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ABSTRACT

Allosteric binding sites on adenosine -A; and -A; receptors rep-
resent attractive therapeutic targets for amplifying, in a spatially
and temporally selective manner, the tissue protective actions of
endogenous adenosine. This study has directly quantified the
kinetics of agonist/G protein-coupled receptor interactions at the
single-cell level, reflecting the physiological situation in which in-
tracellular signaling proteins can exert major allosteric effects on
agonist-receptor interactions. The association and dissociation
rate constants at both A; and A; receptors, and therefore the
affinity of the fluorescent adenosine derivative ABA-X-BY630
(structure appears in J Med Chem 50:782-793, 2007), were con-
centration-independent. The equilibrium dissociation constants of
ABA-X-BY630 at A, and A; receptors were approximately 50 and
10 nM, respectively, suggesting that, even in live cells, low agonist
concentrations predominantly detect high-affinity receptor states.
At A, receptors, the dissociation of ABA-X-BY630 (30 nM) was
significantly faster in the absence (k. = 1.95 = 0.09 min~")

compared with the presence of the allosteric enhancer (2-amino-
4,5-dimethyl-3-thienyl)(3-(trifluoromethyl)phenyl)-methanone
(PD81,723; 10 uM; ko = 0.80 + 0.03 min~ ") and allosteric inhib-
itor 4-methoxy-N-(7-methyl-3-(2-pyridinyl)-1-isoquinolinyl)benz-
amide (VUF5455; 1 uM; k4 = 1.48 = 0.16 min~"). In contrast,
ABA-X-BY630 dissociation from A; receptors was significantly
slower in the absence (k.z = 0.78 = 0.18 min~") than in the
presence of the allosteric inhibitors VUF5455 (1 uM; ki = 3.15 =
0.12 min~ ") and PD81,723 (10 uM; k., = 2.46 = 0.18 min~ ). An
allosteric mechanism of action has previously not been iden-
tified for PD81,723 at the A; receptor or VUF5455 at the A,
receptor. Furthermore, the marked enhancement in fluores-
cent agonist dissociation by VUF5455 in living cells contrasts
previous observations from broken cell preparations and
emphasizes the need to study the allosteric regulation of
agonist binding in living cells.

Introduction

G protein-coupled receptors (GPCRs) represent the larg-
est superfamily of cell surface receptors. Heterotrimeric
ligand/GPCR/G protein complexes engender enormous di-
versity within cell signaling; hence, a large proportion of
current pharmaceuticals target GPCRs (Overington et al.,
2006). The majority of these drugs mediate their action
through the primary, endogenous ligand binding site,
which, for GPCRs, is known as the orthosteric binding site.
However, GPCRs also contain allosteric binding sites (that
is, any receptor binding site that is topographically dis-
tinct from the orthosteric site) (May et al., 2007b). GPCR
signaling, even at the simplest level, is governed by allo-

This work was supported by the UK Medical Research Council [Grant
G0800006]; The University of Nottingham; and a National Health and Medical
Research Council of Australia Postdoctoral Fellowship (to L.T.M.).

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

d0i:10.1124/mol.110.064493.

steric interactions with intracellular signaling proteins.
Agonist binding within the extracellular domain promotes
stabilization of GPCR conformations that preferentially
interact with intracellular signaling proteins (Kenakin,
2002). GPCRs can also interact with transmembrane pro-
teins and allosteric small molecules. These interactions
stabilize an alternative subset of receptor conformations
that in turn can cause a change in the rate of orthosteric
ligand association and/or dissociation (May et al., 2007Db).
As a result, a wealth of information with respect to the
conformational changes occurring within the receptor
binding site can be obtained through assessing ligand
binding kinetics under different conditions. However, the
rapid nature of agonist kinetics at nonpeptide GPCRs in
the presence of the active G protein cycle has largely
prevented any direct investigation of the binding kinetics
of these agonists in living cells.

Over recent years, drug design targeted toward allosteric
binding sites on GPCRs has gained momentum within drug

ABBREVIATIONS: GPCR, G protein-coupled receptor; A;AR, adenosine A, receptor; A;AR, adenosine A; receptor; DMEM, Dulbecco’s modified
Eagle’s medium; FCS, fetal calf serum; ERK, extracellular signal-regulated kinase; AM, acetoxymethyl ester; ANOVA, analysis of variance; CHO,
Chinese hamster ovary; NECA, 5’-(N-ethyl carboxamido)adenosine; CHO-NT, nontransfected Chinese hamster ovary cells; DPCPX, 8-cyclopen-

tyl-1,3-dipropylxanthine; HBSS, HEPES-buffered saline solution.
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discovery. This approach has a number of potential advan-
tages, including the selective manipulation of GPCRs that
contain high sequence homology within the orthosteric
domain across receptor subtypes and the ability to main-
tain the spatial and temporal signaling profile of the en-
dogenous ligand, only enhancing or inhibiting receptor
activity where and when the endogenous agonist is present
(Birdsall et al., 1996). A fundamental method to detect
GPCR allosterism has been to observe a change in the
dissociation kinetics of an orthosteric ligand in the pres-
ence of a putative allosteric modulator (Christopoulos and
Kenakin, 2002). The mechanism of action for the first
identified GPCR allosteric enhancers, a series of adenosine
A, receptor (A;AR) selective 2-amino-3-benzoylthiophene
derivatives, including PD81,723, was confirmed through
detecting a decrease in the rate of agonist dissociation
(Bruns and Fergus, 1990). This method was used more
recently to identify adenosine A, receptor (A;AR) allosteric
modulators, including VUF5455 (Gao et al., 2001).

To date, the majority of dissociation kinetic assays in-
volve membrane-based radioligand binding, which has a
number of limitations. For example, radioligand dissocia-
tion is generally measured in the presence of a saturating
concentration of competitive orthosteric ligand (Bruns and
Fergus, 1990; Ellis et al., 1991; Lee and el-Fakahany,
1991; Lazareno and Birdsall, 1995; Christopoulos et al.,
1997; Gao et al., 2001; Avlani et al., 2004; Dowling and
Charlton, 2006; Springael et al., 2006; May et al., 2007a).
This requires the assumption that the second ligand does
not alter radioligand dissociation. Although consistent
within a theoretical framework describing competitive in-
teractions between compounds at a monomeric receptor,
more complex interactions resulting from multistep ligand
binding (Swaminath et al., 2004; Ilien et al., 2009) or
receptor dimerization (Christopoulos and Kenakin, 2002;
Springael et al., 2006; Han et al., 2009) could lead to a
change in the radioligand dissociation rate. In addition,
the absence of the G protein cycle in membrane-based
assays generates a large bias for an agonist radioligand to
detect the active, G protein-coupled, receptor conforma-
tion. Finally, membrane-based radioligand binding assays
lack the temporal resolution required to detect rapid
changes in ligand binding. Taken together, these method-
ological limitations have restricted both qualitative and
quantitative investigations of agonist kinetics either alone
or in the presence of allosteric modulators at nonpeptide
GPCRs in living cells.

This study focused on visualizing and quantifying, at the
single cell level, the binding kinetics of an adenosine re-
ceptor agonist in the absence and presence of allosteric
modulators and has used a closed perfusion system main-
tained under constant pressure and environmentally con-
trolled. An advantage of this technique is that rapid re-
moval of free ligand upon reservoir exchange allows
agonist dissociation to be performed in the absence of a
saturating concentration of competitive orthosteric ligand.
Specifically, this study has directly quantified, at the sin-
gle-cell level, the kinetics of the fluorescent adenosine
derivative ABA-X-BY630 (Middleton et al., 2007) at the
human A;AR and A;AR. Furthermore, the influence of the
allosteric modulators PD81,723 and VUF5455 on the ki-

netics of ABA-X-BY630 binding and function has been
investigated at the human A;AR and A ;AR in live cells.

Materials and Methods

Materials. Fluo-4AM and Pluronic acid were from Invitrogen
(Carlsbad, CA), fetal calf serum was from PAA Laboratories (Pasch-
ing, Austria), ABA-X-BY630 was from CellAura Technologies Ltd
(Nottingham, UK), L-glutamine and trypsin from Lonza Verviers
SPRL (Verviers, Belgium), the ERK Surefire kits were from
PerkinElmer Life and Analytical Sciences. VUF5455 was synthe-
sized by B. Kellam (Centre for Biomolecular Sciences, School of
Pharmacy, University of Nottingham, UK). All other chemicals were
from Sigma-Aldrich Inc (St. Louis, MO).

Cell Culture. Chinese hamster ovary (CHO-K1) cell lines stably
expressing either the human adenosine A, receptor (CHO-A;; Byax =
3350 + 315 fmol/mg protein; Cordeaux et al., 2000) or the human
adenosine Aj receptor (CHO-Aj; Byax = 765 * 22 fmol/mg protein;
Cordeaux et al., 2008), respectively, were maintained in Dulbecco’s
modified Eagle’s medium (DMEM)/nutrient mix Ham’s F12 containing
10% fetal calf serum (FCS) and 2 mM L-glutamine at 37°C in a humid-
ified incubator containing 5% CO,. When confluent, cells were har-
vested (0.25% trypsin) and centrifuged (1000g for 5 min), and the
resulting pellet resuspended in DMEM-F12 containing 10% FCS and 2
mM glutamine. Before assaying, cells were seeded in DMEM-F12 con-
taining 10% FCS and 2 mM glutamine for at least 18 h and grown to 80
to 100% confluence.

Calcium Mobilization Assay. CHO-A; and CHO-A; cells seeded
into black-sided 96-well view plates were incubated in 100 ul of
HEPES-buffered saline solution (HBSS; 25 mM HEPES, 10 mM
glucose, 146 mM NaCl, 5 mM KCl, 1 mM MgSO,, 2 mM sodium
pyruvate, and 1.3 mM CaCl,) containing 0.1% BSA, 2.5 mM probe-
necid, 0.5 mM Brilliant Black BN, 2.3 uM Fluo-4AM, and 0.023%
Pluronic acid at 37°C for 1 h. Plates were then loaded onto a fluidics
plate reader (FlexStation; Molecular Devices, Sunnyvale, CA) and
fluorescence measured (excitation = 485 nm; emission = 520 nm)
every 1.52 s for up to 200 s with the addition of HBSS in the absence
or presence of ABA-X-BY630 at 15 s.

ERK1/2 Phosphorylation Assay. ERK1/2 phosphorylation was
measured using the ERK Surefire kit (PerkinElmer Life and Ana-
lytical Sciences). CHO-A; and CHO-A; cells seeded into 96-well clear
plates were washed twice with PBS and maintained in 100 ul of
DMEM-Ham’s F12 containing 2 mM glutamine for at least 4 h before
assaying. Cells were then exposed to ABA-X-BY630 for 5 min, after
which stimulation was terminated by the removal of media and the
addition of 40 ul of SureFire lysis buffer to each well. A 1:80:20:120
(v/v) dilution of AlphaScreen beads/lysate/activation buffer/reaction
buffer in an 5.5 ul of total volume was then transferred to a white
opaque 384-well ProxiPlate (PerkinElmer Life and Analytical Sci-
ences) in the dark. This plate was then incubated in the dark at 37°C
for 2 h after which time the fluorescence signal was measured by an
Envision plate reader (PerkinElmer Life and Analytical Sciences)
using standard AlphaScreen settings.

Confocal Microscopy. Live cell imaging of nontransfected
CHO-K1 (CHO-NT), CHO-A,, and CHO-A; cells seeded onto 32-mm
circular coverslips was performed using a laser-scanning confocal
microscope (Zeiss LSM 510; Carl Zeiss GmbH, Jena, Germany) and
a Zeiss Plan-Neofluar 40X 1.3 numerical aperture oil-immersion
objective. A 633 nm HeNe laser was used for the excitation of ABA-
X-BY630 (a BODIPY630/650 conjugate), with emission being de-
tected using a 650-nm long-pass filter. A custom-made, temperature-
controlled perfusion system was used for drug delivery and removal.
The perfusion system consisted of an imaging cell (a closed chamber
with a total volume of 400 ul) coupled to six fluid reservoirs. A
manually operated three-way valve system was employed to select
the reservoir for use and a constant rate of flow maintained by means
of an air pressure manifold. For the duration of each experiment,
phase and fluorescence images were captured every 2 s. Within each
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field of view, a region of interest was drawn around the plasma
membrane of 10 cells, and the changes in fluorescence intensity were
determined over time (Zeiss AIM 4.2 Software).

Characterizing the Association and Dissociation Kinetics
of ABA-X-BY630 at the A;AR and A AR. Initial live-cell kinetic
experiments, characterizing the association and dissociation kinetics
of ABA-X-BY630 (3-100 nM), involved 30 s of HBSS perfusion to
obtain the basal fluorescence followed by 4-min exposure of cells to
ABA-X-BY630 after which ABA-X-BY630 perfusion was terminated
and replaced by HBSS-only perfusion. In each case, the temperature
was maintained at 37°C, the flow rate was equal to or greater than
5 ml/min and the pinhole diameter (1 Airy Unit; 1.1-pum optical slice),
laser power and gain were kept constant within experiments using
the same receptor subtype.

Characterizing the Influence of the Allosteric Modulators
PD81,723 and VUF5455 on ABA-X-BY630 Dissociation from
the A;AR and A AR, Respectively. CHO-A; and CHO-A; cells
were exposed to 30 nM ABA-X-BY630 alone for 2 min, after which
CHO-A,; cells only were exposed to 30 nM ABA-X-BY630 in the
absence and presence of 10 uM PD81,723 for an additional minute.
Subsequent to association, ABA-X-BY630 dissociation from A;ARs
and A;ARs was assessed by the perfusion of HBSS in the absence or
presence of 10 uM PD81,723 (CHO-A,) or 1 uM VUF5455 (CHO-A;).
The configuration of the Zeiss 510 laser-scanning confocal micro-
scope was kept constant between experiments. Experiments inves-
tigating the influence of the competitive ligand 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX) on ABA-X-BY630 dissociation from the
A,AR involved 2-min exposure of CHO-A; cells to 100 nM ABA-X-
BY630 alone, followed by perfusion of HBSS containing 100 nM
DPCPX. The configuration of the Zeiss 510 laser-scanning confocal
microscope was kept constant between experiments.

Simultaneous Investigation of the Influence of PD81,723
and VUF5455 on the kinetics of ABA-X-BY630 Binding and
Function. CHO-A; and CHO-A;, cells seeded onto 32-mm circular
coverslips were incubated in 1.5 ml of DMEM/Ham’s F12 medium
containing 10% FCS, 2 mM L-glutamine, 2.5 mM probenecid, 2.3 uM
Fluo-4AM, and 0.023% Pluronic acid for 45 to 90 min at 37°C in a
humidified incubator containing 5% CO,. Cells were then loaded
onto the perfusion system and washed with HBSS perfusion. During
the experiment, cells were pretreated for 1 min with HBSS in the
presence or absence of allosteric modulator PD81,723 (1 and 10 uM,
or VUF5455 (0.1 and 1 uM), after which they were exposed to 30 nM
ABA-X-BY630 in the presence of the pretreatment condition for an
additional minute. ABA-X-BY630 dissociation was then initiated by
perfusion of the pretreatment condition alone. A 488 nm argon laser
was used for the excitation of Fluo-4 with emission being detected
using a 505 to 550 nm band-pass filter. The configuration of the Zeiss
510 laser-scanning confocal microscope was kept constant between
experiments. As above, ABA-X-BY630 binding was assessed by
drawing a region of interest around the plasma membrane of 10 cells
within each field of view. In contrast, given the oscillatory and
nonsynchronous calcium response, the complete field of view was
used to estimate the calcium mobilization mediated in the presence
of ABA-X-BY630 (Zeiss AIM 4.2 Software).

Data Analysis. All data were fitted using Prism 5 (GraphPad
Software, San Diego, CA). Concentration-response curves for ABA-
X-BY630 were fitted to the following equation:

Eyax X [ABA-X-BY630]
[ABA-X-BY630] + [ECs]

(1)

Response =

where Eyax is the maximal response, and the ECy, is the molar
concentration of ABA-X-BY630 required to generate 50% of Eysx-
Association kinetic data were fit to the following monoexponential
association function:

Y =Y, + (Plateau — Yy)(1—e~ fowie't) (2)
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where Y, represents the level of ABA-X-BY630 binding at time (¢)
equal to zero, Plateau is the level of binding at infinite time, and
Eonobs 18 the rate of observed association. Binding of 3 and 10 nM
ABA-X-BY630 showed a low level of nonspecific binding (less than
10%); therefore, association and dissociation kinetic data could be
simultaneously fitted to eq. 2 and the following monoexponential
decay function:

Y = (Y, — Plateau)-e %! + Plateau (3)

where Y, t, and the Plateau are as previously defined, and & is the
rate of [ABA-X-BY630] dissociation. Binding of 30 and 100 nM ABA-
X-BY630 had a greater contribution of nonspecific binding and was
fitted individually to eq. 2 and the following two-phase exponential
decay:

Y = Plateau + Spanfast . e*kollYl'asl)'t + Spanslow e~ Foffislow) * ¢ (4)

where Plateau and ¢ are as previously defined and spang, and
spang,,, represent the proportion of Y,, — Plateau accounted for by
the faster [Zgupaqr)] and slower [k 0w Tate of dissociation, respec-
tively. Within this analysis, k. was constrained to equal 3.81
min~?, the average rate of dissociation of ABA-X-BY630 from non-
transfected CHO-K1 cells. The association rate (k,,) and negative
logarithm of the equilibrium dissociation constant (pKp,) were esti-
mated according to the following equations.

konobs - koﬁ(slow)

ko = (ABA-X-BY630] (5)
and
ko slow.
pKp = —1og<%) (6)

where £, o6 Rosmsiow) and k, are as previously defined. Experiments

investigating the influence of PD81,723 and VUF5455 on ABA-X-

BY630 association and dissociation were expressed as specific bind-

ing and globally analyzed using the following equations:
Association.

_ Byax X (3% 1079

Y= 1Gx10 9+ Ky

X(1_e—((3><10’3)><kc,n+koﬁ)><t)+NS 7

Dissociation.

_ Buax X (3% 1079

i = (83X 10 8) X kon + kofr)
(Bx10 91K, <1-e )

X e hrxt=1 4 NS (8)

where By,x represents the fluorescence intensity upon complete
receptor occupation. Byax was shared across all experiments using
the same receptor subtype. NS represents nonspecific binding. Ky,
Eons o, and ¢ are as previously defined. Equilibrium dissociation
constants and potency values were estimated as logarithms and all
values are expressed as the mean = S.E.M.

Statistical Analysis. Statistical analysis involved one-way
ANOVA or unpaired ¢ tests, where appropriate, with statistical sig-
nificance reflecting p < 0.05 (Prism 5; GraphPad Software, San
Diego, CA). At p < 0.05, the one-way ANOVA was followed by either
Tukey’s multiple comparison test or Dunnett’s multiple comparison
test, as appropriate.

Results

The Nature of the Fluid Exchange within the Perfu-
sion System. This study has used a closed perfusion system,
consisting of an imaging cell coupled to six reservoirs (Fig. 1a),
in conjunction with a Zeiss LSM 510 laser-scanning confocal
microscope to directly visualize and quantify fluorescent ligand
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association and dissociation kinetics at the single-cell level. The
perfusion system was environmentally controlled, maintained
at the physiological temperature of 37°C, and kept at constant
pressure, promoting laminar flow and preventing loss of focus.
Another important aspect of this system is the use of “infinite
dilution” to assess agonist dissociation kinetics (Lee and el-
Fakahany, 1991; Christopoulos et al., 1997). The method of
infinite dilution requires dissociated fluorescent ligand to be
rapidly removed such that the level of ligand re-association is
negligible. To investigate the nature of the fluid transfer within
the perfusion system, CHO-K1 cells were exposed to the dye
Brilliant Black BN. The introduction of 50 uM Brilliant Black
BN within the imaging cell at a flow rate of 5 ml/min caused a
rapid decrease in the intensity of the phase image, which
quickly recovered upon the removal of the dye (Fig. 1b). Fitting
an exponential function to the onset and removal of Brilliant
Black BN gave estimated half-times of 1.6 and 1.4 s, respec-
tively, suggesting that it was possible to obtain rapid fluid
transfer within the imaging cell.

To further confirm the lack of ligand reassociation during
the dissociation phase, the binding kinetics of the fluorescent
adenosine derivative, ABA-X-BY630, at CHO-A, cells were
investigated at differing flow rates. The association and dis-
sociation rates of 100 nM ABA-X-BY630 at the A;AR were
similar at flow rates of 3 to 5, 6 to 10, 11 to 15, or 16 to 20
ml/min, which reflect 7.5 to 12.5, 15 to 25, 27.5 to 37.5, or 40
to 50 complete fluid exchanges per minute within the imag-
ing cell (Fig. 1c). As such, association seems to be initiated by
the exposure of cells to the desired concentration of free
ligand, which in turn can be rapidly removed upon the initi-
ation of dissociation. Taken together, these results suggest
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that the fluid exchange within the perfusion system involves
a sharp change in the concentration gradient of free ligand
upon reservoir changeover; therefore, the method of infinite
dilution can be used to assess fluorescent ligand dissociation.
All subsequent experiments use a flow rate equal to or
greater than 5 ml/min.

Investigating the Functional Activity of ABA-X-
BY630 at the A;AR and A ;AR. The agonist activity of the
adenosine derivative ABA-X-BY630 at the A;AR and/or
A AR was confirmed in both calcium mobilization and extra-
cellular signal-regulated kinase 1 and 2 (ERK1/2) phosphor-
ylation assays. Both A;ARs and A;ARs preferentially couple
to Gy/,-type G-proteins (Fredholm et al., 2001). Upon stimu-
lation, these receptors mediate inhibition of adenylyl cyclase
through the a subunit of the G-protein. In addition, the By
subunits of the G-protein can stimulate intracellular calcium
mobilization and ERK1/2 phosphorylation through direct in-
teractions with phospholipase C (Rhee, 2001). ABA-X-BY630
mediated a concentration-dependent increase in intracellular
calcium mobilization and ERK1/2 phosphorylation at both
the A;AR and A ;AR (Figs. 2a and 3a). Compared with the
response to a nonselective full agonist, 5’-(IN-ethyl carboxam-
ido)adenosine (NECA), ABA-X-BY630 mediated a partial
stimulation of calcium mobilization (Ey;,x 0f 59 = 3 and 52 +
7%, respectively) but a level of ERK1/2 phosphorylation that
was not significantly different from that of NECA at both the
A AR and AjAR. The potency (pECs,) of ABA-X-BY630 at
mediating intracellular calcium mobilization and ERK1/2
phosphorylation was 6.1 = 0.1 and 7.7 = 0.2, respectively, at
the A;AR and 5.9 = 0.2 and 7.3 = 0.2, respectively, at the
ASAR.

Fig. 1. The nature of fluid transfer upon
reservoir exchange within the perfusion
system. a, a schematic of the perfusion
system setup. b, the addition of 50 uM
Brilliant Black BN within the viewing cell
caused a rapid decrease in the phase im-
age intensity, which was readily reversed
upon perfusion of HBSS only. ¢, the influ-
ence of different flow rates [3-5 (@), 6—-10
(O), 11-15 (closed gray circle), and 16—20
ml/min (open gray circle)] on the associa-
tion (0—2 min) and dissociation (2—-5 min)
kinetics of 100 nM ABA-X-BY630 at
CHO-A; cells. Data represent the mean *
the S.E.M. from three to five separate exper-
iments in which each replicate reflects the
fluorescence intensity from the plasma mem-
brane of 10 cells.

Addition Removal
120- * \& < 1201
1004 2 100+
—_ ‘»
X 80 G 80
> €
= 60 o 60
2 40 g 404
- 0
20 g 20
=2
0- r T T 1 [’ 0-
0 50 100 150

Time (seconds)

Time (minutes)

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

Characterization of Agonist Kinetics at the A;AR
and A;AR. Association and dissociation kinetics of ABA-X-
BY630 were assessed at both the A;AR and A;AR. For the
purpose of direct comparison, the configuration of the Zeiss
510 laser-scanning confocal microscope and agonist exposure
time (4 min) were kept constant between the different con-
centrations of ABA-X-BY630. Confocal fluorescence and phase
images were obtained at two second intervals for the duration of
the experiment. Discrete binding of 3 nM ABA-X-BY630 to the
cell membrane could only be detected for CHO-A; cells, whereas
10, 30, and 100 nM ABA-X-BY630 was observed at both
CHO-A; and CHO-A; cells. As would be expected, the fluores-
cence intensity of ABA-X-BY630 detected at the cell membrane
increased with ligand concentration (Fig. 2¢ and 3c).

Repeating association and dissociation experiments using
nontransfected CHO (CHO-NT) cells allowed quantification
of the nonspecific binding of ABA-X-BY630. For the pur-
pose of comparison, nonspecific association and dissocia-
tion kinetics were defined according to the confocal set-
tings used for both CHO-A; and CHO-A; cells. It is
noteworthy that the fluorescence intensity of nonspecific
binding was considerably lower than that observed for the
corresponding concentration of ABA-X-BY630 in CHO-A;
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and CHO-A; cells. Furthermore, for both sets of confocal
configurations, membrane-localized nonspecific binding
could be accurately quantified only at 30 and 100 nM
ABA-X-BY630 (Fig. 2d and 3d). The observed association
and dissociation of nonspecific binding was rapid, suggest-
ing that ABA-X-BY630 has very low affinity for, and there-
fore was unlikely to become sequestered within, the
plasma membrane. The observed association rate (&, .,s)
and dissociation kinetics (k. for corresponding ABA-X-
BY630 concentrations using the CHO-A; and CHO-A, configu-
rations did not cause a significant difference (unpaired ¢ test) in
the nonspecific binding kinetics and are represented as a com-
bined value (Table 1). In addition, no significant difference
(unpaired ¢ test) was observed between the dissociation rate of
30 and 100 nM from CHO-NT cells.

Normalizing the binding of 3 (CHO-A; only), 10, 30, and
100 nM ABA-X-BY630 at CHO-A; (Fig. 2, e and f) and
CHO-A, (Fig. 3, e and f) cells clearly demonstrates the con-
centration-dependent nature of the observed association rate
and the concentration-independent nature of the dissociation
kinetics. At both A;ARs and A;ARs, the observed association
for each concentration of ABA-X-BY630 preferentially fit to a
mono-exponential curve. The dissociation of 3 and 10 nM

Fig. 2. Characterization of the binding
and functional properties of ABA-X-BY630
at the human adenosine A, receptor.
a, ABA-X-BY630 mediated a robust, con-
centration-dependent increase in intra-
cellular calcium mobilization (O) and
ERK1/2 phosphorylation (@) in CHO-A,
cells. Data are expressed as a percentage
of the response mediated by 1 uM NECA
and represent the mean = S.E.M. from
four experiments. b, a confocal image
showing discrete membrane binding of 30
nM ABA-X-BY630 at CHO-A, cells. Asso-
ciation and dissociation kinetics of 10
(closed gray circle), 30 (O), and 100 (@)
nM ABA-X-BY630 at CHO-A, (¢) and
CHO-NT (d) cells. Normalized association
(e) and dissociation (f) kinetics of 10
(closed gray circle), 30 (O), and 100 (@)
nM ABA-X-BY630 at CHO-A,; cells. For
the purposes of direct comparison, confo-
cal configurations remained constant for
both total and nonspecific binding. Confo-
cal fluorescence and phase images were
obtained at 2-s intervals for the duration
of the experiment. Data represent the
mean * S.E.M. from three to six separate
experiments in which each replicate re-
flects the fluorescence intensity from the
plasma membrane of 10 cells.
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Fig. 3. Characterization of the binding
and functional properties of ABA-X-
BY630 at the human adenosine A, recep-
tor. a, ABA-X-BY630 mediated a robust,
concentration-dependent increase in in-
tracellular calcium mobilization (O) and
ERK1/2 phosphorylation (@) in CHO-A,
cells. Data are expressed as a percentage
of the response mediated by 1 uM NECA
and represent the mean = S.E.M. from
four experiments. b, a confocal image
showing discrete membrane binding of 30
nM ABA-X-BY630 at CHO-A, cells. Associ-
ation and dissociation kinetics of 3 (open
gray circle), 10 (closed gray circle), 30 (O),
and 100 (®) nM ABA-X-BY630 at CHO-A,
(c) and CHO-NT (d) cells. Normalized asso-
ciation (e) and dissociation (f) kinetics of 3
(open gray circle), 10 (closed gray circle), 30
(O), and 100 (® nM ABA-X-BY630 at
CHO-A; cells. For the purpose of direct
comparison, confocal configurations re-
mained constant for both total and nonspe-
cific binding. Confocal fluorescence and
phase images were obtained at 2-s intervals
for the duration of the experiment. Data
represent the mean = S.E.M. from four to
eight separate experiments in which each
replicate reflects the fluorescence intensity
from the plasma membrane of 10 cells.

Kinetic and equilibrium parameters for ABA-X-BY630 at nontransfected CHO-K1 (CHO-NT) cells or CHO cells stably transfected with the A;AR
or the A;AR (CHO-A,; and CHO-A; cells, respectively)

Data were expressed as the mean = S.E.M. of the stated number of replicates (n), where each n represents the average of 10 cells within a single experiment.

ABA-X-BY630 E onobs Eoffitast) Eofttslow) Eon pKp n
min~! min~! min~! x 10" M~ 'min~! M
CHO-NT
3 nM N.A. N.A.
10 nM N.A. N.A.
30 nM 3.84 +0.18 3.68 = 0.26 6
100 nM 4.65 = 0.38 3.95 = 0.18 6
CHO-A,
3 nM N.A. N.A.
10 nM 1.18 £ 0.12 N.A. 1.09 = 0.12 0.93 = 0.17 6.92 = 0.09 3
30 nM 1.84 = 0.23 3.81 0.90 + 0.15 3.12 + 0.88 7.51 +£0.18 6
100 nM 2.60 = 0.23%*2 3.81 0.71 = 0.11 1.89 = 0.18 7.42 = 0.06 6
CHO-A,
3 nM 0.70 = 0.11 N.A. 0.43 = 0.06 8.92 = 2.99 8.14 = 0.17 8
10 nM 0.89 = 0.16 N.A. 0.51 = 0.09 3.79 = 1.02 7.83 £0.10 8
30 nM 1.82 = 0.55 3.81 0.40 = 0.05 4.74 = 1.69 7.94 +0.11 7
100 nM 2.53 + 0.26%#ab 3.81 0.43 = 0.11 2.10 = 0.26 7.73 £0.14 6

N.A., not applicable.

#* Statistically different (P < 0.01) from the corresponding 10 nM ABA-X-BY630 value or »3 nM ABA-X-BY630 value, as determined by one-way ANOVA followed by a

Tukey’s multiple comparisons test.
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ABA-X-BY630 preferentially fit to a single phase exponential
decay. In contrast, two components could be detected for the
dissociation of 30 and 100 nM ABA-X-BY630. In each case,
the proportion and rate of the rapidly dissociating component
was similar to that expected for, and was therefore assumed
to represent, nonspecific binding. Therefore, the fast compo-
nent of the biphasic decay was constrained to equal the
average dissociation rate estimated for nonspecific binding
[Bosritasty = 3-81 min~']. At both A;ARs and A;ARs, one-way
ANOVA analysis suggested that there was a significant dif-
ference between the k&, ..., but not the % ¢ estimates for the
different concentrations of ABA-X-BY630 (Table 1). The ob-
served association rate (& ,,..) and the slow component of the
biphasic decay [k gq10w)] Were used to estimate the associa-
tion rate (k,,) of ABA-X-BY630 at the A;AR and A AR (eq. 5).
Subsequently, the association (k,,) and dissociation (%g)
rates were used to estimate the affinity of ABA-X-BY630 at
both receptors (eq. 6). Analysis of these data according to
one-way ANOVA suggested that there was no significant
difference between the association rate constants (%,,) or
equilibrium dissociation constants (pKp) calculated for the
different concentrations of ABA-X-BY630 (Table 1).

Single-Cell Analysis of Agonist Binding Parameters.
Single-cell analysis of agonist binding kinetics was per-
formed for 3, 10, 30, and 100 nM ABA-X-BY630 at A;ARs
(Fig. 4). As for the grouped analysis, ABA-X-BY630 kinetics
were analyzed according to a monoexponential association
followed by a monophasic decay for 3 and 10 nM and a
biphasic decay with £, .q, constrained to equal 3.81 min '
for 30 and 100 nM. Similar to the grouped analysis, results of
the single cell analysis suggested that the dominant influ-
ence of fluorescent ligand concentration was on the %,
with a coefficient of determination (r?) for a linear trend of
0.488. Compared with %, there was less correlation be-
tween ligand concentration and the estimated &, gg10w) Ron
and pKp, from the single-cell analysis, which had r? values of
0.13, 0.12, and 0.01, respectively.

a b
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Investigating the Influence of Allosteric Modulators
on Agonist Dissociation Kinetics in Whole Cells. Li-
gands competing for the same site on a monomeric receptor
should not influence the dissociation kinetics of one another
(Fig. 5a). This is clearly shown in Fig. 5b, where the addition
of the competitive ligand DPCPX (100 nM) during the disso-
ciation phase does not influence the dissociation of ABA-X-
BY630 (100 nM). In contrast, if ligands bind simultaneously
to two interacting sites, such as in the case of allosterism,
cooperative interactions can alter ligand dissociation kinetics
(Christopoulos and Kenakin, 2002; May et al., 2007b). To
date, the majority of studies investigating the influence of
allosteric modulators on GPCRs use a saturating concentra-
tion of unlabeled orthosteric ligand in the absence or pres-
ence of allosteric modulator to bind any unoccupied orthos-
teric binding sites and thereby inhibit the reassociation of
dissociated labeled orthosteric ligand (Lee and el-
Fakahany, 1991; Christopoulos et al., 1997). In contrast,
this system has used the method of infinite dilution to
assess the dissociation rate of the fluorescent agonist in
the absence and presence of allosteric modulator. This
method eliminates a number of the issues that can arise
when using additional orthosteric ligands and also allows
agonist kinetics to be assessed within whole cells. The
dissociation of 30 nM ABA-X-BY630 from CHO-A; cells
was significantly slower in the presence (k= 0.51 = 0.03
min~'; n = 6) compared with the absence (k g, = 1.10 =
0.06 min~'; n = 14) of 10 uM PD81,723 (Fig. 5¢). Support-
ing the population data, single-cell analysis shows a clear
decrease in the dissociation rate of 30 nM ABA-X-BY630 at
the A;AR in presence of 10 uM PD81,723 (Fig. 5d). In
contrast, the dissociation of 30 nM ABA-X-BY630 from
CHO-A;, cells was significantly enhanced in the presence
(kose = 3.15 = 0.12 min '; n = 4) compared with the
absence (k¢ = 0.68 = 0.18 min~'; n = 4) of 1 uM VUF5455
(Fig. 5e). This enhanced dissociation rate of 30 nM ABA-

Fig. 4. Single-cell analysis of the kinetic
3 and equilibrium binding parameters of
ABA-X-BY630 at the human adenosine
A, receptor. The dominant influence of
ABA-X-BY630 concentration was on the

observed association rate (a) as opposed
to the dissociation rate constant (b), asso-
ciation rate constant (c), or equilibrium
dissociation constant (d). The mean =
S.E.M. is shown for 60 to 80 replicates,
which are plotted as individual data
points and represent the parameter esti-
mates from single cells from six to eight
experiments.
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X-BY630 from the A;AR in the presence of 1 uM VUF5455
can also be observed at the single cell level (Fig. 5f).
Investigating the Influence of Allosteric Modulators
on the Kinetics of ABA-X-BY630 Binding and Function.
The influence of PD81,723 (1 and 10 uM) and VUF5455 (0.1
uM and 1 uM) on the kinetics of ABA-X-BY630 (30 nM)
association and dissociation was investigated simultaneously
with their effect on receptor-mediated calcium mobilization.
At the A AR, the presence of 1 uM PD81,723 had no signif-
icant effect on the binding of 30 nM ABA-X-BY630, whereas
10 uM PD81,723 caused an approximate 2-fold increase in
the level of 30 nM ABA-X-BY630 specific binding (Fig. 6a).
Global analysis of association and dissociation curves sug-
gested that the increase in 30 nM ABA-X-BY630 binding in
the presence of 10 uM PD81,723 was due a significant in-
crease in the association (%,,,) and decrease in the dissocia-
tion (k.o rate constants for ABA-X-BY630 at the A AR,
respectively. This in turn resulted in a significant increase in
the apparent affinity of ABA-X-BY630 for the A;AR in the
presence of 10 uM PD81,723 (Table 2). The significant de-
crease in the rate of 30 nM ABA-X-BY630 dissociation (%)
in the presence of 10 uM PD81,723 can be clearly observed
when the data were normalized (Fig. 6d). In contrast, there is
no significant difference between the observed rate of asso-

ciation (&) for ABA-X-BY630 at the A;AR in the absence
and presence of 1 uM or 10 uM PD81,723 (Fig. 6¢). This could
result from the opposing effects an increased association rate
(k.,) and a decreased dissociation rate (k,¢) has on the ob-
served rate of association (k,,.ps). At the A;AR, 1 uM
VUF5455 mediated a significant decrease in the dissociation
rate (k,g) of 30 nM ABA-X-BY630, suggesting that VUF5455
has an allosteric mechanism of action at the A;AR (Fig. 6h;
Table 2). However, despite decreasing the dissociation rate, a
concurrent decrease in the association rate constant (&,,) in
the presence of 1 uM VUF5455 caused a decrease in the level
of 30 nM ABA-X-BY630 specific binding at the A;AR (Table
2; Fig. 6e). There was no significant difference between the
observed association rate (k) of 30 nM ABA-X-BY630 at
the A;AR in the absence or presence of 0.1 or 1 uM VUF5455
(Fig. 6g).

At the A;AR, PD81,723 mediated a concentration-depen-
dent decrease in the binding of 30 nM ABA-X-BY630, an
increase in the dissociation rate (k) and a decrease in the
association rate (k) of 30 nM ABA-X-BY630 (Fig. 7a; Table
2). The combined changes in ABA-X-BY630 kinetics resulted
in a concentration-dependent decrease in the apparent affin-
ity of ABA-X-BY630 for the A ;AR in the presence of
PD81,723 (Table 2). Normalized data clearly illustrate the

Fig. 5. Allosteric modulation of agonist dissociation in
live cells. a, a schematic illustrating the topographically
distinct nature of allosteric and orthosteric receptor

sites. b, the dissociation of 100 nM ABA-X-BY630 in the
absence (@; n = 15) and presence of 100 nM DPCPX
(closed gray circle; n = 2; data represent the mean only)
from CHO-A, cells. ¢, the dissociation of 30 nM ABA-X-
BY630 in the absence (®; n = 14) and presence of 10 uM
PD81,723 (closed gray circle; n = 6) from CHO-A, cells.
d, single-cell analysis of the influence of 10 uM
PD81,723 on the dissociation rate of 30 nM ABA-X-
BY630 from CHO-A, cells. The mean + S.E.M. is shown
for 120 replicates in the absence of 10 uM PD81,723 and
60 replicates in the presence of 10 uM PD81,723 that
are plotted as individual data points and represent the
rate of ABA-X-BY630 dissociation from single cells.
e, the dissociation of 30 nM ABA-X-BY630 in the ab-
sence (@; n = 4) and presence of 1 uM VUF5455 (closed
gray circle; n = 4) from CHO-A; cells. Unless otherwise
stated, data represent the mean = S.E.M. and each
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replicate reflects the fluorescence intensity from the
plasma membrane of 10 cells. f, single-cell analysis of
the influence of 1 uM VUF5455 on the dissociation rate
of 30 nM ABA-X-BY630 from CHO-A, cells. The mean +
S.E.M. is shown for 30 replicates in the absence of 1 uM
VUF5455 and 40 replicates in the presence of 1 uM
VUF5455 that are plotted as individual data points and
represent the rate of ABA-X-BY630 dissociation from
single cells.

T T
0.0 0.5 1.0 1.5 2.0 25
Time (minutes)

Infinite Dilution

+ VUF 5455

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

significant increase in the dissociation rate (kg of 30 nM
ABA-X-BY630 at the A ;AR in the presence of 1 and 10 uM
PD81,723 (Fig. 7d). There was no significant difference be-
tween the observed association rate (k,,.,.) of 30 nM ABA-
X-BY630 in the absence and presence of 1 or 10 uM PD81,723
(Fig. 7c). As above, this could be due to the opposing influence
of PD81,723 on the rate constants for association and disso-
ciation manifesting as opposing effects on the observed rate
of association of 30 nM ABA-X-BY630 at the A;AR (Fig. 7g).
At the A AR, the presence VUF5455 mediated a concentra-
tion-dependent decrease in binding of 30 nM ABA-X-BY630
such that in the presence of 1 uM VUF5455, the level of 30
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nM ABA-X-BY630 binding was indistinguishable from non-
specific binding (Fig. 7e). The decrease in 30 nM ABA-X-
BY630 binding at the A;AR in the presence of 0.1 pM
VUF5455 was due to a decrease in the rate of association
(k. and an increase in the rate of dissociation (%) (Table
2). Rate constants in the presence of 1 uM VUF5455 could
not be determined because of the negligible level of 30 nM
ABA-X-BY630 specific binding under these conditions. Nor-
malized data clearly illustrate the increased dissociation rate
(kog) of ABA-X-BY630 at the A;AR in the presence of 0.1 uM
VUF5455 (Fig. 7h); in contrast, there was no significant
difference between the observed association rate (k) of 30

Fig. 6. The influence of PD81,723 and
VUF5455 on the binding and function of
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30 nM ABA-X-BY630 at the human aden-
osine A, receptor. a, the association and
dissociation kinetics of 30 nM ABA-X-
BY630 in the absence (®;, n = 12) and
presence of 1 (O; n = 10) and 10 uM
(closed gray circle; n = 6) PD81,723 at
CHO-A, cells. b, the intracellular calcium
mobilization mediated by 30 nM ABA-X-
BY630 in the absence (®; n = 12) and
presence of 1 (O; n = 10) and 10 pM
(closed gray circle; n = 6) PD81,723 at
CHO-A, cells. ¢, normalized association
kinetics of 30 nM ABA-X-BY630 in the
absence (@; n = 12) and presence of 1 (O;
n = 10) and 10 uM (closed gray circle; n =
6) PD81,723 at CHO-A, cells. d, normal-
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0.1(O; n = 3)and 1 uM (closed gray circle;
n = 5) VUF5455 at CHO-A; cells. f, the
intracellular calcium mobilization medi-
ated by 30 nM ABA-X-BY630 in the ab-
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n = 3)and 1 uM (closed gray circle; n = 5)
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association kinetics of 30 nM ABA-X-
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nM ABA-X-BY630 in the absence and presence of 0.1 uM
VUF5455 at the A;AR (Fig. 7g).

Calcium mobilization mediated through both the A;AR
and the A;AR in the presence of 30 nM ABA-X-BY630 was
investigated simultaneously with binding. In CHO-A; and
CHO-A, cells, 30 nM ABA-X-BY630 mediated a nonsynchro-
nous, oscillatory calcium response. On average in CHO-A;
cells, in the presence of 30 nM ABA-X-BY630 calcium mobi-
lization was initiated at approximately 10% receptor occu-
pancy, whereas the peak response occurred at 25% receptor
occupancy (Fig. 6b). On average in CHO-A; cells, calcium
mobilization was initiated at approximately 15% receptor
occupancy whereas the peak response to 30 nM ABA-X-
BY630 occurred at 65% receptor occupancy (Fig. 7b). The
presence of 1 or 10 uM PD81,723 had no significant effect on
the calcium response mediated by 30 nM ABA-X-BY630 at
the A,AR (Fig. 6b). In contrast, at the A;AR, although 1 uM
PD81,723 had no significant effect, the presence of 10 uM
PD81,723 reduced by more than 90% the peak calcium re-
sponse mediated by 30 nM ABA-X-BY630 (Fig. 7b). At the
A AR, calcium mobilization in response to 30 nM ABA-X-
BY630 was decreased by approximately 90% in the presence
of 0.1 uM VUF5455 and could not be detected in the presence
of 1 uM VUF5455 (Fig. 7f). In contrast, at the A;AR, peak
calcium mobilization in response to 30 nM ABA-X-BY630
was not significantly influenced by 0.1 or 1 uM VUF5455
(Fig. 6f).

Discussion

Association and dissociation kinetics of ligand binding rep-
resents a sensitive method to detect changes in receptor
conformation. This study has provided the first direct assess-
ment of the kinetics of a GPCR small-molecule agonist in the
absence and presence of allosteric modulators in single living
cells. As would be predicted from simple mass action, at both
A;ARs and A;ARs, the observed association rate (k) of
ABA-X-BY630 binding was concentration-dependent. In con-
trast, the rate constants for association (k,,) and dissociation
[Zors1ow)], @s well as the equilibrium dissociation constant
(pKp), were concentration-independent. Analysis of intact
cell association and dissociation kinetics of ABA-X-BY630
suggest that both PD81,723 and VUF5455 have an allosteric
mechanism of action at the A;AR and the A;AR. At the A AR,
PD81,723 and VUF5455 significantly decrease the dissocia-

TABLE 2

tion rate of ABA-X-BY630. In contrast, at the A AR,
VUF5455 and PD81,723 significantly enhance the dissocia-
tion rate of ABA-X-BY630.

Numerous advantages have been gained through assessing
agonist kinetics using a pressurized, closed perfusion system
in conjunction with confocal microscopy. For example, the
maintenance of a constant pressure combined with the closed
nature of the viewing cell promotes laminar flow with a
constant flow rate and prevents loss of focus. These features
also generate a sharp concentration gradient between fluid
exchanges, allowing fluorescent ligand dissociation to be
quantified in the absence of saturating concentrations of
additional ligands. Imaging ligand kinetics using confocal
microscopy can generate virtually continuous association and
dissociation profiles on a single population of cells; removing
previous requirements to quantify ligand kinetics using end-
point assays and allowing the dynamics of ligand kinetics to
be quantified at physiologically relevant temperatures. Im-
aging also allows discrimination between plasma membrane
and intracellular ligand binding. An additional advantage of
this method is that it is readily amenable to the study of
endogenously expressed receptors in intact primary cells.

The average pKy, of ABA-X-BY630, at the A;AR and A AR,
was 7.3 and 7.9, respectively. The pKp, of adenosine for the
high- and low-affinity states at the A;AR has previously been
estimated as 7.9 and 5.1, respectively (Cohen et al., 1996a).
The low concentrations of ABA-X-BY630 used within this
study seem to predominantly detect high-affinity receptor
states. This finding is consistent with those from a previ-
ous study using an alternative single-cell technique, fluo-
rescence correlation spectroscopy, that assessed the ability
of NECA to inhibit the binding of a low concentration (2.5
nM) of the fluorescent agonist ABEA-X-BY630 (Cordeaux
et al., 2008). The affinity (pKp) of NECA for the human
A;AR in intact CHO-A; cells was approximately 8.5. For
nonpeptide GPCRs, low nanomolar equilibrium dissocia-
tion constant estimates are likely to represent agonist
binding to active receptor conformations. According to the
cubic ternary complex model, the active receptor confor-
mation can be either G protein-coupled or -uncoupled
(Kenakin, 2002). In living cells, the presence of GTP causes
rapid dissociation of the active ligand/receptor/G protein
ternary complex. We speculate that these studies predom-
inantly detect active G protein-uncoupled receptor confor-
mations. This conjecture is supported by the difference

Global analysis of ABA-X-BY630 (30 nM) kinetic and equilibrium binding parameters in the absence and presence of PD81,723 and VUF5455 at

the A;AR and A;AR

Data are expressed as the mean + S.E.M. of the stated number of replicates (n) where each n represents the average of 10 cells within a single experiment.

ABA-X-BY630 (30 nM) kon Roge PKDAPPARENT) Byax (Fluorescence Intensity) n
X 10" M~ 'min™! min~! M1
CHO-A,
Control 2.62 + 0.34 1.95 = 0.09 7.13 £ 0.06 150 = 16 12
+ 1 uM PD81,723 2.88 = 0.39 1.72 = 0.07 7.23 £ 0.06 10
+ 10 M PD81,723 4.17 = 0.65% 0.80 = 0.03* 7.72 = 0.07* 6
+ 0.1 uM VUF5455 2.82 = 0.40 1.60 = 0.10 7.25 £ 0.06 3
+ 1 uM VUF5455 1.04 = 0.16 1.48 = 0.16* 6.85 = 0.07* 5
CHO-A,
Control 8.60 = 0.62 0.78 = 0.02 8.05 = 0.04 133 + 4 14
+ 1 uM PD81,723 6.78 = 0.45% 1.13 = 0.04* 7.78 = 0.03* 9
+ 10 uM PD81,723 4.79 + 0.38% 2.46 + 0.18% 7.23 = 0.03* 6
+ 0.1 uM VUF5455 4.23 + 0.35% 2.73 + 0.22% 7.12 + 0.03* 7

* Statistically different (P < 0.05) compared with control value, as determined by one-way ANOVA followed by a Dunnett’s multiple comparisons test.
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between agonist kinetics estimated from live cells in the
current study and those from previous studies in mem-
brane homogenates. At both the A;AR and A;AR, agonist
kinetics in intact cells were at least 10 times faster than
previous estimates of agonist kinetics from membrane ho-
mogenates (Cohen et al., 1996b; Gao et al., 2001).

In addition to orthosteric agonists and antagonists, GPCRs
can also interact with intracellular proteins, transmembrane
receptors and allosteric small molecules. Cooperative inter-
actions between two interacting binding sites are generally
manifested as a change in ligand binding kinetics (May et al.,
2007b). However, because of the methodological limitations
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mentioned, allosteric modulation of agonist binding kinetics
at nonpeptide GPCRs have not been investigated in whole
cells. Allosteric binding sites on A;ARs and A;ARs represent
an attractive therapeutic target for amplifying the tissue
protective actions of endogenous adenosine in conditions
such as ischemia, chronic neuropathic pain and inflamma-
tion (Jacobson and Gao, 2006; Cohen and Downey, 2008). A
number of compounds, such as PD81,723 and VUF5455, have
been identified that can retard the dissociation of radiola-
beled agonists in the presence of a high concentration of
unlabeled orthosteric antagonist from cell membrane homog-
enates expressing the A;AR and A;AR (Bruns and Fergus,
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1990; Gao et al., 2001). The prerequisite for the presence of a
saturating concentration of unlabeled orthosteric antagonist
in these membrane radioligand binding assays (to prevent
rebinding of the radioligand) means that any observed effect
of the allosteric ligand can be influenced by the presence of
the nonradioactive orthosteric ligand, and assumptions have
to be made about the orthosteric nature of the competing
ligand. In contrast, the method described within this manu-
script assesses the dissociation of the labeled ligand under
conditions of infinite dilution and therefore does not require
such underlying assumptions. Both PD81,723 and VUF5455
were able to modulate ABA-X-BY630 dissociation kinetics in
single living cells. Similar to previous findings, PD81,723 (10
uM) significantly retarded the dissociation of fluorescent ag-
onist from the A;AR. In contrast to decreasing the rate of
agonist dissociation, this study has found that VUF5455
significantly enhanced the dissociation of ABA-X-BY630
from the A;AR. A number of possibilities could account for
the observed discrepancy. For example, allosteric modulators
can be highly probe-dependent; therefore, the difference may
result from the inconsistency in the agonist probe used (May
et al., 2007b). Alternatively, the difference could reflect a
more complex receptor arrangement than a noninteracting
monomer or a multisite action of the nonradioactive “ortho-
steric” ligand employed in the radioligand membrane binding
assay (that is, both an orthosteric and an allosteric mecha-
nism of action).

To further investigate the mechanism of allosteric mod-
ulation, the influence of PD81,723 and VUF5455 on the
association rate constant (%,,), affinity, and function of
ABA-X-BY630 was investigated at both the A;AR and the
A AR. An advantage of the perfusion system in conjunc-
tion with a confocal microscope is that fluorescent ligand
binding can be performed simultaneously to function when
using a fluorescence readout such the calcium-sensitive
fluorescent indicator Fluo-4. At the A;AR, PD81,723 me-
diated a decrease in the dissociation rate constant and an
increase in the association rate constant of ABA-X-BY630.
The combined effect of these two changes this caused an
approximate 4-fold increase in the apparent affinity of 30
nM ABA-X-BY630 in the presence of 10 uM PD81,723.
However, despite causing an approximately 2-fold increase
in the specific binding of 30 nM ABA-X-BY630, 10 uM
PD81,723 had no significant effect on calcium mobilization
mediated by 30 nM ABA-X-BY630 at the A;AR. This may
be because the nonsynchronous and oscillatory calcium
response causes small changes in the functional response
to remain undetected; alternatively, although PD81,723
enhances ABA-X-BY630 affinity at the A;AR, it may in-
hibit efficacy. PD81,723 was also found to have a previ-
ously unreported allosteric mechanism of action at the
A;AR. At the A AR, PD81,723 decreased the affinity of
ABA-X-BY630 though a decrease in the association and an
increase in the dissociation rate constant. As would be
expected, the approximately 2-fold decrease in ABA-X-
BY630 binding in the presence of 10 uM PD81,723 resulted
in a significant decrease in the calcium mobilization me-
diated by 30 nM ABA-X-BY630 through the A;AR. At the
A;AR, VUF5455 also acted as an allosteric inhibitor of
ABA-X-BY630, increasing and decreasing the dissociation
and association rate constants for ABA-X-BY630, respec-
tively. The decrease in 30 nM ABA-X-BY630 binding at the

A;AR in the presence of 0.1 uM and 1 uM VUF5455 was
coupled with a significant decrease in the calcium response
mediated by 30 nM ABA-X-BY630 at the A;AR. The cur-
rent kinetic studies also suggest that VUF5455 may have
an allosteric mechanism of action at the A;AR. Although
VUF5455 had no significant effect on the calcium mobili-
zation mediated by 30 nM ABA-X-BY630 through the
A AR, 1 uM VUF5455 significantly decreased 30 nM ABA-
X-BY630 dissociation and caused an approximately 2-fold
decrease in binding.

This study has directly quantified the binding kinetics of
the fluorescent adenosine derivative, ABA-X-BY630, in the
absence and presence of allosteric modulators in live single
cells. The allosteric modulators PD81,723 and VUF5455
slowed agonist dissociation at the A;AR, whereas at the
ASAR, both PD81,712 and VUF5455 significantly enhanced
ABA-X-BY630 dissociation. The potential therapeutic appli-
cation for this class of allosteric modulators involves enhanc-
ing the binding of endogenous adenosine under conditions of
metabolic stress. Therefore, the ability to observe the influ-
ence of allosteric modulators on the kinetics binding and
function of a fluorescent derivative of the endogenous agonist
in live cells in the absence of additional competitive ligands
represents a significant advantage of this system over tradi-
tional methods and as such should significantly advance the
understanding of orthosteric and allosteric ligand pharma-
cology at GPCRs.
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