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SUMMARY
Allosteric regulation of rat D2 dopamine receptors by amiloride

and amiloride analogs has been studied by investigating their
ability to accelerate the dissociation of [�H]spiperone from the
receptors expressed in Ltk cells. The amiloride analogs were

more potent and produced a greater maximal effect on the rate
of [3H]spiperone dissociation than did amiloride. [3H]Spiperone
dissociation was biphasic and could be resolved into contribu-
tions from fast and slow rates in the absence and presence of
the modulators. Methylisobutylamiloride accelerated both the

fast and slow rates of dissociation and modulated the propor-
tions of the two rates. The association of [�H]spiperone in the

absence of modulators was also biphasic. The combination of
the two sets of association and dissociation rate constants

gave very similar equilibrium dissociation constants, and this
was confirmed in equilibrium binding experiments that were

consistent with a single binding site. It is proposed that there
are two binding states for [3H}spiperone that can be distin-
guished kinetically but not in equilibrium binding experiments.
The proportions of these states are differentially modulated

with the use of sodium ions and magnesium ions, whereas GTP
has no significant effect. Allosteric regulation of [3H]spiperone
binding by methylisobutylamiloride could also be observed in

saturation and inhibition binding experiments. These effects
can be accounted for in a model in which the modulator binds
to the competitive site of the receptor and to an allosteric site
on the receptor from which it exerts negatively cooperative
effects on [�H]spiperone binding to the competitive site and
positively cooperative effects on the binding of the modulator
to the competitive site.

The D2 dopamine receptor is a member of the large family

of receptors that activate G proteins and are thought to
contain seven a helical membrane-spanning domains. 5ev-
eral members of this family of G protein-coupled receptors

have been shown to be regulated allosterically. For example,

allosteric inhibition of ligand binding is exhibited by a di-

verse group of compounds that interact with muscarinic ace-

tylcholine receptors (for a review, see Ref. 1). The interaction
of gallamine with this class of receptors has been character-
ized in detail (2-4). The five known muscarinic receptor

subtypes are regulated with varying potencies by this com-

pound (5, 6), with the most potent interaction occurring at
the M2 receptor and the least potent (by 100-fold) occurring

at the M5 subtype (6). Allosteric enhancement has been dem-

onstrated for a series of 2-amino-3-benzoylthiophene ligands
that act at the adenosine A1 receptor (7, 8). These compounds

enhance the binding and function of agonist ligands (7, 9).

The flexible nature of these interactions, together with the

potential for subtype selectivity, make allosteric sites attrac-
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tive for therapeutic intervention (10, 11). However, to de-

velop allosteric modulators into effective therapies, their

mechanism of action must be carefully elucidated (12).
Like other receptors that are linked to the attenuation of

adenylyl cyclase, ligand binding to the D2 dopamine receptor

and a2-adrenergic receptor is regulated by Na � and pH (13,

14). In addition, ligand binding to these receptors has been

shown to be allosterically regulated by amiloride and analogs

of this compound (13, 14). Amiloride interacts with a number

of cation-binding proteins (15), so it was thought that the

regulation of these receptors by amiloride and cations might

be associated. A conserved aspartate residue, which lies in
the second putative transmembrane domain, has been shown

to be the site involved in sodium regulation of the a2-adren-

ergic receptor (Asp79) (16) and the D2 dopamine receptor

(Asp8O) (17). In the a2-adrenergic receptor, however, muta-
tion of this residue completely removed the allosteric effects

of Na� on ligand binding without perturbing allosteric regu-
lation by amiloride analogs (16). It has also been suggested

that regulation of receptors by Na� , pH, and amiloride ana-
logs may be a manifestation of the ability of these receptors

to affect Na�/H� exchange (13, 14).
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Amiloride and analogs of this compound have also been

shown to affect equilibrium radioligand binding to the D2

dopamine receptor ( 13) and the a2-adrenergic receptor (18).

In this study, we examined the regulation of [3Hlspiperone
binding to D2 dopamine receptors by amiloride and analogs of

amiloride in kinetic and equilibrium assays to understand

the nature of the allostenc regulation involved. Models have

been formulated to describe quantitatively the regulation of

[3Hlspiperone binding in the equilibrium assays. In these

models, the modulator binds to an allosteric site on the re-

ceptor from which it regulates its own binding and the bind-

ing of the radioligand to the competitive binding site.

Experimental Procedures

Materials. [3HlSpiperone ( 15-30 Ci/mmol) was purchased from

Amersham International (Buckinghamshire, UK). Amiloride was

obtained from Sigma Chemical (Poole, Dorset, UK). Benzamil, DMA,

ELA, MIA, HMA, and ( + )-butaclamol were purchased from Research

Biochemicals (Natick, MA). All other materials were obtained from

commercial sources and were of the highest available purity.

Cell growth. Ltk59 cells ( 19) expressing the rat D2(�0flg) dopamine
receptor were adapted for growth in suspension. Frozen stocks of

cells ( 1 ml of 2 x 10� cells/mi) previously grown as adherent mono-

layers (19) were thawed and resuspended in 20 ml of RPMI medium

supplemented with 2 mM glutamine, 5% fetal bovine serum, and 200
�g/ml active geneticin. The cells, which were maintained in an at-

mosphere of5% CO2 at 37#{176},were initially grown in Erlenmyer flasks

on an orbital shaker set at 100 rpm before transfer into stirrer

bottles designed for suspension culture. Cells were added to stirrer
bottles at a final density of -2 x iO� cells/ml and grown to a final

density of 7 x iO� to 1 x 106 cells/ml. The bottles were incubated on

magnetic stirrers set at 70 rpm.

Preparation of cell membranes. Ltk59 cells were centrifuged

at 3800 x g for 20 mm at 4#{176}.The cell pellet was then washed with an

ice-cold buffer containing 20 mM HEPES, 1 mM EDTA, 1 mM EGTA,
and 6 mM MgCl2, pH 7.4, and centrifuged as before. Washed cells

were resuspended in buffer ( -� 1 X iO� cells in 30 ml of buffer). The

cells were lysed by sonication using an MSE 150-W Ultrasonic Dis-

integrator. Aliquots of 30 ml of washed cells were placed in a beaker

of ice and subjected to six 5-sec pulses (18 �m and 3 mm diameter

exponential probe) separated by 5-sec intervals to avoid heating the

lysate. Lysates were then centrifuged at 1,700 X g for 10 mm at 4#{176}.

The supernatant from sonication lysates was centrifuged at 48,000 X

g for 1 hr at 4#{176}.The resulting membrane pellets were resuspended in

assay buffer [20 mM HEPES, 1 mM EDTA (free acid), 1 mM EGTA

(free acid), pH 7.41 and stored in 1-mi aliquots at -80#{176}.

Measurement of [3H]spiperone dissociation. Allosteric inter-

actions were detected using radioligand dissociation assays. Disso-

ciation of [3H]spiperone was measured using the unlabeled drug
method. Membranes (40-100 �g) were preincubated with 0.25 nM
[3Hlspiperone in a total volume of 0.9 ml of assay buffer for 1 hr at

25#{176}.In some experiments, the buffer contained 6 mM MgC12; this is
indicated in the text where appropriate. The effects ofGTP (100 MM)

were measured using buffer containing 6 mM MgC12. Radioligand

dissociation was then initiated by the addition of a saturating con-

centration of (+ )-butaciamol (3 MM) with or without ailosteric mod-

ulators. Amiloride analogs were dissolved in DMSO, whereas amilo-

ride was soluble in distilled water. The final DMSO concentration

was �0.75%, and the appropriate vehicle was added in control ex-

periments. The time course of dissociation of total binding was mea-

sured by rapid filtration of triplicate aliquots at appropriate time

intervals. The samples were filtered through Whatman GF/C glass-
fiber filters on a Brandel cell harvester with four washes of 3 ml of

phosphate-buffered saline (0.14 M NaC1, 3 mM KCI, 1.5 mM KH2PO4,
5 mM Na2HPO4, pH 7.4). Filters were then soaked for �6 hr in 2 ml

ofLKB Optiphase Hisafe 3 scintillation fluid before determination of

radioactivity by liquid scintillation counting. Nonspecific binding

was measured after a 1-hr incubation in the presence of 3 MM ( + )-

butaclamol.

Measurement of [3Hlspiperone association. Membranes
(20-30 �g in 0.9 ml of assay buffer) and [3Hlspiperone were brought

to 25#{176}by incubating them separately for 20 mm. In some experi-

ments, the buffer contained 6 m�t MgC12, 120 mM NaCl, or 120 mM

NMDG. In experiments designed to measure the effects of GTP, the

modulator was present at a concentration of 100 MM in a buffer

containing 6 mM MgCl2. Association was initiated by the addition of

0.1 ml [3Hlspiperone, producing a final radioligand concentration of
0.2-0.4 flM. Bound and free radioligands were separated, and filter-

bound radioactivity was measured as described for measurement of

dissociation. The bound radioligand varied from 5�i to 12% ofthe free

radioligand concentration.

Inhibition of equilibrium binding of [3Hlspiperone by MIA.

In these experiments, the binding of a fixed concentration of

[3Hlspiperone was measured in the presence of a range of concen-

trations of MIA. Cell membranes (30-60 �g) were incubated with

[3Hlspiperone (0. 15-0.2 nM) and a range of concentrations of MLA in

1 ml of assay buffer at 25#{176}for 2 hr. Triplicate determinations at each

concentration of MLA were performed. Total binding was measured

in the presence of 0.75% DMSO. Nonspecific binding was measured
in the presence of the solvent and 3 MM ( + )-butaclamol.

Saturation analysis of [3H]spiperone binding. These experi-
ments were performed to determine the K(/ and Bmax of [3Hlspiper-

one binding. A large assay volume ( 10 ml) was used to obtain an

accurate measure of Kd (see below). The effect of MIA on [3Hlspip-

erone saturation parameters was measured using an assay volume of
1 ml. Because this latter procedure may produce erroneous estimates

of Kd, the effect of a well-characterized ligand [haloperidol (a com-

petitive antagonist)) on Kd and Bmax was also determined.
Large-volume saturation experiments were carried out in a vol-

ume of 10 ml, so that a low concentration of membranes could be

used. If high concentrations of membranes are used, the lipophilic

nature of [3Hlspiperone can result in erroneous estimates of affinity
because of the ligand depletion caused by binding to receptors and
because of partitioning into the lipid phase of the membrane (20).

Membranes (30-45 �g) were incubated at 25#{176}with 12-18 concentra-

tions of [3Hlspiperone (total concentrations were typically 1 pM to 1
nM) with triplicate or quadruplicate measurements. An association

assay indicated that a total [3Hlspiperone concentration of 9 �M

reached equilibrium in 4 hr. To ensure that incubations of lower

radioligand concentrations had attained equilibrium, an 8-hr incu-

bation period was used. Total and nonspecific bindings were mea-

sured in the presence of 3 MM ( - )-butaclamol and 3 MM ( +)-buta-
clamol, respectively. Filtration was carried out as before, except that

four washes of 6 ml were used, which was found to be sufficient to

wash the filters in a preliminary experiment. The total receptor

concentration in these assays varied between 0.9 and 2.2 pM.

For small-volume saturation experiments, cell membranes (50-60
�g) were incubated with a range of concentrations of [3Hlspiperone

(total concentrations were typically 10 �M to 1 nM for experiments in

the absence of modulators) in a final volume of 1 ml at 25#{176}.Radioli-

gand association experiments demonstrated that in the presence of

0.75% DMSO, 10 MM MIA, or 31.6 MM MIA, total [3Hlspiperone
concentrations of 20-40�i of K(/ reached equilibrium with the recep-

tor within 2 hr. To ensure that lower concentrations of [3Hlspiperone

had equilibrated, an incubation period of 4 hr was used. Total bind-

ing was measured in the presence of 3 MM ( - )-butaclamol, whereas

nonspecific binding was determined by incubation with 3 MM (+)-

butaclamol. In experiments that included MIA or haloperidol, the

range of l3Hlspiperone concentrations was varied according to ap-

parent Kd values obtained in initial experiments. Each measurement

was performed in triplicate. The total receptor concentration in these

experiments was 38-72 pM.

Data analysis. Dissociation and association data were analyzed

using the KINETIC program of LIGAND (Biosoft, Ferguson, MO).
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The EBDA and LIGAND programs of this package were used to

analyze pseudocompetition and saturation data. Concentration-de-
pendence isotherms were analyzed using InPlot (GraphPAD Soft-

ware, San Diego, CA). For comparison of the ailosteric effects of the

different compounds, rate values were not used as a measure of
acceleration of [3H]spiperone dissociation. This was because data at

high modulator concentrations fit to functions that assume two rates
of dissociation, whereas data for low concentrations and controls,
from short time course experiments (60-80 mm), were described by

monoexponential functions. The allosteric effect was quantified as

the specific [3H]spiperone bound after 20-mm radioligand dissocia-
tion in the presence of modulator divided by the value obtained for
the control. The dependence of this value on the logarithm of the
modulator concentration (X) was fit to the equation

1-A
% Bound/% bOUfld(control) at 20 mm = A + � � (1013/1#{216}X)fl

where A is the lower plateau of the curve, B is the log(EC50), and n

represents the Hill coefficient.
Data from experiments measuring the effect of MLA on [3H]spip-

erone dissociation, in the presence of amiloride, were subjected to
Schild analysis (21). The dependence of calculated dose ratios on

amiloride concentration was fit, using linear regression, to the equa-

tion

Log(dose ratio) = log([amiloride]) + pA2

where pA2 represents the estimate of the amiloride affinity. This

analysis was also used for the effects of haloperidol and MIA on
[3H}spiperone saturation analyses. Dose ratios were calculated as

the Kd in the presence of haloperidol or MIA divided by the Kd in its

absence.

Association rate constants (k1) for [3H]spiperone binding were
determined from the observed association rates (kl)ObS)) obtained
from the curve-fitting procedure by using the equation

kl(ObS) k1
k1= [LI

where � is the appropriate dissociation rate constant, and [LI is
the free [3Hlspiperone concentration.

Pseudocompetition and saturation data for [3Hlspiperone binding

were also analyzed using the binding models outlined in Appendix.
SigmaPlot (Jandel Scientific, San Rafael, CA) was used for these

analyses.

Statistical significance of differences between data was deter-
mined using Student’s t tests. EC50 values were first converted to the

respective normally distributed negative logarithm.

Results

Dissociation of [3Hlspiperone from Ltk59 mem-

branes: effects of allosteric modulators. The kinetics of

the dissociation of [3H]spiperone from D2 dopamine receptors

were determined after the addition of an excess of the com-
peting ligand (+)-butaclamol. In initial experiments, the dis-

sociation of [3Hlspiperone was followed over a 60-mm time
course, and the data obtained under these conditions were fit
to monoexponential functions (Fig. 1), with a mean off-rate of
0.00986 ± 0.00098 min � (mean ± standard error, seven

experiments).

The dissociation of {3Hlspiperone was measured in the
presence of different concentrations of amiloride during a
60-mm time course. Amiloride increased the dissociation rate

for [3Hlspiperone in a concentration-dependent manner
(Figs. 1 and 2), and radioligand dissociation in the presence

of all amiloride concentrations was described best by mono-

Time (mH)

Fig. I . �H]Spiperone dissociation from the D2 dopamine receptor in
the presence of amiloride. Dissociation of [3Hlspiperone from Ltk59
membranes was measured as described in Experimental Procedures in
the absence of modulator (Lx) and in the presence of a range of amilo-
ride concentrations (A, 50 MM; 0, 150 MM; #{149},300 MM; E, 750 MM; U, 1
mM). Data points, expressed as the percentage of [3H]spiperone bind-
ing in the absence of (+)-butaclamol, after equilibration; curves, com-
puter-generated single exponential best fits derived by nonlinear re-
gression analysis of the data points. The data are from a single
experiment that was repeated twice with similar results.

exponential functions. The EC50 value for the increase of this
rate was 347 ± 1 19 �tM (mean ± standard error, three exper-
iments). When measured over longer time courses (�100

(3) mm), dissociation data in the presence of 1 and 3.2 mM

amiloride were better fit (p < 0.01) by assuming two disso-

ciation rates (data not shown).

The effect of analogs of amiloride on the dissociation of

[3Hlspiperone was measured over 100 mm to examine
whether the analogs had effects on the more complex kinetic
behavior described above. Monoexponential functions de-

scribed [3Hlspiperone dissociation in the presence of lower
analog concentrations (Fig. 3A), but at higher concentrations

of amiloride analogs (�31.6 p.M for DMA and benzamil; �10
�tM for EIA and MLA, and �3.2 �.tM for HMA), analysis of

dissociation data was significantly improved (p < 0.05) by
assuming that there were two off-rates (Fig. 3A). Extension

of the time course to 300 mm revealed biexponential dissoci-

ation for experiments with 1 and 3.2 �.tM MIA (Fig. 3B) as well

as in the absence of the modulators (see below for complete

data).
To obtain a measure of the differential effects of the differ-

ent compounds on dissociation rates, the amount of [3Hlspip-
erone remaining bound after 20 mm was determined for
different concentrations of the compounds. All of the analogs
accelerated [3Hlspiperone dissociation with a higher potency
than the parent compound (Fig. 2 and Table 1), with a rank
order ofpotency ofHMA > MIA > EIA > benzamil > DMA>

amiloride. The analogs also produced a greater maximal ef-
fect than amiloride, in terms of both the binding remaining
after 20-mm dissociation (Fig. 2) and the acceleration of the
rapid off-rate produced by a saturating modulator concentra-
tion (Table 1).
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Fig. 2. Concentration dependence of amiloride and amiloride analogs
for acceleration of �H]spiperone dissociation from the D2 dopamine
receptor (Li, amilonde; A, benzamil; 0, DMA; #{149},EIA; E, MIA; U, HMA).

Radioligand dissociation experiments using Ltk59 membranes were
carried out as outlined in Experimental Procedures. Acceleration of

rH]spiperone dissociation was quantified as the amount of binding
remaining after 20 mm of the dissociation phase and expressed as a
percentage of this value for dissociation in the presence of the vehicle.
The binding at 20 mm was calculated from dissociation curves derived
by nonlinear regression of the time course data. The concentration
dependence of these values was fit to eq. 1 . Data points, mean ±

standard error from three or four experiments; curves, defined by eq. 1
using parameters that are averaged from fits to data from three or four
experiments.

Analysis of [3H]spiperone dissociation over longer

time periods: effect of MIA on the kinetics of [3H]spip-

erone dissociation. Extension of the time course of disso-

ciation to 5 hr revealed biexponential dissociation even in the

absence of allosteric modulators; the fit was significantly

improved (p < 0.01) by assuming two rates of dissociation
(Fig. 4B and Table 2). In the experiments described below on

the effects of amiloride analogs, DMSO was included as a

solvent. When measured over 5 hr (Fig. 3B), analysis of
radioligand dissociation in the presence of 0.75% DMSO was

significantly improved by using a biexponential function, but

the mean kinetic parameters from three experiments
[k_ 1(fast) = 0.0281 ± 0.0077 min � (39.6 ± 2.8% of specific

binding); kl(S1OW) 0.00272 ± 0.00039 min1I (mean ±

standard error, four experiments) were not significantly dii-

ferent (p > 0.05) from the corresponding values in the ab-

sence of solvent (Table 2).

The addition of MIA accelerated both the slow and rapid

rates of [3Hlspiperone dissociation (Fig. 5A). Different con-
centrations of MIA were tested, and dose-response curves

were obtained for the effects on the slow and rapid rates.

Both response curves closely approximated mass action

curves, with the slopes not differing significantly from unity

(p > 0.05). The EC50 values for the acceleration of the two

rates (49.7 ± 5.8 ,tM for k lfast and 42.2 ± 7. 1 �tM for

k 1(glow)’ mean ± standard error, four experiments) are not

significantly different (p > 0.05). MIA induced a 14.7 ±

0.8-fold increase of the fast {3Hlspiperone dissociation rate.

Time (mm)

Fig. 3. Dissociation of �H]spiperone from the D2 dopamine receptor in
the presence of MIA and 0.75% DMSO. The time course of dissociation
of �H]spiperone binding from Ltk59 membranes was performed as
described in Experimental Procedures. Top, Measurement of rH]spip-
erone dissociation for 100 mm. Data in the presence of 0.75% DMSO
(x), 1 MM MIA (Lx), and 3.1 6 MM MIA (A) are described by monoexpo-
nential curves. Biexponential curves improve the goodness of fit (p <

0.05) for radioligand dissociation in the presence of 1OMM (0), 3l.6MM

(#{149}),100MM (El), and 31 6MM 4 MIA. Data are from a single experiment
that was repeated three times. Bottom, Five-hour time course of
[3 H]spiperone dissociation. Extension of the time course reveals the
biphasic nature of radioligand dissociation in the presence of 0.75%
DMSO (x), 1 p.M MIA (L�.), and 3.16 MM MIA (A). Curves are all biexpo-
nential functions, which represent better fits to the data (p < 0.05)
compared with single-rate functions.

The maximal acceleration of the slow rate (16.1 ± 1.2-fold)

was not significantly different (p > 0.05) from that ofthe fast

rate.

MIA also modulated the proportion of total [3Hlspiperone
binding that dissociated at the rapid rate, defined as �fast

(Fig. 5B). This effect is not described by a mass action curve;

a steep slope of 2.26 ± 0.35 (mean ± standard error, four

experiments) was obtained from the curve-fitting analysis.

The EC50 value for this effect was 30.1 ± 1.7 p.M, with MIA

inducing a maximum �(fast) value of 89.0 ± 1.3%.

Effect of amioride on acceleration of [3Hlspiperone
dissociation produced by MIA.. Amiloride produces a

lower maximal increase of the radioligand dissociation rate

compared with MIA (Table 1). This difference was exploited

to investigate whether the two modulators act at a common
site to produce this effect. The addition of amiloride resulted
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TABLE 1

Structure-activity relationship data for amiloride and amilonde analogs for acceleration of [�H]spiperone dissociation from the D2
dopamine receptor
The time course of radioligand dissociation from Ltk59 membranes was determined as outlined in Experimental Procedures. Data were fit to monoexponential and
biexponential functions. The kinetic parameters generated were used to calculate the percentage of specific binding remaining after 20 mm, which was then divided
by the equivalent value in the presence of the appropriate vehicle. The normalized data were fit to eq. 1 using nonlinear regression to obtain estimates of relative
potency (EC50). To obtain a measure of the relative maximal effect of these compounds (Em�,J, the fast dissociation rate at saturating concentrations was divided by
the fast [�H]spiperone off-rate for the appropriate vehicle. Time course data in the presence of saturating modulator concentrations are described by two-rate functions.
The modulator concentrations in these experiments were amiloride, 3.1 6 mM; benzamil and DMA, 1 mM; and EIA, MIA, and HMA, 31 6 �i. Values are mean ± standard
error for three or four experiments.

Maximal-fold increase of
Modulator EC50 oft-rate

0 NH2 MMAmiloride � 214.8 ± 34.8 2.7 ± 0.2

H2N�N�NH2

� NH2

DMA � 75.5 ± 8.2 8.4 ± 0.9

(a-i3)2N�N�NH2

� NH2

Benzamil H � 45.5 ± 4.0 4.8 ± 0.7

� NH2

EIA CH3CH2NXXN0NH2 20.2 ± 4.6 17.6 ± 1.5

H3C-CH7

OH3

� NH2

MIA H3C��(N0�H2 13.8 ± 1.0 14.3 ± 1.8

(0H3)20HCH27 2

� NH2

HMA Cl)N�C�N� 9.5 ± 1.6 16.4 ± 2.8

C)N N NH2

in a concentration-dependent rightward shift of the MIA (Fig. 6A). This prevents the calculation of EC50 values, which

response curve (Fig. 6A). The concentration-response curves are normally used to calculate dose ratios for Schild analysis

for the presence and absence of amiloride seemed to be par- (21).
allel. Analysis of this shift was complicated by the limited To calculate dose-ratio values, equieffective doses of MIA

solubility of MIA; in the presence of amiloride, it was not in the presence of the various amiloride concentrations were
possible to obtain a measurement of the maximum response determined. This was done for two response values, repre-
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Fig. 4. [�H]Spiperone binding kinetics at the D2 dopamine receptor
with the addition of 6 m� MgCl2 (A), 6 m�i MgCl2, and 100 MM GTP (0)

and in the absence of either modulator (Lx) (the presence of 1 m� EDTA
and 1 mM EGTA in the assay buffer results in an effective Mg2�
concentration of 4 mM). The experiments were performed as described
in Experimental Procedures. Top, rH]Spiperone association to Ltk59
membranes. The data are from representative experiments. Associa-
tion in the presence of Mg2� and GTP was best described by mono-
exponential functions, whereas association in the absence of modula-
tors was best described by biexponential functions. The data in the
presence of MgCl2 are best described by a biexponential association
function in which the fast rate represented 5% of total equilibrium
binding. The assay was repeated twice with similar results for the
control and in the presence of MgCl2 and GTP and eight times in the
presence of MgCI2 (see text for details of these fits). Bottom, [�H]Spip-
erone dissociation from Ltk59 membranes. Data are from a represen-

tative experiment that was repeated twice for the control, six times in
the presence of MgCl2, and four times in the presence of MgCl2 and
GTP with similar results. The curves are monoexponential fits to the
MgCI2 and MgCl�/GTP data and biexponential fits to the control data.

sented by [3Hlspiperone dissociation rates of 0. 125 and 0.175

min ‘ (Fig. 6A). Schild analysis yields linear plots (Fig. 6B).
The slopes obtained at [3H]spiperone dissociation rates of
0.125 and 0.175 min’ were 0.99 ± 0.15 and 0.83 ± 0.10,

respectively (mean ± standard error from analysis of pooled

dose-ratio data). Neither of these values is significantly dif-
ferent from unity (p > 0.05). The estimates of pA2 were 479
and 339 p.M, respectively. Both ofthese values are close to the
EC50 value of amiloride when used alone (347 LM).

Analysis of [3H]spiperone association to Ltk59 mem-
branes. The time course of [3H]spiperone association to the

D2 dopamine receptor was described statistically better (p <

0.05) by biexponential association curves than by single-rate

functions (Fig. 4A and Table 3), and from these fits, two

observed association rates can be obtained: kl(Ob$)SIOW and
kl(obs)fast. If these observed association rates are combined
with the corresponding values for the slow and fast dissoci-

ation rate constants, then association rate constants k1810�

and klfast can be calculated using eq. 3 (Table 3). The asso-
ciation and dissociation rate constants can then be used to

obtain values for equilibrium dissociation constants (Kd) =

11.6 and 7.8 �M for the slow and fast components, respectively).

The kinetics of [3H]spiperone binding in the pres-
ence of MgC12 and GTP. Dissociation of [3Hlspiperone in
the presence of Mg�� was fit best to a single-rate function

(Fig. 4B and Table 2). (For these experiments, 6 mM MgCl2

was present in the equilibration and dissociation phases.)

The mean dissociation rate was not significantly different

(p > 0.05) from the slow rate in the absence of modulators
(Table 2). In four of nine experiments, [3Hlspiperone associ-

ation in the presence of Mg�� was best described by a single

association rate that was similar to the slow rate in the

absence of the cation. In the other five experiments, a small

proportion of the equilibrium binding was detectable that

associated at a more rapid rate; the biexponential fit was a
significant improvement (p < 0.05) over the single-rate fit.
The mean calculated kl(fast) and kl(S1OW) values (Table 3) were

not significantly different from the control rate constants

(p > 0.05). The proportion ofbinding associating at the rapid
rate (Table 3) was significantly lower (p < 0.05) than that of

the control. The apparent loss of the faster rates of dissocia-

tion and association in the presence of Mg�� suggests that

the combination of rates used in Table 3 is correct.

Dissociation of [3Hlspiperone in the presence of GTP (100
jtM) and Mg�� (6 mM) was best described by monoexponential
functions, with the biexponential functions providing no im-

provement (p > 0.05). The dissociation rate measured in
these experiments was not significantly different from the
value obtained in the presence of Mg�� alone (Table 2; p >

0.05). Association of [3Hlspiperone in the presence of GTP
and Mg�� was best described by a single association rate in

all cases (Table 3). The calculated association rate constant
was half of that for the absence of GTP (Table 3), but this

effect was not statistically significant (p > 0.05).

Association of [3H]spiperone to Ltk59 membranes in

the presence of 120 m�i NaCl or 120 m�i NMDG. Associ-
ation of [3Hlspiperone was measured in the presence of 120

mM NMDG to determine whether ionic strength affected the
process. Association under these conditions was better de-

scribed using a biexponential function (p < 0.05) than with a
single-rate fit (Fig. 7 and Table 4). The observed slow and fast

association rates (Table 4) were not significantly different
(p > 0.05) from the equivalent rates for the control (Table 3).
The range of free radioligand concentrations in the presence

of NMDG was similar to that in control experiments (239-

374 and 217-304 pM, respectively), so the observed associa-

tion rates are comparable. The presence of NMDG did not
significantly affect (p > 0.05) the distribution of equilibrium
binding that associated at the slow and fast rates (Tables 3
and 4). The presence of 120 m�t NMDG accelerated [3Hlspip-

erone dissociation (data not shown). Because of this effect of
ionic strength, the effect of NaCl on radioligand dissociation

was not tested.
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In the presence of 120 mrvi NaC1, the slow rate of [3Hlspip-

erone association could not be detected in three experiments;

the time course data were fit best by a monoexponential
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TABLE 2

Kinetic parameters for �H]spiperone dissociation from the D2 dopamine receptor. effects of MgCI2 and GTP
Radioligand dissociation from Ltk59 membranes was performed as described in Experimental Procedures. The presence of 1 m� EDTA and 1 m�i EGTA results in an
effective Mg2� concentration of 4 m�. Parameters are derived from biexponential fits to the data for the control and monoexponential fits for dissociation for the other
two experimental conditions. P(smow) and P(f�) represent the fraction of �H1spiperone binding that dissociates at the slow and fast rate, respectively. Values are mean �
standard error (three experiments for the control, seven experiments for 6 m� MgCl2, and five experiments for MgCl2 and GTP).

Experiment k_1��10�� P�0�4� k_iitasti P(fast)

mirr �(x 100) % min � (x 100) %

Control 0.269 ± 0.036 58.2 ± 5.1 2.23 ± 0.61 41.8 ± 5.1
MgCI2 0.305 ± 0.043 100
MgCl2 + GTP 0.319 ± 0.038 100

log [MIA] (M)

Fig. 5. Effect of MIA on kinetic parameters of [�H]spip&one dissociation
from the D2 dopamine receptor. Biexponential dissociation functions fit to
time course data generated four parameters: the slow and fast dissocia-
tion rate values and the fractions of total specific binding that dissociate at
the slow and fast rates. Data represent the mean ± standard error from
four experiments. Top, MIA concentration dependence of acceleration of
slow (#{149})and fast (0) dissociation. The slow and fast rates in the presence
of different concentrations of MIA were dMded by slow and fast dissoci-
ation rates, respectively, for [�H]spiperone in the presence of 0.75%
DMSO. Curves were generated using a four-parameter logistic equation
for each experiment. The curves in the figure are defined by this equation
using the mean parameters from the four experiments. Bottom, Concen-

tration dependence of MIA for increasing the proportion of �H]spiperone
binding that dissociates at the fast rate (P�). The curve is defined by a
four-parameter logistic equation using mean parameter values obtained
from curve fitting to the four individual experiments.

0
0

x

C

E

0.00

-3.50 -3.00 -2.50 -2.00

log [amiloride] (M)

Fig. 6. Acceleration of �H]spiperone dissociation from the D2 dopa-
mine receptor produced by MIA in the presence of amilonde. Top, MIA
concentration-dependence isotherms for increasing the �HJspiperone
off-rate in the presence of a range of concentrations of amiloride (�,

0.56 mM; A, 1 mM; 0, 1.78 mM; #{149},3.16 mM; LO,5.62 mM; x, MIA alone).
Radioligand dissociation from Ltk59 membranes was performed as
outlined in Experimental Procedures. Dissociation rate values are the
rapid rates from biexponential fits to the time course data, which were
significantly better (p < 0.05) than single-rate fits. Data points, mean ±

standard error (three or four experiments) or mean ± range (two ex-
penments). Bottom, Schild plot of data from top. Dose ratios were
calculated for two response values, represented by �H]spiperone rates

of 0.1 25 min1 (0) and 0.1 75 min1 (0). Lines, linear-regression fits of
the data to eq. 2 (dashed line, 0.125 min1 response value; solid line,
0.1 75 min1 response value). Data points, mean ± standard error (three
or four experiments) or mean ± range (two experiments).

function. In two other experiments, radioligand association
was better described (p < 0.05) by a two-rate function (Fig. 7

and Table 4). The mean klobs(fagt) value was not significantly

different from the mean value obtained in the presence of
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TABLE 3

Kinetic parameters for �HJspiperone association to the D2 dopamine receptor in the presence and absence of 6 mM MgCl2 and 100
g.tM GTP
The assays for radioligand association to Ltk59 membranes were carried out as described in Experimental Procedures. Parameters are derived from biexponential fits
for the control and monoexponential fits to data in the presence of MgCI2 and GTP, and values are mean ± standard error from three experiments. Data from four
experiments performed in the presence of Mg2 � alone were statistically better described by monoexponential functions (p < 0.05), whereas biexponential functions
represented a significant improvement (p < 0.05) in five experiments. The slow rate data are mean ± standard error from nine experiments, assuming that the single
rate from the monoexponential fits represents the slow rate. The fast rate data are mean ± standard error from the five experiments in which this component was
detected. The P�0� and �(fast) values represent the fractions of total specific [�H]spiperone binding at equilibrium that associate at these slow and fast rates,
respectively. The values are mean ± standard error from nine experiments in the presence of MgCI2 where � was taken as 1 00% for the monoexponential fits.
Association rate constants [k11�,0�� and kiitast�] were calculated using eq. 3. It was assumed that the slow on-rate was associated with the slow off-rate, with a similar
combination for the fast kinetics, when making these calculations. To calculate kl(fast) in the presence of MgCl2, the fast rate of dissociation in the absence of
modulators was used (Table 2).

Experiment klObS(S,OW) P(SiOW) klobs(fast) P(last) kl(SiOW) kl(last)

mm ‘ % min1 % mi,r’ M1 (x1O�8) min1 M1 (xlO9)

Control 0.0623 ± 0.0118 53.3 ± 5.1 0.768 ± 0.198 46.7 ± 5.1 2.32 ± 0.22 2.87 ± 0.49
MgCI2 0.0703 ± 0.0164 87.1 ± 4.8 0.482 ± 0.164 12.9 ± 4.8 2.93 ± 0.73 1.94 ± 0.63
MgCI2 + GTP 0.0365 ± 0.0035 100 1.43 ± 0.14

4C)

Time (rn�n)

Fig. 7. Association of [�H]spiperone to the D2 dopamine receptor in
the presence of 120 m� NMDG (L�) and 120 m� NaCI (A). The time
course of radioligand association to Ltk59 membranes was measured
as described in Experimental Procedures. In the presence of NMDG,
[3H]spiperone association was described by a biexponential function,
which improved the fit compared with a monoexponential function in all

cases. In the presence of Na� , biexponential fits provided an improve-
ment in some cases. Data from the experiment shown were described
by a biexponential function. (See legend to Table 4 for details regarding
these fits.) Data are from a representative experiment that was repeated
four times in the presence of NaCI and twice for the NMDG control.

NMDG (Table 4). The slow observed association rate con-

stant was similar to that observed for NMDG (Table 4).

Comparisons of the observed association rates can be made
because the free [3Hlspiperone concentration was similar in
the presence of sodium (213-333 pM) compared with the
NMDG experiments (see above). The proportion of equilib-
rium [3Hlspiperone binding that associated at the fast rate
was greater in the presence of sodium compared with NMDG
(Table 4), and the effect was statistically significant (p <

0.05).
Saturation and inhibition analysis of [3Hlspiperone

binding to Ltk59 membranes: effects of MM.. Equilib-
rium [3H]spiperone saturation binding experiments were

performed under two conditions: large-volume ( 10 ml) assays
to minimize ligand depletion and, more routinely, small-
volume (1 ml) assays. Data from these assays were analyzed

using a single-site model and a model that assumes two

independent sites. For large-volume assays, the single-site

analysis provided a good fit to the data in all cases and

yielded a Kd value of 16.8 ± 2.5 �M (mean ± standard error

six experiments) (Fig. 8). For [3Hlspiperone saturation mea-

sured using a 1-ml volume, the Kd value was 112 ± 8 �M

(mean ± standard error, 45 experiments) for the control and

147 ± 35 �M in the presence of 0.75% DMSO (mean ±

standard error, five experiments). The effects of a range of
concentrations of haloperidol and MIA on [3Hlspiperone sat-

urations was tested using the latter procedure, and the data
were analyzed using Schild analysis (Fig. 9). This experiment
for haloperidol was performed to determine whether the pro-
cedure was suitable for characterizing ligands despite the

inaccuracy of Kd determination resulting from ligand deple-
tion (see Experimental Procedures). For haloperidol, the ef-

fects were to increase the apparent Kd without affecting Bm,,�

(Fig. 9), and Schild analysis of the data was consistent with

a competitive interaction at the receptor (Schild slope =

1.05 ± 0. 1 1, mean ± standard error from pooled dose-ratio

data; PA2 8.40). For MIA, the apparent Kd increased and
Bmax was not significantly affected except at the highest

concentration of MIA (Fig. 9). Schild analysis of the data
excluding the value at the highest MIA concentration mdi-
cated a noncompetitive interaction. Schild analysis yielded a

slope of 1.43 ± 0.16 (mean ± standard error from analysis of

pooled dose-ratio data). This mean slope value is significantly
different from unity (p < 0.05). The pA2 value was 5.28
(equivalent to 5.25 j.LM).

MIA was also tested in inhibition experiments versus a

single concentration of [3Hlspiperone (Fig. 10 and Appendix)
(pseudocompetition experiment). MIA inhibited all specific
[3H]spiperone binding, and the Hill slope of the inhibition
curve was 2. 15 ± 0.06 (mean ± standard error, three exper-

iments). These data and data from the saturation analyses

were analyzed using various models for the interactions of

ligands at allosteric and competitive sites; details are given
in the Appendix.

Discussion

The allosteric regulation of D2 dopamine receptors by
amiloride and amiloride analogs is described. The effects of

this allosteric modulation have been examined in kinetic and

equilibrium experiments, and models for the regulation are
proposed.
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Kb(obse,�ed) = Kb(1-aPY1 (4)

TABLE 4

Kinetic parameters for (�HJspiperone association to the D2 dopamine receptor in the presence of 120 m� NMDG or 120 m�.i NaCI
Association of [�H]spiperone to Ltk59 membranes was measured as outlined in Experimental Procedures. Biexponential functions described the time course of
radioligand association in the presence of NMDG, and the parameters are mean ± standard error from three experiments. Data from three experiments performed in

the presence of NaCI were better described (p > 0.05) by monoexponential functions, whereas a two-rate fit improved the analysis (p < 0.05) in two additional
experiments. The fast rate data are mean ± standard error from all five experiments, whereas the slow rate value is the mean ± range from the two experiments in

which this component was detected. The P�810��� and �(fast) values represent the fractions of total specific [�H]spiperone binding that associate at the slow and fast rates,
respectively. The values are the mean ± standard error from all five experiments, in which P(f��) was taken as 1 00% for the monoexponential fits.

Experiment klObS(S,OW) P(SiOW) klobs(fasm) P(last)

miir1 % miii ‘ %

NMDG 0.0502 ± 0.0019 62.0 ± 3.8 0.499 ± 0.088 38.0 ± 3.8
NaCI 0.0829 ± 0.0580 15.4 ± 1 1 .3 0.500 ± 0.140 84.6 t 11.3

Free [3H]spiperone (pM)

Fig. 8. [�H]Spiperone saturation of the D2 dopamine receptor mea-
sured using a large-volume assay (1 0 ml). This method, described in
Experimental Procedures, permits an accurate determination of Kd of
the radioligand. The data are from a single experiment that was re-
peated five times. The curve is defined by a single-site binding iso-
therm. Inset, Scatchard transformation of the data. The line is defined
by parameters generated by nonlinear regression analysis of the satu-
ration curve using a single-site binding isotherm.

Allosteric regulation by amiloride and amiloride analogs of

the binding of [3H]spiperone to D2 dopamine receptors was
first studied through investigation of the ability of these

compounds to alter the dissociation kinetics of the radioli-

gand. All of the analogs tested accelerated [3Hlspiperone

dissociation from the D2 dopamine receptor with higher p0-

tencies than amiloride itself and gave greater maximal ac-
celerations of dissociation (Fig. 2 and Table 1). Two struc-
tural classes of amiloride analogs, commonly used for

structure-activity determinations on amiloride-binding pro-
teins, were included in this study. These were analogs sub-

stituted at the 5-amino group of the pyrazine ring and a

terminal guanidino-nitrogen-substituted derivative, ben-

zamil. In common with modulation of the Na’7W exchanger

and the L-type calcium channel, hydrocarbon substituents at
the 5-pyrazinoyl-nitrogen increased potency, with the EC50
value decreasing with increasing hydrocarbon chain length

(22, 23).
In contrast to modulation of Na�1H� exchange, the termi-

nal guanidino-substituted derivative benzamil accelerated
radioligand dissociation with a higher potency than the par-

ent compound (22). This suggests that allosteric regulation of
the D2 dopamine receptor is not a reflection of the ability of

the receptor to modulate Na�fH� exchange. A similar finding
has been reported for the a2-adrenergic receptor (24). Com-

pounds of the amiloride series have been used in microphysi-

ometry studies to implicate the Na�fH� exchanger in extra-

cellular acidification responses (25-27). However, compounds of
the amiloride series modulate ligand binding to the D2 dopa-
mine receptor and affect ligand binding at the D3 and D4 sub-

types (28), so the results ofthese microphysiometric studies are

likely to be difficult to interpret.
The rank order of potency of these amiloride analogs for

allosteric modulation of the D2 receptor is similar to that for
regulation of the cardiac L-type calcium channel (23). The
EC50 values at the D2 dopamine receptor are, however, 4-12-
fold greater than those at the calcium channel (23), and the
L cells used for some of the experiments reported here do not

have these channels (29), so the effects observed are unlikely

to be due to the calcium channel. From the current data, it is

not possible to assign the site of action of the modulators, but

based on data for the a2-adrenergic receptor ( 14), it seems

likely that modulation of the rate of [3Hlspiperone dissocia-
tion is a result of an interaction with an allosteric site on the

receptor itself.
It has been proposed that allosteric modulation by hydro-

phobic compounds could be due to nonspecific disruption of
the lipid environment (30). Therefore, it was important to
determine whether the compounds used in the current study

acted at a specific site. The difference in the maximal accel-

eration of [3Hlspiperone dissociation produced by amiloride,

compared with MLA (Fig. 2 and Table 1), was exploited to test

the nature of the allosteric interaction. [This difference was

used in a study on the M2 muscarinic acetylcholine receptor

to demonstrate a competitive interaction between two allo-

steric modulators (31).] In the current study, amiloride in-

hibited the effect of MIA, resulting in a parallel rightward

shift of the MIA response curve (Fig. GA). This observation

cannot be accounted for by a nonspecific membrane effect and

indeed suggests that the modulators are acting at a specific
site on the receptors.

Linear Schild plots (Fig. GB), together with Schild slopes

that did not differ significantly from unity, are consistent
with a model that assumes that amiloride competes with
MIA for a common site. The pKb value was close to that

obtained for amiloride alone. This estimate did not take into

account the small effect of amiloride itself on the increase in
the dissociation rate. By analogy with Schild analysis of the

effect of partial agonists, this activity can be taken into

account using the equation
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Fig. 9. �H]Spiperone saturation of the D2 dopamine receptor showing
the effects of haloperidol and MIA. Equilibrium binding of [�H]spiperone
binding to Ltk59 membranes was performed as described in Experi-
mental Procedures using an assay volume of 1 ml. Top, Scatchard plots
of saturation data for �H]spiperone alone (Li) and in the presence of

halopendol (A, 10 nM; 0, 32 nM; #{149},100 nM). Bottom, Scatchard plots of
saturation data for �H]spiperone in the presence of 0.75% DMSO (Li)

and in the presence of MIA (A, 10 �.tM; 0, 14.8 �M; #{149},21.4 �M; LI, 31.6

MM). Lines are defined by parameters generated by nonlinear regression
analysis of saturation curves, and the experiments have been repeated
two more times with similar results. Lower concentrations of MIA were
also tested in other experiments. Data for all MIA concentrations are
presented in Fig. 11.

where a� is the maximal response of the partial effector
expressed as a fraction of the maximal response of the “Full”
effector (32). This correction would be needed if the maximal

effect was an appreciable fraction of that produced by the
“Full” effector: in this study, the value was small (-12%),
which slightly reduced the Kb. The use of Schild analysis, as

applied here, provides a means for demonstrating competi-

tive interaction ofallosteric modulators at the same allosteric
site.

In extended dissociation experiments, [3Hlspiperone was

seen to dissociate at two rates even in the absence of modu-
lators, and it was necessary to perform these longer experi-
ments to reveal this behavior. MLA produced a complex mod-

ulation of these two rates of [3H]spiperone dissociation from
the D2 dopamine receptor. The compound increased both the

slow and rapid dissociation rates, acting at a similar potency
and inducing the same maximal acceleration for the two
rates (Fig. 5A). These changes were described by mass action
curves. A second effect was the increase of the proportion of
[3H]spiperone dissociating at the fast rate (�(fagt)) (Fig. 5B).

The concentration dependence of this effect was described by

a steep curve with a Hill coefficient close to 2. This suggests
that MIA may be acting at more than one site and that its
effects may exhibit a degree of cooperativity. The biphasic

nature of dissociation of [3Hlspiperone (Figs. 3B and 4B and
Table 2) suggests that there are two classes ofbinding site for

the radioligand. Results from [3H]spiperone association ex-
periments are consistent with this idea; the process is again
described by two rates (Fig. 4A and Table 3). However, in
agreement with a large number of other studies (13, 19, 35,
36), equilibrium binding was well described using a single-
site model (9). If it is assumed that the slow association rate
is linked with the slow dissociation rate and the rapid kinetic

parameters are similarly paired, estimates of Kd by division

ofk_1/k1 are very similar (11.6 and 7.8 pM, respectively). The
values would be too similar to be reliably distinguished using

[3Hlspiperone saturation experiments. The dissociation con-
stant determined here in large-volume assays (16.8 pM) is in

reasonably good agreement with these estimates. This value
is lower than that obtained in other studies (typically, 50-
100 pM) (13, 19, 35, 36) and the value obtained using a
smaller-assay volume (1 ml) in this study. The membrane
protein concentration used in the larger-volume assay (3-4.5
�g/ml) was very low compared with other studies, and this
low concentration was used to avoid errors in Kd determina-

tion produced by depletion of the lipophilic radioligand (20).
The higher Kd values obtained by others and in the smaller-

volume assay may be due to this phenomenon (see Refs. 32

and 33 for a more-detailed discussion ofthis effect). Although

the use of the smaller-assay volume does lead to an overes-

timation of the Kd of the radioligand, this assay design is
required for practical reasons in the routine application of
ligand-binding assays.

These data on the binding of [3Hlspiperone to the recom-
binant D2 dopamine receptor suggest that there are two

binding sites that can be distinguished kinetically but not in

equilibrium binding experiments. The two classes of binding
site could correspond to two populations of receptors (see
below), and the complex effects of MIA could be a result of
effects on these two populations of receptors. Acceleration of

the slow and fast dissociation processes may be a result of
MIA binding at an allosteric site that is present on both

receptor states, with the increased rate resulting from a
conformational change in the receptorfligand complex. This

idea is supported by the mass action concentration-depen-

dence curves for the increase in the two rates (Fig. 5A). The

similar effects of MIA on the two rates (Fig. 5A) suggest that
the modulator binds in a similar manner and elicits a similar
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Fig. 10. Curve-fitting analysis of data from �H]spiper-
one/MIA pseudocompetition experiments. Data were an-
alyzed in terms of a competitive model (eq. 7) and an

allosteric model (eq. 6) (dashed lines, which overlie one
another). The data were also analyzed using a model that
assumes competitive and allosteric modulation of
[�H]spiperone binding by MIA (eq. 5) (solid line, defined by
the following parameter estimates: cc = 0.25, f3 = 27.4, K�
= 47,600 M1, KA 43,200 M1). The analysis was per-
formed on pooled data from three experiments. The val-
ues ofKL and [L] that were used were 6.80 x i0� M1 and
1 .70 x 1 0 �#{176}M, respectively. Data points, mean ± stan-
dard error (three experiments). Although these data pro-
vide a qualitative comparison of the different models,
they were not used to obtain quantitative estimates of the
parameters of eq. 1 because of the limited number of
data points.
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conlormational change at both receptor states. The MIA-

induced increase of ‘�(fast) (Fig. SB) suggests that the modu-
lator is also able to alter the distribution of the two putative

receptor populations. This effect may be the result of differ-
ential binding to another site that could be the receptor
binding site. The high slope of the curve suggests that there
is a degree of positive cooperativity for this effect.

The nature of the two binding states implied from the
kinetic experiments was investigated using Na�, � and
GTP. These effectors have been shown to modulate the dis-

tribution of receptor states that bind agonist ligands with
different affinity (34-36). The ions altered the proportions of
the two states without affecting the rate constants for
[3H]spiperone binding. The presence of Mg�� shifted the

distribution ofslow and fast kinetic states in favor ofthe slow

state. Conversely, the effect of Na� in association experi-
ments was to alter this distribution in favor of the fast state.
The behavior ofGTP was tested in the presence of Mg�� , and

although there were effects of GTP in some experiments,

these were not significantly different from those of Mg��

alone. It seems likely that the states represent two confor-
mationally distinct populations of receptors and that Na�

and Mg�� act to shift an equilibrium between these states
without altering the binding characteristics of each popula-
tion. The distribution of these two putative populations in
{3Hjspiperone association experiments is similar to that ob-
served for radioligand dissociation. This suggests that a sim-

ilar distribution of the binding states is present in the ab-

sence of added ligand.
The effects of Mg�� , Na� , and GTP on the regulation of

agonist binding have been interpreted in terms of a ternary

complex model in which agonist binding promotes receptor/G

protein interaction (35, 37). Receptor/G protein interaction is

generally promoted by Mg�� and discouraged by GTP and
Na�. The effects of these modulators on the distribution of
the two populations of sites seen here in the kinetic experi-

ments are, therefore, not consistent with these sites resulting

from receptor/G protein interaction.
Multiple binding states for [3Hlspiperone have been re-

ported for D2 dopamine receptors of the anterior pituitary

(34) and striatum (38). [3HlSpiperone binds at two sites with

different affinities in pituitary tissue, and the presence of

GTP converts the low affinity state to the high affinity state.
A different binding mechanism has been described for stria-

tal dopamine receptors. Equilibrium binding analysis reveals
only a single affinity state, but the interaction of [3H]spiper-

one involves a postbinding isomerization reaction that may

involve a further interaction with G proteins. The results for

the kinetics of [3Hlspiperone binding in this study are differ-
ent from either of these two investigations. The differing

binding mechanisms for [3H]spiperone at the receptor in the

three tissues suggest that the cellular environment of the

receptor is important for defining regulation. This effect has

been demonstrated for a2-adrenergic receptors (39).
The demonstration of allosteric modulation using kinetic

analysis implies regulation of the receptor that should be
demonstrable in equilibrium binding experiments. This was
indeed the case, and MLA inhibited the binding of [3Hlspip-

erone to D2 dopamine receptors when included in saturation
experiments (Fig. 9). This effect could also be seen when a
range of concentrations of MIA were tested against a fixed
[3H]spiperone concentration in an inhibition (pseudocompe-
tition) experiment (Fig. 10 and Appendix). The effects of MIA

could not be described simply as a competitive interaction at
the competitive binding site of the receptor because the Hill

coefficient of the pseudocompetition curve was -2 and be-
cause when the effects of MIA in the saturation analyses
were subjected to Schild analysis, a Schild slope of > 1 was
seen. In a corresponding experiment using a range of concen-

trations of haloperidol, a Schild slope close to 1 was seen,
supporting the idea that this compound interacts with

[3H]spiperone at the competitive site; thus, competitive in-
teractions can be detected in this manner. Therefore, some of

the effects of MIA must be allosteric, as also indicated by the
kinetic experiments, but competitive interactions cannot be

ruled out. The results of the inhibition and saturation exper-
iments do not allow a clear decision to be made on this point.
In the inhibition experiment, a purely allosteric effect would

be likely to give only partial inhibition ofradioligand binding,
but a strongly negatively allosteric effector might give results
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TABLE 5
Parameters from curve-fifing analysis of �HJspiperone saturation of the D2 dopamine receptor in the presence of MIA
The parameters were obtained from curve-fitting analysis of saturation data presented in Fig. 9 to eq. 5. The analysis was performed for each concentration of MIA
(except 31 .6 �M for the reasons given in the text) to obtain the estimates of the parameters of the model. Values are mean ± standard error from fits to data from three
or four experiments. The value of KL used in these analyses was the [�H]spiperone association constant obtained in the presence of 0.75% DMSO, which was measured
in a vehicle control assay in each experiment. Mean value of parameters are a 0.45, f3 6.13, K� 65,700 M1, and KA = 57,900 M1.

MIA concentration
Parameter

4.6 6.8 10 14.8 21.4

jiM

a 0.74 ± 0.07 0.55 ± 0.01 0.41 ± 0.03 0.30 ± 0.01 0.25 ± 0.07
f3 4.92 ± 0.55 5.77 ± 0.17 6.12 ± 0.63 6.44 ± 0.90 7.42 ± 1.08
K�, M1 (x104) 5.92 ± 0.43 6.32 ± 0.16 6.43 ± 0.63 6.63 ± 0.89 7.54 ± 1.02
KA, M1 (x104) 5.30 ± 0.56 5.95 ± 0.15 6.05 ± 0.62 6.07 ± 0.94 6.91 ± 1.26

that were difficult to distinguish from complete inhibition (1,
2, 11).

We considered various models in which to describe these

observations on the effects of MIA (Appendix) and found that

a model that assumes effects of MLA at the allosteric and

competitive binding sites of the receptor fits the data well.
Negatively cooperative interactions are seen between MIA

acting at the allosteric site and [3Hlspiperone binding to the
competitive binding site, whereas positively cooperative in-
teractions are seen between molecules of MLA binding to the
allosteric and competitive sites. According to eq. 5 (see Ap-

pendix), the negatively cooperative interaction is signified by

values of a < 1, and the positively cooperative binding of MIA

is signified by values of j3 > 1. The effects of haloperidol on

[3Hlspiperone saturation (Schild slope not significantly dif-

ferent from unity) were consistent with eq. 7 (competitive
inhibition), so the more-complicated models were not used to

analyze these data. Modulation of antagonist binding to the
M1 muscarinic acetylcholine receptor by tetrahydoaminoacri-
dine is described by an inhibition curve with a steep slope
(40). The model described above may also be applicable for
this modulatory process.

The question can then be asked of whether the effects of
MLA in saturation and inhibition experiments are related to

the effects ofthis modulator on the kinetics ofligand binding.
The effects of MIA on saturation and inhibition experiments

are on the radioligand-bound and free receptors, whereas the
effects on the dissociation kinetics of ligand binding are on

the radioligand-bound receptor only. For saturation and in-
hibition experiments, the models in the Appendix describe

the allosteric effect of MIA at the free receptor (defined by
KA) and the radioligand-bound receptor (defined by aKA). For
radioligand dissociation experiments, the effect is quantified
for the radioligand-bound receptor (defined by aKA). KA and

a have been estimated from the analysis of the saturation
data described in the Appendix (mean values are from the

legend to Table 5), and these give a value for czKA of 26,055

M ‘ (38.4 �M expressed as a dissociation constant). This
value is in good agreement with EC50 values for the increase

in the dissociation rate measured above (49.7 and 42.2 �M for
the slow and fast rates, respectively), indicating that the

effects on equilibrium binding and kinetics may be linked.
We demonstrated allosteric modulation ofthe D2 dopamine

receptor by amiloride and its analogs based on kinetic and
equilibrium experiments. New models have been formulated
to describe this allosteric modulation, and insights in to the
function of the D2 dopamine receptor have been obtained.

The allosteric site (or sites) identified by these compounds on

the D2 dopamine receptor may provide a new target for
ligands that can selectively bind to the different dopamine

receptor subtypes.
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Appendix

A general model for the interaction of an allosteric modu-
lator (M) with the competitive and allosteric binding sites of

a receptor for a ligand (L) is shown below.

Ki. Kc

LR+M �:; M+L+R � L+RM�

1��KA ffKA

MALR + M �:; MAR + L + M ± L + MARMC

MA and M� denote modulator bound to the allosteric and

competitive sites of the receptor, respectively; KL is the equi-
librium association constant for ligand binding to free recep-

tor; KA �5 the equilibrium association constant for binding of
M to the allosteric site; IC� is the equilibrium association

constant for binding ofM to the competitive site; and a and f3
are the cooperativity factors for M (acting at the allosteric

site) affecting the binding of L and M, respectively, at the
competitive site.

For this general model, the concentration of ligand bound

in the presence of M can be expressed as a fraction of that

seen in the absence of M ([RL�]) (Eq. 5). (The following equa-

tions were derived using methods outlined in Ref. 12.)

[RU + [MARL]

[RL�] (6a)

- (1 + [L]KL)(1 + a[MJKA)

- 1 + [M]K� + [L]KL(1 + a[M]KA) + [M]KA(1 + j3[M]Kc)

Eq. 5 can then be simplified for various submodels of the

general model.
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Fig. I I . Saturation data for �H]spiperone binding in
the presence of increasing concentrations of MIA.
The data from Fig. 9 have been fit to eq. 5 (x , 0.75%
DMSO; 0, 4.6 ,.tM MIA; #{149},6.8 �tM MIA; L�, 10 ,tM MIA;
A, 14.8 pM MIA; U, 21 .4 jiM MIA). Curves for data in
the presence of MIA are defined by the mean param-
eters obtained from the fits to data from the individ-

ual experiments (three or four experiments) that are
presented in Table 5. Data are the pooled fractional
occupancy values from all experiments. Top, Effects
of 4.6 and 6.8 jiM MIA on �H]spiperone saturation.
Three assays at each concentration were performed
in a single experiment that included a single vehicle
control assay. Bottom, Effects of MIA at concentra-
tions of 10, 14.8, and 21.4 �iM on [�H]spiperone sat-
uration. One assay for each concentration, together

with a vehicle control, was performed in each exper-
iment. This experiment was repeated three times. In
an additional experiment, rH]spiperone saturation in

the presence of 1 0 �iM MIA was measured together
with saturation for the vehicle control. Data points for
the vehicle control and 10 �iM MIA are from these
four experiments.
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If M does not bind to the competitive site but only to the
allosteric site, then eq. 6 holds:

[RLI + [MARL] (1 + [L]KL)(1 + a[M]KA)

[RU � 1 + [MIIKA + [L]KL(1 + a[M]KA)

This equation describes the allosteric model proposed for
modulation of muscarimc acetylcholine receptors by gal-

lamine (2).
IfM binds only at the competitive site and has no allosteric

binding site, then eq. 7 holds:

[RU 1 + [L]KL

�L;�i � + [L]KL � [M]K�

The data from Figs. 9 and 10 have been fit to the three
models. The goodness of fit of the three equations was com-

pared for the pseudocompetition data (Fig. 10). An F test was

(6b) performed of the comparison of the residual sum of squares

for the different fits according to the “extra sum of squares”

principal. The F value was calculated using the following
equation: F = [(SS1 - SS2)/(df1 - df2)}/(SS�/df2), where SS1

and SS2 represent the residual sum of squares for the fit to
the simpler equation (fewer parameters) and more complex

equation (more parameters), respectively, and df� and df2
represent the corresponding degrees of freedom for the resid-

(7) uals. The comparison of eq. 6 with eq. 5 yielded F(24) = 85.8

(p < 0.001), and the comparison ofeqs. 5 and 7 yielded F(34)
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= 57.1 (p < 0.001). These results indicated that eq. 5 pro-
vided a significantly better fit to the pseudocompetition data
than eqs. 6 and 7. The fits to the saturation data for Fig. 9 are
shown in Fig. 1 1 . Mean values of the derived parameters are

given in the Table 5, and these imply a negatively cooperative
interaction between M and L and a positively cooperative
interaction between molecules of M bound at the allosteric
and competitive sites.
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