyperpolarization assay, it only enhanced the efficacy of partial agonists. In calcium
mobilization, LUF6000 did not affect the efficacy of the full agonist NECA but was able to switch the
nucleoside antagonist MRS542 into a partial agonist. In translocation of [(-arrestin2, the agonist-
enhancing effect LUF6000 was not pronounced. In an assay of ERK1/2 phosphorylation LUF6000 did not
show any effect on the efficacy of CI-IB-MECA. The differential effects of LUF6000 on the efficacy and
potency of the agonist CI-IB-MECA in various signaling pathway were interpreted quantitatively using a
mathematical model.

Published by Elsevier Inc.

(cyclic AMP) production, but a variety of other pathways are also
affected by its activation (Fig. 1). Agonists of the Az AR are currently

The Az adenosine receptor (AR)is an attractive G protein-coupled
receptor (GPCR) target for development of therapeutic agents for a
number of conditions, such as inflammatory, ischemic and autoim-
mune diseases [1-6]. The principal signaling pathway of the G;-
coupled Az AR is inhibition of 3/,5'-cyclic adenosine monophosphate

Abbreviations: CCPA, 2-chloro-N°-cyclopentyladenosine; Cl-IB-MECA, 2-chloro-N°-
(3-iodobenzyl)-adenosine-5'-N-methyluronamide; ERK, extracellular signal-regu-
lated kinase; GPCR, G protein-coupled receptor; LUF5833, 2-aminophenyl-6-(1H-
imidazol-2-ylmethylsulfanyl)-pyridine-3,5-dicarbonitrile; =~ LUF6000, (N-(3,4-
dichloro-phenyl)-2-cyclohexyl-1H-imidazo[4,5-c]quinolin-4-amine); LUF5999,
(N-(3,4-dichloro-phenyl)-2-cyclobutyl-1H-imidazo[4,5-c]quinolin-4-amine);
LUF6001, (N-(3,4-dichloro-phenyl)-1H-imidazo[4,5-c]quinolin-4-amine); MRS541,
N®-(3-iodobenzyl)adenosine; MRS542, 2-chloro-N6-(3-iodobenzyl)adenosine;
NECA, adenosine-5'-N-ethyluronamide; PKA, protein kinase A.
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in clinical trials for psoriasis, rheumatoid arthritis, osteoarthritis,
hepatocellular carcinoma and other autoimmune inflammatory
conditions [6-10]. Allosteric agonist enhancers of the A; AR are of
considerable interests as therapeutic agents and as pharmacological
tools to explore various signaling pathways [11-13].

The screening of a small compound library identified an
allosteric enhancer with weak antagonist activity, DU124183 [14].
Structural modification of imidazoquinolinamine DU124183 led to
novel allosteric enhancers including LUF6000, which enhanced A3
AR agonist efficacy in a cyclic AMP assay without an effect on
agonist potency [15]. Further characterization of the effect of
LUF6000 on agonists with variable efficacies using a [>>S]GTPyS
binding assay demonstrated that LUF6000 was more effective in
enhancing low-efficacy agonists and was able to convert a
nucleoside antagonist MRS542 into an agonist [16]. A mathemati-
cal model simulating allosteric modulation [17] was subsequently
used to rationalize the experimental findings [16]. Further
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Fig. 1. A; AR-mediated signaling explored in the present study. AC, adenylyl cyclase;
PLC, phospholipase C.

modification of LUF6000 and its analogues led to novel classes of
enhancers [18,19], but nevertheless LUF6000 is still among the
most useful Az AR enhancers.

In the present study, we have extended the previous studies by
further examining the effects of three imidazoquinolinamine
allosteric modulators of the A; AR differing only in the substitution
at the 2-position, LUF5999, LUF6000 and LUF6001. In general, the
action of allosteric modulators of GPCRs is multifactorial, and each
modulator requires characterization of saturability of a given effect,
differential effects on affinity vs. efficacy, probe dependence (i.e.
effects may differ for different orthosteric ligands), and functional
bias (selectivity based on specific signaling pathways), and other
properties [20-23]. The effects of these modulators on the efficacy
and potency of the agonist CI-IB-MECA were initially measured in a
cyclic AMP functional assay using CHO cells expressing the human
As AR (in the absence of other AR subtypes). We also compared the
effect of one of those enhancers, LUF6000, on several other Az AR-
mediated signaling pathways (Fig. 1). We then simulated the
experimental curves, rationalized the experimental findings, and
particularly analyzed the potential factors leading to the inability of
LUF6000 to enhance the efficacy of MRS542 in assays of cyclic AMP
accumulation and membrane hyperpolization, as was demonstrated
previously in a [>>S]GTPS binding assay [16,24].

2. Materials and methods
2.1. Materials

The nucleosides NECA (adenosine-5'-N-ethyluronamide), CCPA
(2-chloro-N®-cyclopentyladenosine), CI-IB-MECA (2-chloro-N®-(3-
iodobenzyl)adenosine-5’-N-methyluronamide), adenosine and ino-
sine were from Sigma (St. Louis, MO, USA). LUF6000 (N-(3,4-
dichloro-phenyl)-2-cyclohexyl-1H-imidazo[4,5-c]quinolin-4-
amine), LUF5999 (N-(3,4-dichloro-phenyl)-2-cyclobutyl-1H-imi-
dazo[4,5-c]quinolin-4-amine) and LUF6001 (N-(3,4-dichloro-phe-
nyl)-1H-imidazo[4,5-c]quinolin-4-amine) were synthesized at
Leiden/Amsterdam Center for Drug Research (Leiden, The
Netherlands) [15]. MRS541 (N®-(3-iodobenzyl)adenosine) and
MRS542 (2-chloro-N°-(3-iodobenzyl)adenosine) were synthesized
at NIDDK, National Institutes of Health (Bethesda, MD, USA) [25].

Calcium and membrane potential assay kits were from Molecular
Devices (Sunnyvale, CA, USA). Luminescence assay kits for [3-
arrestin2 translocation and PathHunter CHO cells stably expressing
modified versions of both the A; AR and [-arrestin2 were from
DiscoveRx (Fremont, CA, USA). [*H]cyclic AMP (40 Ci/mmol) was
purchased from Amersham (Buckinghamshire, UK). AlphaScreen
SureFire p-ERK1/2 (Thr202/Tyr204) Assay Kits were from Perki-
nElmer (Groningen, Netherlands).

2.2. AR agonists and allosteric modulators used in the present study

As AR agonists (Fig. 2) having a range of relative efficacies were
selected for this study, in order to examine if there is a differential
effect by the same allosteric modulator. The agonists used included
NECA, a high-efficacy and non-selective AR agonist, the N, 2, 5'-
substituted derivative CI-IB-MECA, which is a potent and selective Az
AR agonist, and a nucleoside Az AR antagonist MRS542 (Fig. 2)
[16,25]. Other agonists of diverse structure include the native
agonist adenosine and the following partial Az AR agonists: inosine,
an N®-substituted adenosine derivative MRS541, the N°-substituted
2-chloroadenosine derivative CCPA [25] and a non-nucleoside
adenosine agonist, LUF5833 [26]. Inosine was earlier noted to bind
to the rat A3 AR[27] and to stimulate mast cell degranulation [28]. In
several assays it was found that NECA was either similar in efficacy to
or more efficacious than CI-IB-MECA as an agonist for the A; AR
[16,25,29], although CI-IB-MECA is a more potent and selective
agonist. Thus, the efficacy of NECA was set as 100% in all of the
following assays.

Allosteric modulators (Fig. 2) used in the present study included
LUF5999, LUF6000 and LUF6001, which differ only in the
substitution at the 2 position. Each of these compounds was
selected based on its potentially characteristic effect on agonist
efficacy and binding properties of orthosteric ligands, such as
dissociation rate, as demonstrated or indicated by previous [14-
16]. LUF6000, at concentrations up to 10 wM, did not bind
appreciably at the other subtypes of ARs [15,16].

2.3. Cyclic AMP accumulation assay

CHO cells stably expressing the recombinant human As; AR were
cultured in DMEM and F12 (1:1) supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 pwg/ml streptomycin and
2 pmol/ml glutamine. Cells were plated in 24-well plates in
0.5 ml medium. After 24 h, the medium was removed and cells
were washed three times with 1 ml DMEM, containing 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4. Cells were
then treated with agonists and/or test compounds in the presence of
rolipram (10 wM) and adenosine deaminase (3 units/ml). After
30 min, forskolin (10 wM) was added to the medium, and incubation
was continued for an additional 15 min. The reaction was terminated
by removing the supernatant, and cells were lysed upon the addition
of 200 .l of 0.1 M ice-cold HCI. The cell lysate was resuspended and
stored at —20 °C. For determination of cyclic AMP production [30],
protein kinase A (PKA) was incubated with [*H]cyclic AMP (2 nM) in
K,HPO4/EDTA buffer (K;HPO,4, 150 mM; EDTA, 10 mM), 20 .l of the
cell lysate, and 30 w1 0.1 M HCl or 50 ! of cyclic AMP solution (0-
16 pmol/200 .l for standard curve). Bound radioactivity was
separated by rapid filtration through Whatman GF/C filters, which
were washed once with cold buffer. Bound radioactivity was
measured by liquid scintillation spectrometry.

2.4. Intracellular calcium mobilization and membrane
hyperpolarization assay

The measurement of intracellular calcium mobilization was
essentially as previously described [31]. Briefly, CHO cells stably
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Fig. 2. Chemical structures of the agonists, antagonists, and allosteric modulators of the A; AR used in the present study.

expressing the human A; AR were grown overnight in 100 .l of
media in 96-well flat bottom plates at 37 °C at 5% CO, or until
approx. 90% confluency. The calcium assay kit was used as directed
without washing cells, and with probenecid added to the loading
dye at a final concentration of 2.5 mM to increase dye retention.
Cells were incubated with 50 pl dye/probenecid for 60 min at
room temperature. The compound plate was prepared using
dilutions of various compounds in Hank’s Buffer (pH 7.4). Samples
were run in duplicate using a Flexstation (Molecular Devices,
Sunnyvale, CA, USA) at room temperature. Cell fluorescence
(excitation =485 nm and emission=525nm) was monitored
following exposure to the compound. Increases in intracellular
calcium are reported as the maximum fluorescence value after
exposure minus the basal fluorescence value before exposure.

For the measurement of A; AR-mediated hyperpolarization, the
experimental procedure was similar to that used in the calcium
assay, except that membrane potential dye and different wave-
lengths of excitation (535 nm) and emission (565 nm) were used.

Mechanistically, this measurement is based on a G;-coupled AR-
mediated hyperpolarization and the measurement of membrane
potential fluorescence of nicotinic receptor-mediated depolariza-
tion [32,33].

2.5. Methods of ERK1/2 activation

CHO-A; cells (40,000 cells/200 1) were seeded in a 96 well
plate in complete medium. After cell attachment, medium was
removed and cells were serum-starved overnight in medium
without newborn calf serum (90 .1). Dilutions of LUF6000 and CI-
IB-MECA were prepared in PBS from a 10~2 M DMSO solution of the
compounds. LUF6000 (10 1) or DMSO control (final concentration

0.1% corresponding to the highest concentration of LUF6000 that
was used) was added in a 10-fold concentrated solution and cells
were pre-incubated for 20 min. CI-IB-MECA (10 wl) was added in a
11-fold concentrated solution in PBS and cells were stimulated for
5 min. Medium was removed and cells were lysed with 1x Lysis
buffer (25 wl) (AlphaScreen SureFire p-ERK1/2 (Thr202/Tyr204)
Assay Kit). Lysate (4 pl/well) was transferred to a 384 well
ProxiPlate Plus (PerkinElmer, Groningen, Netherlands). Acceptor
Beads were diluted 1:100 in a 1:5 mixture of Activation buffer in
Reaction Mix and added to the 384 well plate (5 l/well). The plate
was sealed, agitated on a plate shaker (2 min 600 rpm) and
incubated for 2 h at 22 °C. Next, Donor beads (2 wl) diluted 1:40 in
Dilution buffer were added. The plate was again sealed, agitated on
a plate shaker (2 min 600 rpm) and incubated for 2 h at 22 °C. The
plate was measured on an EnVision multilabel reader using
standard AlphaScreen settings.

2.6. B-Arrestin2 translocation assay in CHO cells stably expressing the
human Az AR

The (-arrestin2 translocation assay was performed using the
PathHunter™ (-arrestin assay kit from DiscoveRx (Fremont, CA,
USA) as previously described [24]. Briefly, PathHunter CHO cells
expressing the human AsAR were grown in 96- or 384-well plates
for 24 h in Hank’s F-12 medium supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin, 100 pg/ml strepto-
mycin, and 2 pwmol/ml glutamine. Cells were treated with LUF6000
for 20 min before the addition of agonists to be incubated for an
additional 60 min. Cells were then treated with detection reagents
(mixture of 1 part Galacton Star substrate with 5 parts Emerald I™
Solution, and 19 parts of PathHunter Cell Assay Buffer), and



Z.-G. Gao et al./Biochemical Pharmacology 82 (2011) 658-668 661

incubated at room temperature for an additional 60 min before
luminescence was measured.

2.7. Simulation of concentration—effect curves using MatLab

A mathematical model for allosteric modulation [17] was
implemented in MatLab (version 7.1), a software package for
technical computing. A graphic user interface was composed to
facilitate parameter input and to yield output in the form of
simulated curves.

2.8. Statistical analysis

Functional parameters were calculated using Prism 5.0
software (GraphPAD, San Diego, CA, USA). Data were expressed
as mean =+ standard error. Data were analyzed by analysis of
variance (ANOVA) followed by post hoc analysis to check the
statistical difference among groups with P < 0.05 being considered
significant.

3. Results
3.1. Pharmacological characterization

3.1.1. Distinct effects of LUF6000, LUF5999 and LUF6001 on the
potency and efficacy of the selective As AR agonist Cl-IB-MECA in a
cyclic AMP functional assay using CHO cells stably expressing the
human Az AR

LUF6000 enhanced the efficacy of CI-IB-MECA to inhibit
forskolin-stimulated cyclic AMP levels in CHO cells stably
expressing the human As; AR (Fig. 3A). The enhancing effect
was concentration dependent, starting from <1 wM and reach-
ing a maximum at approx. 10 wM. A higher concentration
(30 wM) of LUF6000 did not cause further enhancement (data
not shown), thus suggesting a saturation effect of this
modulator. At a concentration of 10 wM or lower, LUF6000
did not significantly affect the agonist potency. Unlike LUF6000,
LUF5999 has mixed effects on agonist action, i.e. concentration-
dependently increasing efficacy while decreasing potency
(Fig. 3B). LUF6001 slightly decreased both the efficacy and
potency of the As AR agonist (Fig. 3C). The efficacy and potency
of CI-IB-MECA in the absence and presence of allosteric
modulators are listed in Table 1.

3.1.2. Effects of LUF6000 on the potency and efficacy of structurally
diverse agonists in the cyclic AMP assay using CHO cells expressing the
human Az AR

The efficacy-enhancing effect of LUF6000 was further tested
with other structurally diverse agonists (Table 2). The maximum
enhancement of the efficacy of NECA (Fig. 4A) by 10 .M LUF6000
was about 16%, which was lower than the relative enhancement
of the efficacy of Cl-IB-MECA (50%). However, LUF6000 (10 M)
augmented the efficacy of two partial agonists, MRS541 (Fig. 4C)
and LUF5833 (Fig. 4D), to over 200% of the control level (agonist
alone). Interestingly, LUF6000 (10 wM) increased the efficacy of
inosine (about 300% of control; Fig. 4B) to nearly full agonism,
i.e. 85% of the level of NECA. However, LUF6000 had no effect on
the efficacy of two nucleoside antagonists of the A; AR, MRS542
(Fig. 4E) and CCPA (Fig. 4F). Thus, LUF6000 had little or no effect
on full agonists such as NECA, and antagonists such as MRS542
and CCPA, but had a much larger enhancing ability for the partial
agonists with low to medium efficacy. LUF6000 also did not
show any effect on the inability of non-nucleoside Az AR
antagonists MRS1220 and MRS1191 [34] to inhibit forskolin-
stimulated cyclic AMP levels in A; AR-expressing CHO cells (data
not shown).
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Fig. 3. Effect of LUF6000 and its analogues on the potency and efficacy of the A; AR
agonist, CI-IB-MECA, measured in a cyclic AMP accumulation assay using intact
CHO cells stably expressing the human A; AR. Agonist effect on the y-axis
represents percent inhibition of cyclic AMP production. Cells were pretreated with
LUF6000 (A) or its analogues (B and C), 20 min before the addition of an agonist.
Data were representative of 2-4 separate experiments providing similar results
performed in duplicate.

3.1.3. Effects of LUF6000 on As AR agonist-mediated membrane
hyperpolarization in CHO cells expressing the human Az AR

AR agonists can induce hyperpolarization of membranes, which
is related to K" channel activation [33]. In an assay of As AR-
mediated membrane hyperpolarization, as detected by a fluores-
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Table 1

Differential effects of LUF6000, LUF5999 and LUF6001 on the efficacy and potency
of the agonist Cl-IB-MECA determined in a cyclic AMP functional assay using CHO
cells stably expressing the human Az AR.

Compound(s) Cl-IB-MECA, cyclic AMP assay
Emax *IOg ECSO

Control 95.8+4.8 8.38+0.15
+LUF6000 1.0 uM 121+£53 8.26+0.13
+LUF6000 3.0 uM 141+7.8 8.32+0.16
+LUF6000 10 pM 148 +9.4 8.36+0.18
+LUF5999 1.0 pM 112+44 7.89+0.13
+LUF5999 3.0 uM 126+8.6 7.59+0.21
+LUF5999 10 uM 146+7.6° 6.99+0.14
+LUF6001 1.0 uM 93.7+28 8.40+0.11
+LUF6001 3.0 uM 90.6 +4.2 8.07+0.15
+LUF6001 10 uM 89.5+34 7.83+0.12

" Significantly different from control group (P < 0.05).

cence change of membrane potential, NECA was shown to have a
much higher efficacy than CI-IB-MECA (Fig. 5). LUF6000 alone did
not show any effect. We compared the effect of LUF6000 on the
efficacy of various agonists in this assay. LUF6000 showed a more
pronounced effect on the efficacy of the partial agonist ClI-IB-MECA
and but did not have any effect on the full agonist NECA (Fig. 5A).
The endogenous agonist adenosine was found to be equally
efficacious as NECA, and LUF6000 also did not show any effect on
its efficacy (data not shown). Interestingly, LUF6000 (10 M)
raised the efficacy of CI-IB-MECA to almost exactly the level of
NECA (Fig. 5B). A higher concentration of LUF6000 (30 wM) did not
induce a further increase of the efficacy. The nucleoside antagonist
MRS542 did not show any agonist activity in the assay and
LUF6000 did not have any enhancing effect (Fig. 5C). Also, other
agonists characterized as having low efficacy in the cyclic AMP
functional assay, such as inosine, MRS541 and the non-nucleoside
LUF5833, did not show any significant activation of the A; AR in the
membrane hyperpolarization assay, and LUF6000 did not show
any enhancement of the residual activity of these compounds.

3.1.4. Effects of LUF6000 on Az AR agonist-mediated intracellular

calcium mobilization in CHO cells expressing the human Az AR
Next, we studied if LUF6000 could affect As AR-mediated

intracellular calcium mobilization. As is shown in Fig. 6, similar to

As AR agonist-induced hyperpolarization, NECA was more effica-
cious, albeit less potent, than CI-IB-MECA in mediating intracellu-
lar calcium mobilization in CHO cells expressing the human As; AR.
LUF6000 (10 M) caused a modest but significant decrease of the
potency of NECA without significantly affecting its efficacy. Fig. 6B
shows that LUF6000 induced a slight but significant enhancement
of the efficacy of CI-IB-MECA. MRS542 has been shown to be to be
an Az AR antagonist in an assay of cyclic AMP [21]. However,
MRS542 showed some residual efficacy in this assay of calcium
mobilization. In the presence of 3 and 10 wM of LUF6000, the
efficacy of MRS542 was significantly elevated (Fig. 6C). LUF6000
alone had no effect on the A; AR-mediated intracellular calcium
mobilization in CHO cells.

3.1.5. Effects of LUF6000 on Az AR agonist-mediated S-arrestin2
translocation in CHO cells expressing the human As AR

NECA and CI-IB-MECA were both shown to be full agonists in
inducing [3-arrestin2 translocation mediated by the human As; AR
[24], and MRS542 was shown to be a partial agonist. LUF6000
(10 wM) caused a less than 10% enhancement of the effects of both
NECA and CI-IB-MECA, and about 40% enhancement of the efficacy
of MRS542 (Fig. 7).

3.1.6. Effect of LUF6000 on agonist Cl-IB-MECA-induced ERK1/2
phosphorylation in CHO cells expressing the human Az AR

We further tested the potential effect of LUF6000 on the efficacy
of CI-IB-MECA in inducing ERK1/2 activation. Fig. 8 shows that
LUF6000 at concentrations of 1, 3, and 10 wM, unlike its behavior
in other signaling pathways, had no effect on the efficacy of CI-IB-
MECA.

3.2. Mathematical modeling

The experimental curves representing the effects of LUF6000 on
the efficacy of various agonists in stimulating [>*>S]GTPyS binding
have been simulated previously [16]. In the present study, we
extended this mathematical modeling by simulating the effects of
LUF6000 on the action of agonist CI-IB-MECA in various signaling
pathways. The equations from Hall [17] and experimental curves
from the measurement of various pathways were used as a basis
for simulation of experimental curves and to derive conditions in
which efficacy and potency vary.

Table 2

Effect of LUF6000 on the potency and efficacy of structurally diverse agonists measured at different signaling pathways mediated via the Az AR.®
Compound(s) Cyclic AMP Cca?* Hyperpolarization [3-Arrestin2 p-ERK

Emax *IOg ECSO Emax *IOg ECSO Emax *10g ECSO Emax *lOg ECSO Emax *102 ECSO

NECA 100 7.55+0.10 100 7.24+0.14 100 7.02+£0.09 100 7.11+0.12
+LUF 1.0 uM 101+£1.9 7.59 +0.06
+LUF 3.0 uM 111+2.0° 7.49+£0.05
+LUF 10 pM 116+4.3" 7.48 £0.11 106 +£6 7.05+0.16 103+4 6.92+0.10 106 +£2 6.82+0.08
CI-IB-MECA 95.8+4.8 8.38+£0.15 55.2+34 7.53+0.17 58.3+3.6 7.27+0.17 104+5 7.95+0.14 99+6 7.42+0.30
+LUF 1.0 pnM 121+£53 8.26+0.13 63.8+£6.5 7.42+£0.24 86.3+5.6" 7.44+0.19 101+10 7.10+£0.43
+LUF 3.0 uM 141+7.8%  832+0.16  73.8+64" 738+022  97.6+52% 7234015 102+7 7.74+0.38
+LUF 10 uM 148 +£9.4% 8.36+0.18 67.7+3.4 7.06+0.13 103 £ 5% 7.25+0.12 114+4 7.64+0.13 98+6 7.79+0.33
MRS542 NA NA 7.5+25 NA -3.8+5.6 NA 41.1+3.2 7.36+£0.24
+LUF 1.0 pM NA NA 14.8 +4.1 6.60 +0.84 NA NA 51.3+3.6 7.28 £0.22
+LUF 3.0 uM NA NA 31.8+3.0" 7.00+£024  NA NA
+LUF 10 uM NA NA 434+35" 6.74+0.19 -49+4.7 NA 59.6+22" 6.94+0.09

2 LUF, LUF6000; results are expressed as mean =+ SE. The E,,.x of NECA was set as 100% in all assays. The efficacies of other agonists (1 or 10 wM where appropriate) in the
presence and absence of LUF were normalized based on the efficacy of NECA. MRS542 did not show any significant effect in inhibiting forskolin-stimulated cyclic AMP accumulation

or inducing membrane potential changes. NA, no activity or not applicable.
" Significant from NECA control group (P < 0.05).
" Significantly different from MRS542 control group (P < 0.05).
* Significantly different from CI-IB-MECA control group (P < 0.05).
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Fig. 4. Functional enhancing effect of LUF6000 in a cyclic AMP functional assay on a full agonist NECA (A), partial agonists, inosine (B) and MRS541 (C) (nucleoside) and
LUF5833 (D, non-nucleoside), and nucleoside antagonists MRS542 (E) and CCPA (F) in a cyclic AMP functional assay of the A3AR. Agonist effect on the y-axis represents
percent inhibition of cyclic AMP production. Cells were pretreated with LUF6000 20 min before the addition of an agonist. Results were expressed as mean + SEM from three

separate experiments providing similar results performed in duplicate.

The fraction of receptors in the active state of the total pool of
receptors can be expressed as: [R]active/[R]T = ([R*] + [AR*] + [R*-
B] + [AR*B])/RT, which can be re-stated as:

[Ractive] _ L(1 + aK[A] + BM[B](1 + ary3K[A)))
[Rr] — 1+L+M[B|(1+ BL) + K[A|(1 + aL + yM[B](1 + aBSL))

Table 3
Parameters used in MATLAB simulations.

where L is the receptor isomerization constant (the ratio of
receptor in the active state over the inactive state), K is the
equilibrium association constant of the orthosteric ligand A, M is
the equilibrium association constant of ligand B (allosteric
modulator), « is the intrinsic efficacy of ligand A, 8 is the intrinsic
efficacy of ligand B, y is the binding codperativity between A and B,
§ is the activation cooperativity between A and B, and L is only

Pathway L K M o B y ) [R]
Cyclic AMP 0.015 4E+7 7E+5 150 1 0.156 15 1
Hyperpolar. 0.015 4E+7 7E+5 50 1 0.156 7 1
Calcium mobil. 0.015 4E+7 7E+5 30 1 0.156 2 1
[3-Arrestin2 0.015 4E+7 7E+5 100 1 0.156 1.5 1
p-ERK 0.015 4E+7 7E+5 1500 1 0.156 10 1
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Fig. 5. Effects of LUF6000 on agonist-induced membrane potential changes in CHO
cells stably expressing the human Az AR. Cells were pretreated with LUF6000
20 min before the addition of agonists. Data were from three separate experiments
providing similar results performed in duplicate. Cells were incubated with 50 .l
membrane potential dye/probenecid for 60 min at room temperature. The
compound plate was prepared using dilutions of various compounds in Hank’s
Buffer (pH 7.4). Cell fluorescence (excitation = 535 nm and emission = 565 nm) was
monitored following exposure to the compound. Cell fluorescence changes are
reported as the maximum fluorescence value after exposure minus the basal
fluorescence value before exposure.

related to the receptor. The allosteric modulator brings three
properties, 8, y and §, to the system.

We simulated the concentration-response curves for CI-IB-
MECA ion the absence and presence of various concentrations of
LUF6000. Parameter settings are listed in Table 3.

In all instances we assumed an identical fraction of active
receptors (L), identical equilibrium dissociation constants for both
orthosteric (K) and allosteric ligand (M), identical intrinsic activity
of the allosteric modulator () and identical binding cooperativity
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Fig. 6. Effect of LUF6000 (10 M) on agonist-induced calcium mobilization in CHO
cells stably expressing the human As; AR. Cells were pretreated with LUF6000
20 min before the addition of agonists. Data were from 3-4 separate experiments
providing similar results performed in duplicate.

between orthosteric and allosteric ligand (y). The experimental
curves of the agonist CI-IB-MECA in the absence and presence of
LUF6000 at various signaling pathways were closely simulated by
varying values of o and § only (Fig. 9).

In order to explain mechanistically the results that LUF6000 is
particularly effective in enhancing the action of low-efficacy
agonists, and that MRS542 cannot be converted to an agonist in the
cyclic AMP pathway as demonstrated previously in a [*>S]GTPvyS
binding assay [16], we further explored the role of a in the
enhancement.

Based on equations used for simulation, the difference of
maximal agonist effect in the presence and absence of a maximally
active concentration of an allosteric modulator (B) can be stated as:
MaxBl=* _ Max!B1=0 = ¢ 88y/(1 + aSSy) — k(1 + cxL).

Using the parameters selected for simulation of Fig. 4A (8=1;
§=15; ¥=0.156) and leaving « as a variable, the equation can be
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restated as: Max!Bl7> — Max!B10 = 2.34¢/(1 + 2.34«) — 0.015c/
(1+0.015). Fig. 10 shows the relationship between MaxFl—>
— Max!®1"0 and &, which suggests enhancement is maximal when « is
not too high or too low. This may explain why LUF6000 is particularly
effective for low-efficacious agonists. However, if o =0, then
Max!Bl=> _ Max!P1=0 = 0, which indicates LUF6000 cannot convert
a neutral antagonist into an agonist. As a consequence residual
efficacy of an orthosteric ligand is needed for the enhancing capability
of LUF6000.

4. Discussion

In the present study, we have shown that the enhancement of
agonist action by LUF6000 at the A; AR depends on which signaling
pathway is measured. Thus, the emerging receptor concept of
functional selectivity or ligand-biased signaling may also apply to
allosteric modulators. For example, the efficacy of the nucleoside

1504 m control
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ERK1/2 activation (%)
3
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0 -9 8 7 & 5
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Fig. 8. Effect of LUF6000 on Cl-IB-MECA-induced ERK1/2 phosphorylation in CHO
cells expressing the human As; ARs. Results are from 2 separate experiments
performed in duplicate. Cells were pre-incubated with various concentrations of
LUF6000 for 20 min before addition of agonists.

antagonist MRS542 was enhanced in the Ca?* assay and to a lesser
extent in the (3-arrestin assay, but not in assays of the cyclic AMP
and membrane polarization. Enhancement of MRS542 had been
seen previously when the functional endpoint was guanine
nucleotide binding [16]. The enhancement of the endogenous
against inosine was evident only in the cyclic AMP assay. Another
aspect of allosteric modulation of GPCRs is probe dependence with
respect to the agonist, i.e. the pharmacological properties of a
particular allosteric modulator may vary depending on which
orthosteric ligand is used in the experiment [22]. We have
observed this phenomenon in the present studies in that the
efficacy of CI-IB-MECA was generally enhanced to a larger extent
than the efficacy of NECA.

The findings from the present study and an earlier study [16]
that LUF6000 can enhance the efficacies of both NECA and CI-IB-
MECA in both the GTPyS binding and cyclic AMP assays, suggest
that none of the agonists studied are truly full agonists by these
criteria. However, it seemed that NECA was a full agonist as
demonstrated by its effect on intracellular calcium mobilization
and membrane hyperpolarization, while CI-IB-MECA was a partial
agonist in the same pathways. The lack of effect of LUF6000 on Cl-
IB-MECA-induced ERK1/2 phosphorylation may indicate that Cl-
IB-MECA is a full agonist in this pathway. The smaller effect of
LUF6000 on B-arrestin2 translocation may predict that allosteric
enhancers produce a lesser degree of receptor desensitization
compared with full agonists, although further experiments are
needed to confirm this. The variable agonist efficacy of agonists
and nonequivalent enhancing effects of LUF6000 in different
events mediated via the As; AR is indicative for both biased agonism
and biased allosteric enhancement. A growing number of examples
of biased agonism have recently been reported for various GPCRs
[20,21,35,36], including for ARs specifically [23,24].

The strong enhancing effect of LUF6000 on the action of inosine,
which is also an endogenous AR agonist in addition to adenosine,
may be therapeutically relevant. The resting levels of inosine in the
extracellular space in the brain and heart are estimated to be as
high as 0.1-10 wM [37,38]. A >30-fold increase in concentrations
of both nucleosides could occur under ischemic conditions [38].
Inosine was found to reduce ischemic brain injury in rats by an As
AR-dependent mechanism [39].

We have previously investigated the effects of LUF6000 on the
binding of [3°S]GTPyS to membranes from CHO cells stably
expressing the human Az AR stimulated by agonists of diverse
structures and variable efficacies [16]. In the present study, we
further explored the effects of several allosteric modulators
(LUF5999, LUF6000 and LUF6001) on agonist Cl-IB-MECA-induced
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Fig. 9. Simulation of pharmacological curves with MatLab. The equations from Hall [17] were used to derive conditions that vary efficacy and potency. Parameters in these
equations are listed in the text. (A) cyclic AMP; (B) membrane hyper polarization; (C) calcium mobilization; (D) arrestin translocation; (E) ERK1/2 activation.

inhibition of cyclic AMP accumulation stimulated by forskolin in
intact CHO cells stably expressing the human As; AR. It was
found that LUF5999, LUF6000 and LUF6001 affected agonist
efficacy and potency differently; LUF6000 was more effective in
enhancing low-efficacy agonists, although behaving somewhat
differently in different events mediated by the A; AR. We also
compared the effects of LUF6000 on several other As; AR-
mediated events, i.e. membrane hyperpolarization, intracellular

calcium mobilization, ERK1/2 phosphorylation and the translo-
cation of [B-arrestin2.

The allosteric enhancing effects of LUF6000 on the agonist CI-
IB-MECA in various signaling pathways were closely simulated by
varying the intrinsic agonist activity « and the cooperativity
parameter §. By analyzing the conditions in which an allosteric
modulator converts an antagonist into agonist (difference in Epax
in the absence and presence of the modulator), it was found that
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Fig. 10. Analysis of the maximum agonist efficacy in the presence and absence of
LUF6000. By using the parameters selected for simulation of Fig. 2A (8=1; §=15;
y=0.156) and leaving o as a variable, the equation can be restated as:
Max!Bl=> _ Max!B1=0 = 2 34¢/(1 + 2.34cr) — 0.015/(1 + 0.015a).

the efficacy of the orthosteric ligand is critical for the enhancement
by LUF6000. Thus, the lack of effect on the efficacy of CI-IB-MECA in
the ERK1/2 pathway may indicate that CI-IB-MECA is a full agonist
in this pathway or the § value is low or both.

To analyze the potency change of Cl-IB-MECA in the presence of
various modulators, the ratio [A]55° /[A]25°° was used as a measure of
the degree of allosteric interaction between A, the orthosteric ligand,
and B, the allosteric modulator. This ratio is equal to (1 + «dL)/
(1 +aL), when B =1.As « is a fixed number for CI-IB-MECA, and L is
fixed number in the current assay system, the ratio of [A]?OZO /15> is
determined by y4. Although, in theory, the potency change in the
presence of these allosteric modulators can be analyzed quantita-
tively, the possibility of these three modulators (especially LUF5999
and LUF6001) to affect both orthosteric (based on the partial
inhibition of ['2°I]JAB-MECA binding [ 15]) and allosteric sites cannot
be excluded. Thus, the quantitative analysis of potency change is
potentially less conclusive compared with that of the efficacy
enhancement. Dualsteric or hybrid allosteric/orthosteric ligands
have been reported for a number of GPCRs [40-42]. Thus, the
explanation for potency change may be only qualitative due to the
fact that some of these allosteric modulators may have antagonist
activity (in addition to their binding cooperativity) at a higher
concentration, which will also affect agonist potency.

In summary, the present study extended our earlier studies and
demonstrated the robustness of enhancement and exquisite
control of efficacy by LUF6000 in several A; AR-mediated signaling
pathways. The mathematical modeling and analysis of the
experimental data suggest that only two parameters define the
differential shifts observed for the concentration-effect curves;
that knowledge should be useful for the fine-tuning of efficacy by
these and other allosteric modulators.
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