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ABSTRACT
The purpose of this study was to determine whether there is a
well-defined allosteric site on the human a2A-adrenergic recep-
tor. To explore this question, we examined the effects of amilo-
ride analogues on the dissociation of [3H]yohimbine, [3H]rau-
wolscine, and [3H]RX821002. The dissociation data fitted well
to an equation derived from the ternary complex allosteric
model with amiloride analogue concentration and time as two
independent variables. The estimated maximal increase in the
[3H]yohimbine dissociation rate caused by the 5-N-alkyl amilo-
rides varied from 2-fold for the parent amiloride to 140- and
160-fold for 5-(N,N-hexamethylene)-amiloride and 5-(N-ethyl-
N-isopropyl)-amiloride, respectively. The calculated log affini-
ties at the yohimbine-occupied receptor ranged from 1.75 for
5-(N-ethyl-N-isopropyl)-amiloride to 2.5 for 5-(N,N-hexameth-
ylene)-amiloride. The increase in affinity found at the yohim-

bine-occupied receptor was not correlated with increase in size
of the 5-N-alkyl side chain, in contrast to the situation found at
the unoccupied receptor. The effect of competition between
two amilorides on yohimbine dissociation also was explored.
The data obtained were well fitted by the equation derived from
the relevant model, with the off-rate increases caused by
5-(N,N-hexamethylene)-amiloride being either decreased or in-
creased by the competing amiloride analogue in line with pre-
dictions, and the parameters derived from the fits were in good
agreement with those obtained in the above dissociation as-
says. Thus, the data are compatible with the amilorides com-
peting at the one allosteric site on the a2A-adrenergic receptor
and rules out the possibility that the amilorides are acting in a
nonspecific fashion.

Within many subtypes of G protein-coupled receptors, mo-
lecular modeling studies predict that there is a high degree of
amino acid identity around the primary neurotransmitter or
hormone binding site (Trumpp-Kallmeyer et al., 1992). Thus,
the development of drugs with subtype selectivity can be a
daunting task, and within the muscarinic receptor field, for
example, it has proved to be very difficult to design antago-
nists selective for one subtype over the other subtypes and so
far impossible to discover subtype-selective agonists (Caul-
field and Birdsall, 1998; Tucek and Proska, 1995). Within the
adrenergic field, a limited number of compounds are known
with 10–100-fold higher affinity for certain subtypes (Bylund
et al., 1994). However, also in this field, there remains a need
for the development of further and more subtype-selective
drugs (Ruffolo et al., 1995).

It thus would be desirable to have an alternative target for
the development of such drugs, and such an alternative could

be an allosteric site. The potential usefulness of such a site
for drug design is emphasized by the success of the benzodi-
azepines, which act at an allosteric site on the g-aminobu-
tyric acidA receptors, enhancing the response to g-aminobu-
tyric acid (Barker et al., 1986).

A schematic representation of allosterism is shown in Fig.
1. In this model, the binding of an allosteric agent X to the
allosteric site modulates the binding of a ligand L at the
primary binding site. Depending on the magnitude and di-
rection of the changes in the equilibrium and kinetic binding
constants, the affinity of L at the primary site will either
increase (a . 1, positive cooperativity), decrease (a , 1,
negative cooperativity), or remain unchanged (a 5 1, neutral
cooperativity). This opens the possibility for the modulation
of the action of the natural agonist of a receptor in a subtype-
specific manner if, for example, the agonist activity is en-
hanced at one subtype (positive cooperativity) but inhibited
at other subtypes (negative cooperativity) (Lazareno and
Birdsall, 1995).This work was supported by a ROPA Research Grant (R.A.L., A.M.).

ABBREVIATIONS: DMA, 5-(N,N-dimethyl)-amiloride; CHO, Chinese hamster ovary; BZA, benzamil; EPA, 5-(N-ethyl-N-isopropyl)-amiloride; HMA,
5-(N,N-hexamethylene)-amiloride; MBA, 5-(N-methyl-N-isobutyl)-amiloride; DMF, N,N-dimethylformamide; HEPES, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid.
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Allosteric interactions have been best characterized with
the muscarinic family (Stockton et al., 1983; Lee and El-
Fakahany, 1991a; Leppik et al., 1994; Lazareno and Birdsall,
1995; Tucek and Proska, 1995), and it is of interest to note
that many of the somewhat subtype-selective compounds
discovered to date have also been reported to act at the
allosteric site. These include the m2 selective compounds
gallamine (Stockton et al., 1983), himbacine (Lee and El-
Fakahany, 1990; Matsui et al., 1995), and methoctramine
(Lee and El-Fakahany, 1991b; Matsui et al., 1995), thus
highlighting the potential value of the allosteric site in gen-
erating subtype selectivity. In regard to the enhancement of
agonist activity, it has recently been found that the alkaloid
brucine allosterically enhances the action of acetylcholine at
only the m1 muscarinic receptor subtype, whereas N-chlo-
romethyl-brucine allosterically enhances acetylcholine action
at only the m3 muscarinic receptor subtype (Birdsall et al.,
1997).

Although allosterism has been best characterized with the
muscarinic receptors, it has been studied only to a limited
extent at other G protein-coupled receptors. Therefore, it is
not known whether allosterism is a general phenomenon of
this class of receptors and hence of general value in drug
discovery. The adrenergic receptors are another important
therapeutic area, and it has been reported that amiloride
analogues increase antagonist dissociation rates from the
a2-adrenergic (Howard et al., 1987, Jagadeesh et al., 1990),
a2A-adrenergic (Nunnari et al., 1987), and a2B-adrenergic
(Wilson et al., 1991) receptors. It was postulated that the
amilorides were acting via an allosteric site. However, all of
the above workers reported that the amilorides caused a
decrease in the number of antagonist binding sites (Bmax), a
finding that is not compatible with the allosteric model.

Our work was undertaken to explore whether the modula-
tion by amiloride analogues (Fig. 2) of antagonist binding at
the human a2A-adrenergic receptor is compatible with the
ternary complex allosteric model of Fig. 1. A preliminary
account of some of these data has been published previously
(Leppik et al., 1997).

Experimental Procedures
Materials. [3H]Yohimbine (70–90 Ci/mmol) and [3H]rauwolscine

(70–90 Ci/mmol) were from DuPont NEN (Hounslow, Middlesex,
UK). [3H]RX821002 (40–70 Ci/mmol) was from Amersham Interna-
tional (Little Chalfont, Buckinghamshire, UK). Amiloride HCl, DMA
HCl, HMA, and phentolamine HCl were from Sigma Chemical
(Poole, Dorset, UK). BZA, EPA, and MBA were from RBI (Poole,
Dorset, UK). Tissue culture reagents were from GIBCO BRL (Pais-
ley, UK).

Fresh stock solutions (10 mM) of the amilorides were used. When
present as HCl salts, the amilorides were dissolved in water with
warming; then, 0.5 M Na-HEPES buffer, pH 7.4 (1:25, v/v), was
added. Otherwise, the amilorides were dissolved with warming in 20
or 40 mM HCl, with the pH adjusted to ;7 with Na-HEPES salt, and
0.5 M Na-HEPES buffer, pH 7.4, added to give a final solution
containing 10 mM amiloride analogue and 20 mM HEPES, pH 7.4.

Cell culture and membrane preparation. The CHO cell line
stably expressing the human a2A-adrenergic receptor (Kurose and
Lefkowitz, 1994) was generously provided by Professor Robert J.
Lefkowitz (Howard Hughes Medical Institute, Duke University Med-
ical Center, Durham, NC). The cell line was grown in a-minimum
essential medium supplemented with 10% newborn calf serum, 2 mM

L-glutamine, 50 IU/ml penicillin, and 50 mg/ml streptomycin, at 37°
in 5% CO2. For membrane preparations, the cell line was grown in
24.5 3 24.5-cm2 plates until almost confluent; then, the cell layer
was washed twice with phosphate-buffered saline, harvested in cold
buffer 1 (20 mM Na-HEPES, pH 7.4, 10 mM EDTA), homogenized
with a Polytron homogenizer (Brinkmann Instruments, Westbury,
NY) (setting 6, 10 sec), and centrifuged at 40,000 3 g for 15 min. The
pellet was resuspended by vortexing in buffer 2 (20 mM Na-HEPES,
pH 7.4, 0.1 mM EDTA) and then recentrifuged. The pellet was again
resuspended in buffer 2 by passage through a 23-gauge needle and
then a 27-gauge needle, diluted to 1 mg of protein/ml, and then
stored at 270°. Protein concentrations were determined by the
method of Bradford (1976) using bovine serum albumin as the stan-
dard.

Fig. 1. Schematic representation of the ternary complex allosteric
model. In this scheme, radioligand L and allosteric agent X bind to two
separate sites on the receptor R. KL and KX are the affinity constants for
L and X, respectively; a is the cooperativity factor of X with L; and k21
and k22 are the dissociation rate constants for L dissociating from RL and
XRL, respectively.

Fig. 2. Structural formulae of amiloride and of its analogues examined
in this report. BZA contains a benzyl substituent attached to the guani-
dinium moiety of amiloride, whereas the other analogues contain 5-N-
alkyl substituents.
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Radioligand binding assays. For saturation experiments,
membranes (10 mg of protein) were incubated with increasing con-
centrations (0.1–10 nM) of radioligand in duplicate, in a final volume
of 1 ml of assay buffer (20 mM Na-HEPES, pH 7.4, 100 mM NaCl, 10
mM MgCl2), at 30° for 60 min or 20° for 120 min, or with increasing
concentrations (0.2–50 nM) of radioligand in duplicate, in a final
volume of 0.4 ml of assay buffer at 30° for 60 min. Nonspecific
binding was defined as the binding retained on the filter and mem-
branes in the presence of 20 mM phentolamine. Where appropriate,
amiloride analogues or solvents were added to both total and non-
specific binding assay tubes to control for effects on binding. Bound
and free ligands were separated by rapid filtration under vacuum
through GF/B glass-fiber filters (Whatman, Maidstone, Kent, UK),
using a Brandell cell harvester (Semat, St. Albans, Hertfordshire,
UK). The filters were washed three times with cold 20 mM sodium
phosphate buffer, pH 7.4, transferred to scintillation vials, scintilla-
tion cocktail (Beckman, Palo Alto, CA) was added, and the filters
were soaked overnight and counted.

For competition experiments, membranes (10 mg of protein) were
incubated with approximately the Kd concentration of radioligand in
duplicate, together with increasing concentrations of competing
agent, in a final volume of 1 ml of assay buffer at 30° for 60 min or
20° for 120 min.

For dissociation kinetic studies, membranes (200 mg of protein/ml)
were first preequilibrated with radioligand (5 nM) in assay buffer at
room temperature for 2 hr. To commence the dissociation, aliquots
(50 ml) of the membrane suspension were quickly added with vortex-
ing to pairs of tubes preequilibrated at either 20° or 30°, with each
tube containing assay buffer (950 ml) supplemented with phentol-
amine (21 mM) and various concentrations of the amiloride or amilo-
rides to be tested. Additions were timed so the contents of all the
tubes in the dissociation assay were filtered at the same time and
had been preincubated with the radioligand for the same time
(Hulme and Birdsall, 1992). To determine nonspecific binding, phen-
tolamine (20 mM) was included in a second batch of membranes plus
radioligand; then, the experiment repeated. The filtrations and
counting were performed as above, except that filters were washed
only twice, but with larger volumes of wash buffer, to keep harvest-
ing time to a minimum but nevertheless reduce nonspecific binding.

Data analysis. Data were all fitted by nonlinear regression anal-
yses, using the Grafit curve-fitting software (Erithacus Software,
Staines, Middlesex, UK). This procedure allows the use of two or
more independent variables (e.g., time and concentration), which
was necessary for many of the analyses reported in this report.

Competition experiment data were fitted to the one-site equation:

@RL# 5
~@RL0# 2 NS!

1 1 10np~logKapp1log@C#! 1 NS (1)

where [RL] is the concentration of bound radioligand L in the pres-
ence of the competing agent C, [RL0] is the concentration of bound
radioligand L in the absence of C, NS is the nonspecific binding, n is
the slope factor, and Kapp is the apparent affinity constant. The latter
was converted to the affinity constant Ki using the Cheng-Prusoff
correction (1973). In most analyses, n was constrained to 1 because

the inhibition curves did not deviate significantly from a simple
binding isotherm.

Data from dissociation experiments performed in the absence of
added amilorides were fitted to a single exponential decay equation.
For data obtained from radioligand dissociation experiments per-
formed in the presence of one or two amiloride analogues, the equa-
tions used are given in the Appendix (eqs. 10 and 9, respectively).

For the statistical comparison of the goodness of fit of data to two
separate equations, the F test of the Grafit software was used. For
statistical comparison of two sets of data, a Student’s unpaired or
paired t test was used.

Results
The equilibrium antagonist binding properties of

the a2A-adrenergic receptor. As a necessary prelude to
the allosteric binding studies, the equilibrium binding prop-
erties of three 3H-labeled antagonists at the human a2A-
adrenergic receptor, permanently expressed in a CHO cell
line (Kurose and Lefkowitz, 1994), were characterized. The
nonspecific binding was defined as the residual binding mea-
sured in the presence of 20 mM phentolamine. In all in-
stances, the saturation curves for the specific binding of the
3H-antagonists were compatible with the presence of a uni-
form population of binding sites. The experiments were car-
ried out at both 20° and 30°, the two temperatures used in
the dissociation studies. The Kd values calculated for the
antagonists (0.7–3 nM, Table 1) were comparable with those
reported in previous studies (Fraser et al., 1989; Halme et al.,
1995). [3H]RX821002 had a 2–3-fold higher affinity than
[3H]rauwolscine or [3H]yohimbine, and all three radioligands
had a 50–100% higher affinity at 20° than at 30°. The Bmax

estimates in these experiments ranged between 16 and 18
pmol/mg of protein and were independent of radioligand or
assay temperature.

Previous workers had dissolved amiloride compounds in
organic solvents (Howard et al., 1987; Nunnari et al., 1987;
Jagadeesh et al., 1990), so the effect of three common sol-
vents, ethanol, DMSO, and DMF, on the affinities of the
antagonists [3H]yohimbine, [3H]rauwolscine, and
[3H]RX821002 were examined. All three solvents, at 1% con-
centration, decreased antagonist affinities 1.3–5-fold at 30°
without changing the Bmax value, with DMF producing the
greatest decrease in affinity and [3H]rauwolscine being the
most sensitive radioligand (data not shown). Consequently,
these solvents were not used in the current study. As an
alternative, it was found that the HCl salts of the amiloride
analogues were soluble at 10 mM concentrations in Na-
HEPES buffer, whereas the parent amilorides could first be
dissolved in dilute HCl and then the pH adjusted with Na-
HEPES salt to give 10 mM stock solutions.

TABLE 1
Affinity and Bmax values for the binding of three antagonists at the human a2A-adrenergic receptor
Values are mean 6 range/2 from two saturation binding assays, which were incubated at either 30° for 60 min or 20° for 120 min. The membranes were from a CHO cell
line permanently expressing the cloned human a2A-adrenergic receptor (Kurose and Lefkowitz, 1994). The KL value (51/Kd) is the affinity of the antagonists at the
a2A-adrenergic receptor (Fig. 1).

Ligand
30° 20°

Kd logKL Bmax Kd logKL Bmax

nM pmol/mg protein nM pmol/mg protein

Yohimbine 3.1 6 0.2 8.50 6 0.02 18 6 3 2.1 6 0.1 8.69 6 0.03 18 6 2
Rauwolscine 2.5 6 0.2 8.60 6 0.04 17 6 3 1.8 6 0.2 8.74 6 0.04 18 6 2
RX821002 1.4 6 0.1 8.86 6 0.02 16 6 2 0.72 6 0.05 9.14 6 0.03 17 6 2
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Effect of amiloride analogues on the equilibrium
binding of antagonists. Because it had been reported that
0.1 and 0.3 mM amiloride decreased both antagonist affinity
and Bmax in equilibrium binding studies (Howard et al., 1987;
Nunnari et al., 1987; Jagadeesh et al., 1990), the effect of
amiloride on [3H]yohimbine and [3H]rauwolscine binding
was reexamined. The affinities of the radioligands were de-
creased in the presence of 0.1 and 0.3 mM amiloride (Fig. 3,
Table 2). In contrast to the previous studies, however, the
calculated Bmax values for either radioligand (Table 2) were
not significantly affected (p . 0.1, Student’s paired t test) by
the presence of the amiloride.

The affinities of the amilorides at the unoccupied a2A re-
ceptor were determined in competition studies with [3H]yo-
himbine as radioligand. The data were initially fitted with an
equation containing a slope factor, but the derived slope
factors were normally found to lie between 0.8 and 1.0. Be-
cause analysis showed that the deviations of the slopes from
unity were not significant (p . 0.1) for all the inhibition
curves, the data were refitted to a simple one-site model
(Table 3). The log affinity values calculated at 20° and 30°
were very similar and essentially identical to the log affinity
values determined at 30° using either [3H]rauwolscine or
[3H]RX821002 as alternative radioligands (data not shown).
With [3H]rauwolscine or [3H]RX821002, the slope factors
were within the range of 1.0 6 0.1 (data not shown).

With the amilorides, the effect of increasing hydrophobic
substitution at the 5-position of the pyrazine ring (Fig. 2) was
to increase the inhibitory potency of the amiloride analogues,
with HMA being .100-fold more potent than the parent
amiloride (Table 3). The benzyl substituent in benzamil, on
the other hand, resulted in only a ;10-fold increase in po-
tency.

Antagonist dissociation at the a2A-adrenergic recep-
tor. The dissociation data for all three radioligands at 20°
and 30° fitted well to a monoexponential function. At 20°,
RX821002, despite having the highest affinity, had a faster
off-rate than either yohimbine or rauwolscine (0.083 6 0.002

versus 0.034 6 0.001 and 0.023 6 0.001 min21, respectively;
see Table 4). At 30°, the dissociation rates were ;3.5-fold
(yohimbine and rauwolscine) or 4.5-fold (RX821002) faster
than those at 20° (data not shown).

Effect of individual amilorides on antagonist disso-
ciation. To determine the affinities of the amilorides at the
antagonist-occupied a2A receptor, their affects on [3H]yohim-
bine dissociation were examined. [3H]Yohimbine was chosen
as the main radioligand for this study because it had a slower
dissociation rate than [3H]RX821002 (above) and a lower
nonspecific binding (as defined by 20 mM phentolamine) than
[3H]rauwolscine. Amiloride, in a concentration-dependent
manner, increased the dissociation rate (Fig. 4a). The disso-
ciation curves remained monoexponential, and hence the
data could be fitted to eq. 10 (Appendix). The simultaneous
analysis of all the data gave an excellent fit, with the maxi-
mum increase in the [3H]yohimbine dissociation rate caused
by amiloride (k22/k21) calculated to be 2.0-fold at 20° and the
log affinity of amiloride at the yohimbine-occupied receptor to
be 2.12 6 0.02, equivalent to a dissociation constant (1/aKX)
of 7.7 6 0.4 mM (Table 4). The estimates of k21 agreed well
with the dissociation constant derived from studies on
[3H]yohimbine dissociation alone (Table 4).

More pronounced effects on the [3H]yohimbine dissociation
rate were found for the 5-N-alkyl-substituted amilorides.
This is illustrated for EPA (Fig. 4b). As found for amiloride,
the dissociation curves remained monoexponential in the
presence of EPA, but 3 mM EPA produced a 20 6 2-fold (three
experiments) enhancement of the off-rate compared with the
1.20 6 0.01-fold (four experiments) enhancement by the
same concentration of amiloride. Because the affinity esti-
mate for EPA at the yohimbine-occupied receptor was found
to be lower than for the other amilorides (Table 4), it was

TABLE 2
Effect of amiloride on the binding of [3H]yohimbine or [3H]rauwolscine
to the human a2A-adrenergic receptor
Values are mean 6 standard error from three saturation binding assays, in which
membranes containing the a2A-adrenergic receptor were incubated at 30° for 60 min
with increasing concentrations of radioligand (0.2–50 nM) in a final volume of 0.4 ml
of assay buffer. The Kd value (51/KL, Fig. 1) is the dissociation constant of the
antagonists in the absence or presence of amiloride at the a2A-adrenergic receptor.

Ligand Amiloride Kd Bmax

mM nM pmol/mg protein

Yohimbine 0 2.8 6 0.1 14.4 6 0.4
0.1 13.3 6 1.0 14.5 6 0.5

Rauwolscine 0 2.4 6 0.1 14.0 6 0.1
0.1 11.5 6 0.2 14.0 6 0.1
0.3 29.1 6 1.0 13.8 6 0.3

TABLE 3
Affinity of the amiloride compounds at the a2A-adrenergic receptor
The log affinities were determined in competition equilibrium experiments versus
[3H]yohimbine, performed at either 30° for 60 min or 20° for 120 min. The data were
fitted with eq. 1, with the slope factor set at 1; then, the derived log apparent affinity
constants were converted to the log affinity constants logKi using the Cheng-Prusoff
correction. Values are mean 6 standard error from n experiments.

Amiloride analogue
30° 20°

n logKi n logKi

Amiloride 3 4.54 6 0.03 2 4.52 6 0.03
BZA 2 5.50 6 0.05 2 5.45 6 0.09
DMA 4 5.64 6 0.03 2 5.44 6 0.01
EPA 3 5.78 6 0.06 2 5.78 6 0.05
MBA 4 6.27 6 0.05 2 6.25 6 0.01
HMA 6 6.78 6 0.07 2 6.68 6 0.01

Fig. 3. Scatchard plots of [3H]yohimbine and [3H]rauwolscine binding in
the absence and presence of amiloride. Individual data points are shown.
Membranes were incubated with increasing concentrations of radioligand
at 30° for 60 min in the absence or presence of the stated concentrations
of amiloride. Nonspecific binding was measured in the presence of 20 mM

phentolamine.
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difficult to estimate the maximum off-rate, k22, and hence
logaKX, with precision; the solubility of EPA precluded the
use of higher concentrations. To obtain better defined esti-
mates, the data from three experiments were converted to
Bt/Bo values, pooled, and then fitted. From the fit, the esti-
mated maximal increase in off-rate was 155 6 22-fold, and
the log affinity at the yohimbine-occupied receptor 1.75 6
0.07, equivalent to 1/aKX of 18 6 3 mM. In this case only, the
errors quoted in Table 4 are the standard errors from the fit
by the Grafit software, and not the standard error of the
mean of individual experiments.

In the case of HMA, the fitting of the data from individual
experiments was not a problem because the estimated log
affinity of HMA at the yohimbine-occupied receptor was
higher (2.47 6 0.02, or 1/aKX 5 3.4 6 0.2 mM) than that for
EPA. The calculated maximal increase in yohimbine dissoci-
ation rate caused by HMA was found to be 138 6 15-fold.

The smallest effect on off-rate was found with BZA, with
only a slight change evident in the dissociation rate on the
addition of 1 mM BZA. Even 3 mM BZA resulted in only a
;20% increase in the [3H]yohimbine dissociation rate. As a
result of these small changes, the affinity of BZA at the
yohimbine-occupied receptor could not be determined by this
type of experiment.

The effect of selected amilorides on the dissociation of the
two other radiolabeled antagonists, [3H]rauwolscine and
[3H]RX821002, was investigated (Table 4). HMA and DMA
produced comparable effects on the dissociation of these an-
tagonists, although HMA produced a 3-fold smaller increase
in k22 for [3H]rauwolscine dissociation.

From the data generated in these experiments and those
summarized in Table 3, the cooperativities between the bind-
ing of the amilorides and the antagonists could be estimated.
In all instances, these interactions were characterized by

TABLE 4
Effect of amiloride analogues on antagonist dissociation from the a2A-adrenergic receptor
The experiments were performed at 20°, as described in the legend of Fig. 4. k21 and k22 are the dissociation constants for the dissociation of the antagonist from the
unoccupied and the amiloride-occupied receptor, respectively (Fig. 1). The logaobs is the difference between the log affinity of the amiloride analogue at the antagonist-
occupied receptor (logaKX) and the log affinity at the unoccupied receptor (logKi, Table 3). Values are mean 6 standard error of n experiments.

Antagonist Amiloride analogue n k21 k22 Fold increase logaKX logaobs

min21 k22/k21

Yohimbine 14 0.034 6 0.001
Amiloride 2 0.030 6 0.001 0.060 6 0.002 2.02 6 0.01 2.12 6 0.02 22.40 6 0.02
DMA 3 0.035 6 0.002 0.184 6 0.005 5.3 6 0.2 2.36 6 0.03 23.08 6 0.03
EPAa 3 0.031 6 0.001 4.8 6 0.6 155 6 22 1.75 6 0.07 24.02 6 0.09
MBA 2 0.032 6 0.001 3.3 6 0.1 101 6 2 2.09 6 0.03 24.15 6 0.03
HMA 4 0.028 6 0.003 3.7 6 0.1 138 6 15 2.47 6 0.02 24.21 6 0.02

Rauwolscine 5 0.023 6 0.001
DMA 2 0.021 6 0.001 0.135 6 0.003 6.30 6 0.05 2.27 6 0.05 23.17 6 0.05
HMA 3 0.025 6 0.004 1.33 6 0.03 57 6 10 2.63 6 0.03 24.05 6 0.03

RX821002 3 0.083 6 0.002
DMA 2 0.076 6 0.001 0.54 6 0.05 7.1 6 0.8 2.07 6 0.07 23.37 6 0.07

a The DPM from three experiments were converted to Bt/Bo; then, the combined data fitted. The error values quoted are the standard errors from the fit.

Fig. 4. Dissociation of [3H]yohimbine at 20° in the absence or presence of various concentrations of amiloride or EPA. Membranes were first
preequilibrated with [3H]yohimbine; then, the dissociation commenced by mixing with phentolamine and various concentrations of the amiloride to
be tested. Individual data points are shown. The data from each experiment were simultaneously fitted to eq. 10 (see Appendix), with time and
amiloride analogue concentration as independent variables.
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very large negative cooperativities (Table 4), values varying
from 4 3 1023 to 6 3 1025.

Competitive interactions between amiloride ana-
logues as detected by their effects on [3H]yohimbine
dissociation. Despite the excellent agreement between the
experimental data and the predictions of the ternary complex
allosteric model, the high concentrations of amilorides re-
quired to show kinetic effects raised the possibility that the
kinetic effects could be the consequence of nonspecific per-
turbations of the structure of the receptor or membrane,
which serendipitously fitted the model.

The differential effects of amilorides on the dissociation of
3H-antagonists allows a more critical examination of the
interactions that are occurring. If the effects are nonspecific,
they should be additive, but if there is a defined allosteric
site, the competitive effects of two amilorides at that site will
give quantitatively predictable effects on 3H-antagonist dis-
sociation. The conditions for the experiments described below
were decided by simulation using eq. 9 from the Appendix.

The effect of the presence of either amiloride or DMA on
the large increase in [3H]yohimbine dissociation rate caused
by HMA was examined (Fig. 5, a and b). It was found that
amiloride reduced the off-rate increase caused by 0.1 or 0.3
mM HMA (Fig. 5a), as predicted by the simulations. In con-
trast, DMA was found to further increase the off-rate in-
crease caused by 0.03 or 0.1 mM HMA but to decrease slightly
the effect of 0.3 mM HMA (Fig. 5b), again as predicted. When
all of the data of each experiment were fitted simultaneously
to eq. 9, the values calculated (Table 5) agreed well with
those values derived from [3H]yohimbine dissociation exper-
iments performed with only one amiloride present (Table 4).

Because the above competition dissociation experiments
gave good estimates of the affinities (logaKX and logbKY) of
each amiloride analogue at the yohimbine-occupied receptor,
as well as good estimates of the [3H]yohimbine dissociation
rate from the receptor occupied by either one of the amiloride
analogues (k22 and k23), the effect of competition between
BZA and HMA was examined. The aim was to determine

Fig. 5. Dissociation of [3H]yohimbine at
20° in the absence or presence of various
concentrations of HMA with and without
amiloride or HMA with and without DMA.
Membranes were first preequilibrated
with [3H]yohimbine, then the dissociation
commenced by mixing with phentolamine
and various concentrations of the amilo-
rides to be tested. Individual data points
are shown. The data from each experi-
ment were simultaneously fitted to eq. 9
(see Appendix), with time and amiloride
analogue concentrations as independent
variables.
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whether the observed slight effect of BZA on yohimbine off-
rate was due to a low affinity or small kinetic effects of BZA
at the yohimbine-occupied receptor. BZA was found, in fact,
to be more potent than amiloride in reversing the dissocia-
tion rate increase caused by HMA (Figs. 5a and 6). Simulta-
neous fitting of all the data in Fig. 6 revealed that BZA had
the highest affinity of the amilorides tested at the yohimbine-
occupied receptor (logbKY 5 3.07 6 0.05, 1/bKY 5 0.87 6 0.10
mM) and a very slight effect on the yohimbine dissociation
rate from the BZA-occupied receptor [fold increase (k23/k21)
5 1.43 6 0.05] (Table 5).

Discussion
We explored whether there is a well-defined allosteric site

on the human a2A adrenergic receptor, at which amiloride
analogues could act to modulate antagonist binding to the
primary binding site. This question has been investigated
qualitatively in previous studies (Howard et al., 1987; Nun-
nari et al., 1987; Jagadeesh et al., 1990). However, no specific
model was suggested for these data, and they do not fit the
ternary complex allosteric model (Fig. 1) because the parent
amiloride apparently decreased the Bmax of the 3H-antago-
nist used to label the receptors. Our studies used cloned
human a2A-adrenergic receptors expressed in a CHO cell
line. In membrane preparations from this line, radiolabeled
antagonists were found to bind to a uniform population of
sites, which were expressed at a high density and displayed
the appropriate pharmacology (Table 1, and data not shown).
In our experiments, it was found that amiloride, at the con-
centrations used by others, did not significantly affect the
calculated Bmax values for either [3H]rauwolscine or [3H]yo-
himbine binding (Fig. 3, Table 2). The reason for the different
result is not known.

Allosteric interactions between two ligands at a receptor
can be explored and quantified by both equilibrium and ki-
netic binding studies (Stockton et al., 1983; Lee and El-
Fakahany, 1991a; Leppik et al., 1994; Lazareno and Birdsall,
1995). Analyses of equilibrium binding data allow the esti-
mation of both ligand affinities KL and KX and the cooperat-
ivity factor a (Fig. 1). However, a major limitation of equilib-
rium studies is that the analysis is difficult with high
negative cooperativities (,0.01), the situation in the current
study, because it then is not technically feasible to distin-
guish between the competition of two ligands at the one site
and strong negative cooperativity between two sites.

In the kinetic approach, the effect of a test ligand on the
dissociation rate of a radioligand is examined. Analysis of
data from these experiments allows the estimation of the
affinity of an allosteric ligand at the allosteric site (aKX, Fig.

1) when the primary site is occupied by the radioligand. In
the current study, all of the amilorides tested were found to
increase the rate of [3H]yohimbine dissociation from the a2A

receptor (Fig. 4, Table 4). For each amiloride analogue con-
centration tested, the dissociation is monoexponential. The
data from each experiment (except for those with BZA, which
had a very small effect on dissociation rate) could be well
fitted (Fig. 4) by eq. 10 (Appendix), showing that the data are
compatible with the ternary complex allosteric model. From
the fits, the calculated maximal increases of the amilorides
on [3H]yohimbine dissociation ranged up to 160-fold. With
such large increases in off-rate, the experiments are feasible
technically only if the dissociation rate of the amilorides from
the yohimbine-occupied receptor is very rapid, so as soon as
the washing begins of the membranes trapped on the filters
with cold buffer, the amiloride analogue rapidly dissociates,
leaving only yohimbine occupying the receptor. The facts that
the data are well-fitted and that the individual dissociation
curves intersect at approximately the same point at zero time
support this scenario.

The effect of the variation in the structures of the amilo-
rides on the [3H]yohimbine dissociation rate is striking.
Amiloride itself causes only a 2-fold increase in dissociation
rate, and the addition of two methyl groups to the 5-amino
function, to give DMA (Fig. 2), increases the yohimbine dis-
sociation rate only a further 3-fold (Table 4). However, the
addition of an additional three or four carbons, to give MBA,
EPA, or HMA, causes a 50–80-fold increase in the effect
caused by amiloride. The position of substitution also is im-
portant because the addition of a benzyl moiety to the other
side of the molecule, to give BZA, slightly reduces the effect
(from 2.0- to 1.4-fold, Tables 4 and 5). It can be speculated
that within the allosteric site, the pocket around the 5-amino
function is only large enough to accommodate a dimethyl-
amino function, and larger groups cause a change in receptor
conformation, leading to the dramatic increase in the yohim-
bine dissociation rate. The guanidinium function, on the
other hand, may occupy a pocket large enough to accommo-
date a benzyl functionality, so the addition of such a grouping
to the amiloride structure has only a minor effect on the
yohimbine dissociation rate.

Because the increase caused by BZA is so slight, it could be
quantified only in a competition dissociation assay (Fig. 6,
Table 5). In these assays, the facts that the fits are so good,
that the off-rate increases caused by HMA are either de-
creased or increased by the competing amiloride analogue in
line with predictions, and that the parameters derived from
the fits (Table 5) are in good agreement with those derived
from dissociation assays performed with individual amilo-

TABLE 5
Effect of amiloride competition on yohimbine dissociation
The experiments were performed at 20°, as described in the legends of Figs. 5 and 6. k21, k22, and k23 are the dissociation constants for the dissociation of [3H]yohimbine
from either the unoccupied receptor or from the receptor occupied by amiloride X or Y, respectively, and logaKX and logbKY are the log affinities of amiloride X and amiloride
Y, respectively, at the yohimbine-occupied receptor (Appendix). The logbobs is the difference between logbKY and the affinity of the amiloride analogue at the unoccupied
receptor (logKi, Table 3). Values are mean 6 standard error of n experiments.

Amiloride
X

Amiloride
Y n k21

Amiloride X Amiloride Y

k22 logaKX k23 logbKY logbobs

min21 min21 min21

HMA Amiloride 3 0.030 6 0.001 4.1 6 0.4 2.34 6 0.04 0.053 6 0.008 2.34 6 0.05 22.18 6 0.06
HMA DMA 2 0.031 6 0.003 3.8 6 0.6 2.37 6 0.08 0.185 6 0.007 2.26 6 0.02 23.18 6 0.06
HMA BZA 2 0.030 6 0.001 4.2 6 0.5 2.37 6 0.04 0.043 6 0.001 3.07 6 0.05 22.39 6 0.05
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rides (Table 4) show that the data are compatible with the
amilorides acting at the same site and rule out the possibility
that the amilorides are acting in a nonspecific fashion (e.g.,
by perturbation of the membrane).

The calculated log affinity values of the 5-N-alkyl amilo-
rides at the yohimbine-occupied receptor were found to range
from 1.75 (1/aKX 5 17.6 mM) for EPA to 2.47 (1/aKX 5 3.4
mM) for HMA (Table 4). Thus, the spread in affinities of the
5-N-alkyl amilorides at the yohimbine-occupied receptor (5-
fold) is far smaller than the range in affinities at the unoc-
cupied receptor (145-fold) (Table 3). In addition, the increase
in affinity of the amiloride analogues at the [3H]yohimbine-
occupied receptor is not correlated with the increase in size of
the 5-N-alkyl side chains, again in contrast to the situation
with the unoccupied receptor (Table 3). This suggests either
that the presence of an antagonist such as yohimbine at the
primary binding site has a marked effect on the conformation
of the allosteric site or that, for the unoccupied receptor, the
amilorides are capable of binding at both the primary and
allosteric binding sites. In the latter case, the affinity values
derived from competition studies may reflect, partially or
totally, binding at the primary site. The mathematics of
equilibrium competition between [3H]yohimbine and the
amilorides indicate that these two possibilities cannot be
distinguished. This situation is in contrast to that found with
the D2 dopamine receptor, where “steep” competition curves
between MBA and [3H]spiperone were better fitted with an
equation derived from a model allowing MBA to interact with
both the allosteric site and the primary site, with the MBA/
MBA allosteric interaction exhibiting strong positive cooper-
ativity (Hoare and Strange, 1996).

It also should be noted that the apparent association rate
constant of [3H]yohimbine to the receptor/amiloride analogue
complex (aKL 3 k22) is approximately constant (0.8–2.5 3
105 M21 min21) and ;100-fold slower than its association
rate constant to the unliganded receptor (KL 3 k21).

The magnitude of the effects on the yohimbine dissociation
rate is not correlated with the affinity of the amilorides at the
yohimbine-occupied receptor. Thus, HMA and EPA, which
have the largest effects on the yohimbine off-rate, have the

highest and lowest affinities, respectively, of the 5-N-alkyl
amilorides at the yohimbine-occupied receptor (Table 4).
BZA, on the other hand, has the smallest off-rate effect but
the highest affinity of the amilorides tested (Table 5). Thus,
it is incorrect to use the magnitude of the effect on antagonist
dissociation rate as a measure of the relative affinities of
amiloride analogues at the liganded a2A-adrenergic receptor,
as has been done in some previous studies.

The observed log cooperativity value (logaobs) is the differ-
ence between the log affinities of the amiloride analogue at
the unoccupied and the antagonist occupied receptor. The
calculated aobs values for the yohimbine/amiloride analogue
interactions (Table 4) show a 65-fold variation. If the amilo-
rides can only interact with the allosteric site, then the aobs

value would correspond to the a depicted in Fig. 1.
In principle, the magnitude of an allosteric interaction is

dependent on both of the ligands involved. The modulation by
DMA and HMA of [3H]rauwolscine, [3H]RX821002, and
[3H]yohimbine dissociation (Table 4) showed only small vari-
ations in the observed cooperativities between the amilorides
and antagonists and small differences in the increases in
dissociation rates caused by the amilorides This is different
from the situation found for the M2 muscarinic receptor in rat
heart, where variation in antagonist structure produced a
10-fold variation in the negative cooperativity with gallamine
(Stockton et al., 1983).

Thus, the results obtained in the current work are compat-
ible with the existence of a discrete allosteric site on the
a2A-adrenergic receptor, to which the amiloride analogues
can bind and allosterically modulate antagonist binding at
the primary site. The very different structure-binding rela-
tionships displayed by the amilorides at the unoccupied ver-
sus the antagonist-occupied receptor could argue either that
the amilorides also interact with the primary binding site at
the a2A-adrenergic receptor or that antagonist occupation at
the primary site induces a substantial conformational change
in the allosteric site that decreases the affinity of the amilo-
rides by occluding a specific hydrophobic interaction.

Fig. 6. Dissociation of [3H]yohimbine at
20° in the absence or presence of various
concentrations of HMA with and without
BZA. The experiments were performed as
described in the legend of Fig. 5. Individ-
ual data points are shown. The data from
each experiment were simultaneously fit-
ted to eq. 9 (see Appendix), with time and
HMA and BZA concentrations as indepen-
dent variables.
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Appendix
Radioligand Dissociation in the Presence of Allosteric
Agents

KX

KY

XR 1 L

/

R 1 L

/

YR 1 L

aKL

p
k22

KL

p
k21

bKL

p
k23

XRL

/

RL

/

YRL

aKX

bKY

(2)

In eq. 2, KL, KX, and KY are the affinity constants for the
radioligand L and the allosteric agents X and Y for the
receptor; k21, k22, and k23 are the dissociation rate con-
stants for the dissociation of L from RL, XRL, and YRL,
respectively; and a and b are the allosteric cooperativity
factors of X and Y, respectively, with L. In the scheme, X and
Y compete for the same allosteric site, which is distinct from
the radioligand binding site.

In the dissociation experiments, radioligand L is first pre-
equilibrated with the receptor R. Then, at time 0, the allo-
steric agents X and Y are added. If X and Y have fast binding
kinetics, equilibrium would be rapid, and the proportions of
RL, XRL and YRL would remain constant during the disso-
ciation. The proportion, p, of radioligand bound as XRL is:

p 5
@X# z a z KX

1 1 @X# z a z KX 1 @Y# z b z KY
(3)

The proportion, q, of radioligand bound as YRL is:

q 5
@Y# z b z KY

1 1 @X# z a z KX 1 @Y# z b z KY
(4)

and the proportion of radioligand bound as RL is:

1 2 p 2 q 5
1

1 1 @X# z a z KX 1 @Y# z b z KY
(5)

If B is the total concentration of bound radioligand L, then:

dB
dt

5 2k21 z @RL# 2 k22 z @XRL# 2 k23 z @YRL# (6)

Substituting eqs. 3–5 into eq. 6:

dB
dt

5 2$k21 z ~1 2 p 2 q! 1 k22 z p 1 k23 z q% z B (7)

Expanding and rearranging eq. 7:

dB
dt

5 2Hk21 1 k22 z @X# z a z KX 1 k23 z @Y# z b z KY

1 1 @X# z a z KX 1 @Y# z b z KY
J z B (8)

Integrating:

Bt 5 Bo z e2Hk211k22 z @X# z a z KX1k23 z @Y# z b z KY

11@X# z a z KX1@Y# z b z KY
J z t (9)

where Bt is the total radioligand L bound at time t, and B0 is
the total radioligand bound at time 0. In the fitting of the
data with eq. 9, t, [X] and [Y] were independent variables,
and the equation was recast in terms of log affinity constants,
log concentrations, and log cooperativity factors (Hulme and
Birdsall, 1992).

In the presence of only one allosteric ligand, X, one reverts
back to the ternary complex allosteric model (Fig. 1). For this,
eq. 9 reduces to the equation derived by Lazareno and Bird-
sall (1995):

Bt 5 Bo z e2Hk211k22 z @X# z a z KX

11@X# z a z KX
J z t (10)

In the fitting of the data with eq. 10, t and [X] were
independent variables, and the equation was again recast in
terms of log affinity constant, log concentration, and log
cooperativity factor (Hulme and Birdsall, 1992).
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