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Cardiac Muscarinic Receptors. Cooperativity as the Basis for Multiple States
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ABSTRACT. Cooperativity has been investigated as the mechanistic basis for effects observed with cardiac
muscarinic receptors in washed membranes from Syrian hamsters. Specifiddtijmethylscopolamine
labeled only 66-75% of the sites labeled by®H]quinuclidinylbenzilate at apparently saturating
concentrations of each radioligand. Also, receptors labeleN-p¥H]methylscopolamine revealed three
states of affinity for agonists, both in native membranes and following irreversible blockade of about
80% of the sites by propylbenzilylcholine mustard; in both preparations, guanylylimidodiphosphate (GMP-
PNP) effected an apparent interconversion of sites from higher to lower affinity for agonists and from
lower to higher affinity for the antagonist. Excellent and mechanistically consistent descriptions of the
data were obtained in terms of a model comprising cooperative and noncooperative forms of the receptor;
the former was described by a variant of the Adair equation, and the latter was included to account for
low-affinity sites that survived treatment with the mustard. If differences in apparent capacity derive
from negative cooperativity in the binding Bf[3H]methylscopolamine, the cooperative form of the receptor

was at least trivalent in native membranes; otherwise, constraints imposed by the effects of GMP-PNP at
the concentrations of radioligand used in the assays dictate that the cooperative form of the receptor was
at least tetravalent. In contrast, a divalent receptor is sufficient with the data from alkylated membranes,
in accord with the reduced likelihood of interactions between functional sites within an oligomeric array.

A model is presented wherein the receptor interconverts spontaneously between two or more states differing
in their cooperative properties. The effects of GMP-PNP can be rationalized as a shift in the equilibrium
between the different states.

G protein-linked receptors reveal an intriguing but mecha-  There is a striking similarity between the effect of guanyl
nistically ambiguous dispersion of affinities for agonists: nucleotides on the binding of agonists to G protein-linked
guantitative measures of the dispersion correlate with efficacy receptors and the effect of agonists on the binding of GDP
or intrinsic activity f.g, Birdsall et al. (1977), Kentet al. to receptor-linked G proteins. Cardiac muscarinic receptors
(1980), Ehlert (1985), Evanat al. (1985), and Potter and and their attendant G proteins exhibit multiple states for the
Ferrendelli (1989)], but its underlying cause remains unclear. agonist and the nucleotide, respectively, and either ligand
The effect is often attributed to heterogeneity induced by favors those states of lower affinity for the other (Teta
the G protein in an otherwise homogeneous population of al., 1987; Hilfet al, 1989; Chidiac and Wells, 1992; Green
mutually independent sites (De Leanal, 1980; Birnbaumer et al, 1997). The reciprocal behavior suggests that binding
et al, 1990). Such schemes suggest a mechanism foris regulated by a single mechanism common to both sides,
amplification of the neurohumoral signal, and they seem to the ambiguity of the data notwithstanding.
account qualitatively for a wide range of biochemical and  In the presence of AMP-PNP, the specific binding®88]-
pharmacological effects, but they have fallen short in GTPyS to myocardial membranes has been found to exhibit
quantitative terms. They fail to describe the binding patterns a bell-shaped dependence on the concentration of GDP; also,
in a mechanistically consistent manner, and their predictionsthe amplitude of the GDP-dependent increase was markedly
conflict with other data on such properties as amplification, greater in the presence of carbachol (Chidiac and Wells,
the relative numbers of receptors and G proteins, the effect1992). A ligand-dependent increase in bouffSJGTP/S
of guanyl nucleotides, and the stability of the recept®r ~ suggests that GDP and the radioligand bind to interacting

protein complex (Wonget al, 1986; Leeet al, 1986; sites and that the multiple states of affinity are a manifestation
Wreggett, 1987; Ehlert and Rathbun, 1990; Graeser andof cooperativity within an oligomeric array. A similar pattern
Neubig, 1993; Greeet al, 1997). has emerged with purified Mreceptors associated with, G

and G in solubilized preparations from porcine atria, where

the specific binding of JHJAF-DX 384 in the presence of
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384 orN-[*H]methylscopolamine, but specific binding of the disrupted by one burst of the Polytron (setting 7, 10 s), and
former was fully inhibited by unlabeled analogues of the the homogenate was centrifuged for 30 min at 72000his
latter at anomalously low concentrations. All of the data procedure was carried out a total of three times. The
could be described guantitatively in terms of cooperative membranes then were resuspended a fourth time, and the
effects among four interacting sites. homogenate was divided into aliquots containing sufficient
Evidence for such interactions represents a departure frommaterial for one experiment; pellets obtained following
the view that G protein-linked receptors function as mutually centrifugation for 30 min at 1310@0were stored at-75
independent sites; also, the bell-shaped pattern reported forC.
carbachol at purified Mreceptors is atypical. To examine The washing procedure described above was directed
the implications of cooperativity under more commonly used toward endogenous ligands and their misleading effects on
conditions, a variant of the Adair equation has been assessethe binding properties of G protein-linked receptoesg|
for its ability to describe the binding properties of cardiac Lad et al. (1980)]. EDTA was included to facilitate the
muscarinic receptors in ventricular membranes. In this paper,removal of GDP from receptor-linked G proteins (Gilman,
the model is shown to provide a mechanistically consistent 1987), but membranes washed with EDTA alone were found
account of the data, including the binding of agonists and to exhibit a time-dependent loss of specific binding when
antagonists, the effects of GMP-PNP, the consequences oincubated withN-[3H]methylscopolamine under the condi-
partial alkylation by propylbenzilylcholine mustard, and tions of the binding assay. Bacitracin and several protease
differences in the apparent capacity of the membranes forinhibitors were tested for their protective effect, and the
[*H]quinuclidinylbenzilate an®\-[*H]methylscopolamine. In  combination of EDTA and bacitracin in the washing buffer
the accompanying paper, the data have been examined irwas found to yield a preparation in which binding is stable
terms of the alternative notion of heterogeneity induced by for at leas 4 h at 30°C2 Membranes prepared in this

the G protein (Greeet al,, 1997). manner exhibit the muscarinic binding and regulatory
properties characteristic of cardiac muscarinic receptors. The
MATERIALS AND METHODS present results and those described previously suggest that

Chemicals. (—)-[H]Quinuclidinylbenzilate (54.0 Ci the preparations contained little or no endogenous GDP

mmol) was purchased from DuPont NEN, ahé[*H]- (Chidiacet al, 1991; Chidiac and Wells, 1992).

methylscopolamine chloride was purchased from DuPont Binding Assays.A Potter-Elvehjem tissue blender was
NEN (85.0 Ci/mmol) and Amersham (74.0 Ci/mmol). used to resuspend washed membranes in buffer A [50 mM

Propylbenzilylcholine mustard was the gift of Dr. J. M. HEPES (Calbiochem), 1.0 mM Mgg:lpH 7.45, 6-8 mg of
Young, Department of Pharmacology, University of Cam- Protein per mL] or buffer B [10 mM HEPES (Boehringer),
bridge. Carbamylcholine chloride (carbachol), arecoline °-0 MM MgCh, 100 mM NaCl, 1.0 mM EGTA, 1.0 mM
hydrobromide, methacholine chloride, and unlabeiéd dithiothreitol, 0.1 mM phenylmethanesulfonyl fluoride, pH
methylscopolamine hydrobromide were purchased from 7.40], and the suspension was passed through t_hree layers
Sigma Chemical Co. Methacholine was obtained as the of cheesecloth. Protein was measured according to the
racemate, and concentrations were calculated on the assump=0WrYy procedure, with bovine serum albumin takegl as the
tion that one isomer is inactive. Unlabeled guanyl nucle- Standard. As described below, the binding W{[*H]-
otides were purchased from Boehringer Mannheim. HEPES Methylscopolamine to muscarinic receptors is more informa-
was purchased as the free base from Calbiochem and fronfive wh(_a_n measured in buffer A: in pamcylar, the radioligand
Boehringer Mannheim. Dithiothreitol and bacitracin were IS Sénsitive to GMP-PNP, as noted previously (Hulebel,
purchased from Sigma. EDTA was obtained as the free acid 1981), and there was better definition of the multiple states

from British Drug Houses. All other chemicals were of recognized by agonists. As described in the accompanying
reagent grade or better. paper (Greeret al, 1997), assays in buffer B permit a

Preparation of MembranesAdult Syrian golden hamsters comparison between the binding properties of the receptor

were obtained from the breeding unit at the University of and those of receptor-linked G proteins labeled B}t

Toronto and from Harlan Sprague Dawley, Indianapolis, IN. GTPyS. _ _ _

The animals were killed by decapitation, the aorta was The resuspended material was diluted with the same buffer
clamped, and the heart was injected via the left ventricle t© Yield a final protein concentration of 0.67 g/L (buffer A)
with an ice-cold solution containing sucrose (0.32 M), Of 0.5 g/L (buffer B). Aliquots of the suspension (480)
HEPES (20 mM), bacitracin (20@g/mL), and EDTA (1.0 then were added 'to. polypropylene m|crocentrlfuge tubes
mM) adjusted to pH 7.45 with potassium hydroxide. The containing the radioligand (6L) and any other ligands (5
flushed heart then was removed and dissected to obtain thetL) dissolved in deionized water at 100 times the final

left ventricle plus interventricular septum. All subsequent concentration. Samples containirfiiJquinuclidinylbenzi-
procedures were carried out at2 °C. late were incubated for 2 h; those containitg[3H]-

methylscopolamine were incubated for either 45 min (buffer
A) or 2.5 h (buffer B). Incubations were carried out at 30
°C, and bound radioligand was separated by microcentrifu-
gation. Subsequent procedures were as described previously
(Wong et al, 1986). All assays were carried out in
guadruplicate, and each sample was counted twice; the eight
values then were averaged to obtain the mean and standard

Washed membranes were prepared from the pooled
ventricles from 15-25 animals. The tissue was homog-
enized by means of a Brinkman Polytron (setting 7, 20 s)
followed by several passes in a Potter-Elvehjem tissue
blender with a Teflon pestle. The homogenate was centri-
fuged for 30 min at 1130Qf) and the pellets were stored at
—75°C. Membranes were washed by resuspending thawed
pellets in buffer (5.0 mM HEPES, pH 8.0) containing EDTA
(1.0 mM) and bacitracin (20@g/mL). The pellets were 2M. A. Green, A. Vigor, and J. W. Wells, unpublished observations.
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Scheme 1 Scheme 2
. . [Al/K,y; AR R K, RP, p:Ks RP, PaPK RP, PaPsPKe )
1 [P]/Kn J J
Ka c,K, C,C,'Ka C,C;'C,'K,
error used in subsequent analyses. Standard errors from , ,
assays witiN-[3H]methylscopolamine typically were about AR =L 5 gp, PN ARP, 2255, b
0.5% of the mean and rarely exceeded 1%.
Reaction with Propylbenzilylcholine Mustard&olutions aK, 0K, a,c.c.'K,
of the mustard (1&M) in buffer (10 mM HEPES, 1.0 mM 6ok, pireK,
MgCl,, pH 7.45) were kept at room temperature foh to AR ARP, ARP,
obtain the aziridinium ion. Aliquots then were added to
washed membranes previously resuspended in ice-cold buffer a:a,Ks 33,0k Ky
(10 mM HEPES, 1.0 mM MgG) pH 7.45, 1.2-1.4 mg of ek, PS =, S AS
protein per mL) by means of the Polytron (setting 7, 10 s) R ARP,
and preincubated for 5 min at 3C. The reaction mixture
was incubated for 15 min at 3@C. The homogenate then aak,
was centrifuged for 20 min at 3C and 85000, and the AR

membranes were washed as described above. To obtain
tissue for control experiments, the mustard was omitted from
an otherwise identical procedure.

Analysis of Data. All data were analyzed with total
binding taken as the dependent variallg{; dpm/mL). Any
subsequent manipulations were for the purpose of presenta
tion only and did not alter the relationship between the data

by eq 3, in which [P] represents the specific binding of the
radioligand at a total concentration {P$A is the specific
radioactivity (Ci/mmol), and NS is the fraction of unbound
radioligand that appears as nonspecific binding.

and the fitted curve. Bobsa= {[P], + (NS)([P} — [P],)} (SA)(2.22x 10"

Data were described empirically in terms of the Hill 3
equation to obtain estimates of the asymptotic levels of o . )
binding, the Hill coefficient §), and the concentration of Scheme 1 represents a multisite model in which the
ligand required for a half-maximal signal (B Fits to ra_d|ol|gand (P) and an unlabeled ligand (A) compete for a
data obtained at graded concentrationdlgPH]methylsco- ~ Mixture of distinct and mutually independent sites, {R=

polamine or $H]quinuclidinylbenzilate included an implicit ~ 1 2, --n). Sites of typg bind P and A with the equilibrium
correction for depletion of the radioligandd., eq 204 in d|ssouat.|on constant:sﬁ- andKa;, respectively, and constitute
Wells (1992)]; otherwise, it was assumed that the free and the fractionF; of all sites {.e., F; = [R]/[R]., where [R]: =
total concentrations were equal for all ligands. [Ri] + [AR]] + [PR], and [R} = 3L,[R]]). Total specific
Empirical analyses also were carried out according to eqsbinding of the probe was calculated according to eq 4, and
1 and 2, in which the parameteBg; o andBy—. represent  the required values of [RRwere obtained as described
the asymptotic levels of binding with respect to the total below.
concentration of the unlabeled ligand ([A] The parameters
K; (eq 1) andKy (eq 2) represent the value of [Akquired n
for a half-maximal effect at the fractioR’; or F'y; of the [Ply= Z[PR,'] (4)
total potential change iBowsa (j = 1, 2, ...,n). Equation 2 =
is an extension of eq 1 in which an additional process, . . .
characterized bk, andny, affectsB,ysqin the opposite sense Cooperativity was modeled according to Scheme 2, in
[cf. eq 223 in Wells (1992)]. The parameterandb define which R and S represent tetravalent{ 4) and monovalent

the intrinsic amplitude of the peak or trough, and the present '€CEPIOrS, respectively. Bivalent ¢ 2) and trivalenti§ =
data were described in terms bf 3) receptors are described by truncated forms of R. The

multivalent species is likely to be oligomeric, and it is

n Fj'K]. assumed that thg guaternary gtru_cture remains for_mally inta_ct

Bobsa= (B[A] . B[A]ﬁm) Z— + Biaj—o Q) under the cond|t_|on.s.of the b|nd|.ng assays; that is, there is
=K + [Al, no exchange of individual subunits within the system. The

model therefore can accommodate processes in which

n F'lj[A] ¢ KgH + b[A] [‘H dissoci_ated monomers regroup without excha_nging partr_1ers.

Bopsd= B[A] o+ 2 There is no rglatlonshlp between R and S, whlgh are defined

=1Ky + [A] Ko + [A] as mutually independent and noninterconverting.
Asymmetry cannot be detected with the present data, and
where ab= B — Biaj=o all sites of the vacant oligomer (R) are assumed to bind the

radioligand (P) or the unlabeled ligand (A) with the
Mechanistic descriptions of the data were based on two microscopic dissociation constai or Ka (e.g, Kp =
possibilities that predict Hill coefficients<1: intrinsic [PI[RV[PR]). The parameterp; andg; represent the coop-
heterogeneity (Scheme 1) and cooperativity (Scheme 2). Aerativity factors for binding of théth equivalent of P or A
third possibility, heterogeneity induced through an interaction to form RR or AR, respectivelyj(= 2) (e.g, [RR-1][P)/
with the G protein, is considered in the accompanying paper [RP] = I1._,pK;); the parameters;, ¢, andc’; represent
(Greenet al, 1997). Estimates of total binding were fitted cooperativity factors in the formation of mixed complexes,
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as shown in Scheme 2. The dissociation constants forresults of simultaneous analyses. To obtain the values plotted

binding to the monovalent species S &g andKas. on the ordinate, estimates Bf,sqWere adjusted according
Total specific binding was calculated according to eq 5.1, to

5.2, or 5.3 for the divalent, trivalent, or tetravalent forms of

R, respectively. Coefficients-1 represent the degree of f(x,a)

occupancy by P, since R is defined as multivalent, times the obsd — obsm (6)

number of possible combinations involving two ligands and v

n sites. Since stoichiometrically equivalent states are ) )

indistinguishable with the present data, the microscopic 1€ functionf represents the fitted model. The vectars

dissociation constant was taken as the same for all vacan2nda represent the independent variables at poantd the

sites on partially liganded Re(g, [P][POOA]/[PPOA] = fitted_ parameters for the set of data under qonsideraﬁpn;
[P][POOA]/[POPA], where “O” represents a vacant site on anda are the corresponding vectors in which values that
tetravalent R). The triliganded speciesR®; and ARP, differ from experiment to experiment have_been replac_ed
also were taken as identicale(, c; = ¢'3), as were the by _th_e means for all experiments included in the analysis.
tetraliganded speciessRPy, A,RP,, and ARP; (i.e. ¢s = Individual values ofB'qpsq at the samex; were averaged to

¢4 =C"s). These latter forms are not necessarily indistin- obtain.th.e mean and standard error plotted in the figure.
guishable in binding studies, but the additional parameters ~Statistical ProceduresAll parameters were estimated by
were found to be without effect on the sum of squares. ~ nonlinear regression, and values at successive iterations of
the fitting procedure were adjusted according to the algorithm
[P], = [PS]+ 2[RP]+ 2[RP,] + 2[ARP] (5.1) of Marquardt (1963). Most analyses involved multiple sets
of data, and specific details regarding the assignment of
[P], = [PS]+ 3[RP]+ 6[RP,] + 3[RP;] + 6[ARP] + shared parameters are described where appropriate. Values
3[A,RP]+ 6[ARP;] (5.2) of [R]; or [R]: + [S]; were assigned separately to data from
separate experiments and, in most cases, to data acquired in

— the absence and presence of GMP-PNP within the same
[Pl, = [PS]+ 4[RP] + 12[RR)] + 12[RR] + 4[RP] + experiment. Values of NS were separate for data from
12[ARP] + 12[A,RP] + 24[ARP,] + 12[A,RP,)] + different experiments but were common to all data from the

4[A;RP]+ 12[ARP;] (5.3) same experiment.
Weighting of the data, tests for significance, and other
The value of [P] in egs 4-5.3 was calculated from the  statistical procedures were performed as described elsewhere
expansions in terms of the total concentrations of R and S (Wonget al,, 1986; Wells, 1992; Chidiac and Wells, 1992).
([R]w [Sl) and the free concentrations of both ligands ([A], Weighted residuals were of comparable magnitude within
[P])-* The relevant expressions were used directly to obtain single sets of data, and multiple sets of data generally made
the simulations in Figures 7 (eq 5.1) and 8 (eq 5.3). In all comparable contributions to the total sum of squares from
analyses of experimental data, which generally included simultaneous analyses; accordingly, neither the total sum of
instances of depletion, the values of [A] and [P] used to squares nor the correlation of neighboring residuals was
compute [P] were obtained by solving a set of implicit dominated by the data from one experiment or group of
equations derived from the equations of state for all reactants.experiments. Mean values calculated from two or more
Solutions were obtained according to the Newt®aphson  individual estimates of a parameter or other quantity are
procedure. Further details regarding the formulation of presented together with the standard error. For parametric
Schemes 1 and 2 have been described elsewhere (Wellsvalues derived from a single analysis of one or more sets of

1992; Greenet al, 1997). Except for simulationsi.¢., data, the errors were estimated from the diagonal elements
Figures 7-9), values plotted on the abscissa denote total of the covariance matrix; such values reflect the range within
concentration in all figures. which the weighted sum of squares is essentially the same.

Data from replicated experiments have been presented with
reference to a single fitted curve in figures that illustrate the RESULTS

3 The binding function in each case was of the form,[R]f([A], Binding in Terms of Empirical Models and Scheme 1

[P], @), wherea represents the vector of all parameters and constants. PR ; ; s
Those entered explicitly into the calculation are as follows: e, Binding of Antagonists to Nat Membranes.Specific

Kei, F;, and [R]; eqs 5.15.3, K, Ke, &, P, G, Kas, Kps [R]: + [S]s b_indin'g at graded concentr'ations_&quui'nuc.:li(.jinyllben—
and [RY([R]: + [S])- Microscopic dissociation constants for the binding ~ zilate in buffer A revealed Hill coefficients indistinguishable
of A or P to the cooperative form of the receptor in Scheme 2 were from 1. The corresponding capacity was 477 pmol/g

computed as requirec g, I1_,aK, for the reaction [A]+ [Aj-R] of protein in membranes from three batches of hamsters. The
;[AJRIL HJi:Zfai[C'KA fgr H‘e reaction [Al+ [A,?SI?] - [AiEFR]i eTt‘r:]')' apparent capacity fa-[3H]methylscopolamine was 162

e values 0 t I Scheme 1 were computed framan . e . :
values of [R] and [S]in Scheme 2 were computedJ from [RE [Sk 117 pmol/g of protein, which represents 66%, 70%, or 75%

and [RY([R]: + [S]y), where the latter represents the fraction of all of the capacity forJH]quinuclidinylbenzilate in membranes

receptors corresponding to the multivalent forie.( Fr). Since the  from the same batch of tissue. Assays in buffer B similarly
stoichiometry of binding isi:1 for R and 1:1 for S, the fraction of led ites fof . lidinvib ilate than f
binding sites contributed by R isF/[(n — 1)Fr + 1] similarly, the ~ '€vealed more sites foPHf]quinuclidinylbenzilate than for

fraction of sites contributed by S is @& Fr)/[(n — 1)Fr + 1]. The N-[®H]methylscopolamine, but the difference in capacity is
model is formally equivalent to Scheme 2 when the noncooperative not well-defined by the data. Binding was comparatively

form of the receptor is defined as multivalent but functionally weak, as described below, and the nonspecific contribution
symmetrical. If the stoichiometry of binding is the same for both forms, ' !

the quantity [RY([R]. + [S],) is equal to the fraction of sites contributed :’_VE‘S Qigh at near-saturating concentrations of either radio-
by R. igand.
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Table 1: Direct and Inferred Binding d-[3H]Methylscopolamine in Terms of Scheme 1

conditions GMP-PNP (mM) ligand —log Ki1 —log K2 —log K3 F1 F F3
buffer A
Al1] 0.0 NMS 079  021+0.11
9 NMS} 9.75+0.10 1033002 b VP
B[2] 0.0 carbachol 7.8%0.18 6.70+ 0.08 5.11+ 0.06
0.0 NMS 9.50£0.12 995:005 1012+ 0.09} 068 0226002 014001
CIL 2] 0.0 carbachol ~ 7.720.05  6.85:0.16  5.20+0.12 068  0.22-0.03
0.0 NMS 0414000 1000:004 loiatoo3 024 0sezoog 01000
01 NMS : : 00+ 0. 18 0. 013 0.0 0.87+ 0.05
buffer B
D [1] 0.0 NMS
9 NMS} 9.06+0.03 d d 1.0

aThe conditions of the assays are summarized in the table, with the experimental protocol shown in brackets. In protocol 1, binding at graded
concentrations oN-[3H]Jmethylscopolamine (l= P) was measured with the radioligand alone, the radioligand plus 0.1 mM GMP-PNP, and the
radioligand plus 0.01 mM unlabelédtmethylscopolamineg(g, Figure 4D); in protocol 2, binding at graded concentrations of carbachel )
was measured at two concentrationsNof*H]methylscopolamine (0.04 and 1.0 nMj.¢, Figure 1). Three experiments were performed under
each set of conditions, and eqd <€ 1, 2, or 3) was fitted to multiple sets of data as follows. (A) Single valua$sphnd separate values Bf
were assigned to the data acquired with and without GMP-PNP in the same experiment; the fitted values from individual experiments then were
averaged to obtain the meansEM) listed in the table. The values of [Rire as follows: no GMP-PNP, 7413 pmol/g of protein; with
GMP-PNP, 82-114 pmol/g of protein. (B) Single values &%, Kaj, and F; were common to the data acquired at both concentrations of the
radioligand in the same experiment; the fitted values from individual experiments then were averaged to obtain the-§tesdigted in the
table. The range of [R]s 95-106 pmol/g of protein. (C) Single values Kf were common to all of the data from both protocols, and single
values ofKa; were common to all data from protocol 2. Single value$gfvere common to all data acquired either with or without GMP-PNP,
regardless of protocol; values Bf were common only to data acquired according to the same protoeglpfotocol 1 for NMS; protocol 2 for
carbachol). (D) The value dfp; was obtained as described in A. The corresponding values ofafR]as follows: no GMP-PNP, 14467
pmol/g of protein; with GMP-PNP, 147168 pmol/g of protein® Two classes of sites are sufficient to describe the dakae value is not defined
by the data and was fixed at ze#One class of sites is sufficient to describe the data.

GMP-PNP increased the overall affinity bE[*H]meth-
ylscopolamine in buffer A, as shown below in Figure 4. The
mean values of log Ef estimated in terms of the Hill
equation are-10.10+ 0.03 and—9.88+ 0.02 for binding
with and without the nucleotide, respectively, in three
experiments; the corresponding values of the Hill coefficient
are 0.91+ 0.03 and 0.92t 0.05, and both are significantly
less than 1R < 0.00001). Maximal specific binding varied
from 74 to 94 pmol/g of protein, but the mean ratio for
binding with and without GMP-PNP in the same experiment
is 1.02+ 0.05. Two classes of sites are required in terms
of Scheme 1R < 0.05). There is no appreciable change in
the goodness of fit if it is assumed that GMP-PNP was
without effect onKp; or Kpp, and the corresponding values
of F; point to an interconversion of sites from lower to higher - - -8 -7 -6 -5 -4 -3 -2
affinity for the antagonist (Table 1A). LOG [CARBACHOL 1

While two classes of sites can be resolved by graded FIGURE 1. Inhibition of N-[®H]methylscopolamine by carbachol at

: -~ two concentrations of the radioligand. Total binding was measured
concentrations of the radioligand, data presented beIOWfollowing equilibration of the membranes (buffer A) wittHINMS

indicate that agonists differentiate among at least three o, 1,03 nM: ¢, 0.040 nM) and carbachol at the concentrations
classes. The affinity oN-[*H]methylscopolamine for the  shown on the abscissa. The points are from a single experiment,
sites of each class discerned by agonists can be estimatednd the lines represent the best fit of egs 3 and #(3) to the

from the inhibitory behavior of carbachol at two concentra- two sets of data taken together. All parameters were common to
fcior)s of the radiolig.and. Data. fror_n one experiment atllow ti c;tggeits().cg‘loll?(t)z,Kigdztrl%.fgzeid g?g?foglr(i:ifglé?ﬁfgﬂl

ionic strength are illustrated in Figure 1, where the lines |og Kp, = —9.63 + 0.04, logKp, = —10.00+ 0.07, logKps =
represent the best fit of Scheme 1 (eq 4). The mean estimates-10.18+ 0.05,F, = 0.17 & 0.01,Fs = 0.099+ 0.009, [R] =

of affinity from three such experiments indicate that carba- 70.8+ 0.8 pM, and NS= 0.0097+ 0.0001. Points shown at the
chol and N-[3H]methylscopolamine are opposite in their lower and upper ends of the abscissa indicate binding in the absence

f for the th | f it Table 1B of carbachol and in the presence of 0.01 mM unlabeled NMS,
preference for the three classes of sites (Table 1B). respectively. The results of three such experiments were averaged

Data acquired at graded concentrationsNsfPH]meth- to obtain the means listed in Table 1B. The data acquired at 0.040
ylscopolamine and carbachol were pooled to obtain the "M [*HINMS are plotted on an expanded scale in the inset.
parametric values listed in Table 1C. Independent analyses
imply that the radioligand is slightly more potent alone (Table (Table 1B, log EGy = —9.72). In the combined analysis,
1A, log EG, = —9.86 than in competition with carbachol this anomaly leads to small but significant discrepancies in
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Table 2: Binding ofN-[®H]Methylscopolamine: Affinity and Relative Capacity for Agonists in Terms of Schefne 1

buffer and
agonist membranes GMP-PNP (mM)  —log Ka1 —log Kaz —log Kas F1 F Fs3
camactol Araive b oo S0 sssom 5% Sre® oo
wesne Ao Ob ggion [0% swson G GHOH 0100
meactolne Aratve 00 ggion SREON swsoos G 00 00000
cavactol Aot 00 o om0 ssmom S SAE00 G0l
cavactol  mrave 00 ggiozm 0% amson G Q00 0100

aBinding to native and alkylated membranes was measured in the absence and presence of GMP-PNP as described in the text and in the legends
to Figures 4A-C, 5A, and 6A; the alkylated preparation was obtained by pretreatment with propylbenzilylcholine mustard. Equatier8} (
was fitted to the data from each of three experiments taken separately. The dissociation constant of the radioligand for each class of sites was fixed
as follows: buffer A, logkps = —9.414, logKp, = —9.999, logKp; = —10.183 (Table 1C); buffer B, lor; = —9.062 (Table 1D). Data acquired
with and without the nucleotide in the same experiment shared single valgs anhdKas (native membranes) or &a;, Ka2, andKas (alkylated
membranes); other parameters were assigned separately. Estimigigsuod F; from individual experiments were averaged to obtain the means
(£SEM) listed in the table? The value off; is indistinguishable from zero for one set of data acquired in the absence of GMP:PhiPvalue
of F is indistinguishable from zero for two sets of data acquired in the presence of GMP-PNP.

F; for binding in the absence of GMP-PNP (Table 1C). and 10 mM EDTA revealed three classes of sites for
Binding of N-[*H]methylscopolamine was unaffected by carbachol at low ionic strength, and the valuedpagree
GMP-PNP at higher ionic strength (buffer B), as described well with those listed in Table 2 (buffer A).€., F1 = 0.69,
previously for cardiac membranes suspended in a modifiedF, = 0.12 + 0.03,F; = 0.19 + 0.03). Three classes of
Krebs-Henseleit solution (Wongt al, 1986). The mean  sites and comparable valueskgfalso were obtained when
values of log EGy are—9.09+ 0.03 and—9.05+ 0.05 for membranes prepared as described under Materials and
binding with and without the nucleotide, respectively, and Methods were assayed in buffer A containing 1.0 mM EDTA
the corresponding values of; are 1.02+ 0.01 and 0.99t rather than magnesiumé., F; = 0.51+ 0.04,F, = 0.34+
0.01 (N = 3). The mean ratio of maximal specific binding 0.03,F; = 0.15).

with and without the nucleotide is 0.98 0.01. One class Sites of high and intermediate affinity that coexist with
of sites is sufficient in terms of Scheme 1, and GMP-PNP g\p.pNP represent a limiting state of the system and not a
was without significant effect on the value Bk (Table  gypsaturating concentration of the nucleotide. As illustrated

1D). o . . . in Figure 2A, the inhibitory effect of 0.56M carbachol at
Apparent Distribution of Sites and Affinity for Agonists |ow onic strength was reversed only partially at high

in Native Membranes.At low ionic strength, the agonists  -gncentrations of GMP-PNR&. >104M). Had all of the
carbachol, arecoline, and methacholine recognized threegjies heen in the state of low affinity for the agonist, specific
classes of sites either with or without GMP-PNP. Essentially binding of the radioligand would have been inhibited by
the same pattern emerged at high ionic strength, at least for- 104 nder those condition&d., log Kps = —10.18, Table
carbachol, although the sites of highest affinity were almost 1C; logKas = —5.08, Table 2). The data reveal a dispersion
undetectable in the presence of GMP-PNP. There is little ;¢ afinities for GMP-PNP G = 0.77 + 0.05), which

or no change in the global sum of squares for any agonist if requires two classes of sites in terms of eq 1.

GMP-PNP is assumed not to affétt; andKas (P > 0.03), . .
and the parametric values from those analyses are listed in Ad z'nsgar Pﬁ‘_ttﬁm was obserr\w/elozl_wnh (;E/IP_I;I:IP ﬁ;ga
Table 2; in contrast, there is a significant increase if the same®"! at high ionic strength (Figure 2B). The inhibitory

constraint is placed oKa: andKas (P < 0.02) or onKas effect (_)f 10uM carbf_;\chol was revgrsed only partially at
andKas (P < 0.03). GMP-PNP therefore caused a-3.0 saturating concentrations of nucleotide, and the dose depen-

; ; ; ; dence points to multiple forms or states of the G protein.
17-fold increase irk, with no appreciable change Ka; s
or Kas. The corresponding values &f indicate that sites ~ CMP-PNP and GTPS both revealed two classes of sites,

were lost from the state of highest affinity and gained in the @nd the effect was consistently to reduce binding of the
two states of lower affinity (Table 2). The net gain in each 2d0onist. GDP revealed at least three classes, and binding to
of the latter was almost equal in buffer A, while the state of t10S€ of highest affinity promoted binding of the agonist;
lowest affinity was favored in buffer B. The fitted curves Pinding to those of lower affinity reduced binding of the
from Scheme 1 are virtually indistinguishable from those agonist, and the dose dependence exhibits a Hill coefficient
illustrated in Figures 4 and 6, which represent the best fits of 1.4+ 0.1.
of Scheme 2 to the same data (please see below). Apparent Affinity and Distribution of Sites following
Sites of intermediate and low affinity in the absence of Partial Alkylation. Irreversible blockade by propylbenzi-
GMP-PNP appear not to reflect residual levels of endogenouslylcholine mustard exhibited the dose dependence illustrated
ligands such as GDP. Membranes washed with bacitracinin Figure 3. The Hill coefficient is indistinguishable from
1, and sufficient concentrations of the mustard resulted in
4Values of EGy were calculated from the fitted estimates Kf complete blockade. On the basis of the value of 1.7 nM
andF; listed for N-methylscopolamine in Table 1. obtained forK; (eq 1,n = 1), a concentration of 5.6 nM




Cardiac Muscarinic Receptors. Cooperativity Biochemistry, Vol. 36, No. 24, 19977367

T T T T T T T T T A T T T T T
110F A b
at AAAAA AAAAAAAAAAAAAAA 120 .
too  a%4° 4 . ~
> S
Z 9o - . g 9 -
Ll
b
o eof - o
& 50 |
70k . -
L ol
5 —
o B0 T § 30 .
N
A a
QJ SOE- 4 O
o —_————— o, L . . Ak
- } ................... -1l Z10 -3 -8 -7
2 = ] LOG [PROPYLBENZILYLCHOLINE MUSTARD]
> Ficure 3: Irreversible blockade by propylbenzilylcholine mustard.
Z 8or ) L S Aliquots from homogenates of washed membranes were reacted
o o oK with the mustard at the concentrations plotted on the abscissa; values
g 7o - plotted at the lower limit represent samples from which the mustard
= was omitted. Different symbols represent different experiments.
e sol i Levels of binding in the treated membranes were measured at a
single concentration ofH]NMS (0.92-1.05 nM) alone and in the
presence of 0.01 mM unlabeled NMS. The corresponding estimates
sof- . of capacity {.e, [R];) were computed according to eq @ € 3),
. z with Kg andF; taken as the values listed for the antagonist in Table
s X S ‘ B | 1C. Estimates of [Rfrom the four experiments then were analyzed
— b3 simultaneously in terms of eq h & 1) with By —., fixed at zero;
5 5 8 9 5 == 2 3 -z one value oK; was common to all of the data, and separate values

of Bjaj—o Were assigned to the data from individual experiments.
LOG [GUANYL NUCLEOTIDEJ The[s]um of squares was not reduced significant!Bjif—.. was
Ficure 2: Effect of guanyl nucleotides on the inhibition [3H]- taken as a variable during the fitting proceduPe~ 0.1). To obtain
methylscopolamine by carbachol. Total binding was measured the values plotted on the ordinate, individual estimates qfVilete
following equilibration of the membranes in buffer A (A) or buffer  normalized to the appropriate value Bfx—o taken as the mean
B (B) with [*H]NMS (A, 1.00 nM; B, 1.01-1.09 nM), carbachol from the four experiments. The line illustrates the best fit, and the
(A, 0.56 uM; B, 10 uM) and one of GMP-PNPL), GTP/S (0), fitted value of logK; is —8.78 & 0.05.
or GDP (®) at the concentrations shown on the abscissa. Total

binding in the absence of carbachol is denoted by trianglgs ( (P < 0.005). GMP-PNP favored the state of higher affinity,

and by the dashed line in panel B. The line in panel A represents . : b d the fit | ised with
the best fit of eq 11{ = 2), and the fitted parametric values are as &S IN native membranes, and the fit is compromised wit

follows: logKy = —7.61+ 0.15, logK, = —6.47+ 0.18,F', = single values for all three dfp1, Kpz, andF, (P = 0.0064).
0.50+ 0.12,Bj—o = 49.3+ 0.4 pmol/g of protein, an@)—. = The values oKg andF; are not well-defined with alkylated
89.1+ 0.4 pmol/g of protein. The lines in panel B represent the  membranes, owing largely to the comparatively small signal,

best fit of eq 2 to a total of nine sets of data from three experiments, ol :
where each experiment included one curve per nucleotide. Singlebut there is little change in the global sum of squares when

values ofKy;, F'yj, Ko, nw, andb were common to all data acquired pooled data from treated and control preparations share
with the same nucleotide, and the fitted estimates are as follows: common values of all parameters except;[&]d NS P =

GMP-PNP (= 2,b = 1), log Ky; = —8.28 + 0.12, logK;, = 0.031); the fitted curves are in excellent agreement with the
—6.87+0.41,F1,=0.26+0.11; GTRS (0 =2,b =1), logKy, data, and the parametric values compare favorably with those

= —7.57+ 0.14, logK;, = —5.84+ 0.17,F';, = 0.52 + 0.06; : ; 5 :
GDP (1= 1), logKy1 = —7.61+ 0.29, logKs = —3.73+ 0.04, listed in Table 1A Treatment with the mustard reduced

ni =14+ 01,b= -89+ 1.2. A single value 0By—, was total capacity for the radioligand by 781%, in good
common to all data from the same experiment, and the mean of agreement with the loss predicted on the basis of the data
the three values is 42 3 pmol/g of protein. A separate value of illustrated in Figure 3.

Eﬁé@moﬂvziisisasaﬂ%gﬁgv&g (T)arlﬁlcjl /Zeéfogrgfg%):arthg?PTlga;g,r each  Binding of carbachol to the alkylated membranes revealed
GTPyS, 76+ 2; GDP, 79+ 2. Nonspecific binding was 14 1 three classes of sites at low ionic strength in the absence of

pmol/g of protein. Values plotted on the ordinate were obtained
according to eq 6. Points shown at the lower end of the abscissa s p suspension of washed tissue was divided into two portions, one
represent binding in the absence of nucleotide. of which was reacted with 5.6 nM propylbenzilylcholine mustard and
processed as described under Materials and Methods. The other was
was selected for the reaction between the reagent and earried through a parallel procedure from which the mustard was

: - _omitted. Binding of N-[*H]methylscopolamine to the control and
quantity of membranes sufficient for subsequent character alkylated membranes was measured with and without GMP-RNP (

ization of the binding properties. The expected level of Figure 4D), and the data were analyzed in terms of Scheme 1 (egs 3
alkylation is about 77%. and 4). Single values dfp; andKp, were common to all of the data,

The binding of N-[*H]methylscopolamine to unreacted and separate values B were assigned to data acquired either with or
ites in th Ikvlated b led a di . fwithout the nucleotide. The fitted estimates of all parameters are as
sites in the alkylated membranes revealed a dispersion oOft|qus: log Kpy = —9.91+ 0.11, logKes = —10.44+ 0.26,F, =

affinities and remained sensitive to GMP-PNP, although the 0.13+ 0.21 (no GMP-PNP) and 0.32 0.27 (with GMP-PNP), [R]
effects are comparatively small. The sum of squares is (native membranesy 89 & 1 pmol/g of protein (no GMP-PNP) and

i ; ; 92 + 1 pmol/g (with GMP-PNP), [R](alkylated membranesy 16.8
significantly lower with two classes of sites rather than one, < pmolig (no GMP-PNP) and 194 0.4 pmolig (with GMP-

regardless of whether separate or common valué&aire  pnp), and NS= 0.0093+ 0.0001 (native membranes) and 0.0091
assigned to data acquired with and without the nucleotide 0.0001 (alkylated membranes).




7368 Biochemistry, Vol. 36, No. 24, 1997 Chidiac et al.

GMP-PNP. Two classes of sites are sufficient overall in data represented in Figure 4, where the lines illustrate the
the presence of GMP-PNP, although one experiment sug-fit obtained with tetravalent R as described below. Scheme
gested a third® = 0.046). There is no increase in the sum 2 can account superficially for three classes of sites when R
of squares with common values of &l; for data acquired is only divalent g.g, Matteraet al. (1985)], and the fitted
with and without the nucleotide in each experimeRt= curves obtained with di- and trivalent R are almost indis-
0.47), and the mean parametric values are listed in Table 2.tinguishable from those shown in the figure.

Partial inactivation therefore eliminated the nucleotide- The parametric values listed in Table 3A are obtained
dependent increase K, observed with native membranes.  \yhen N-methylscopolamine is assumed to exhibit little or
Changes irFj indicate that alkylation almost eliminated the o homotropic cooperativity in the absence of GMP-PNP.
SiteS Of medium aff|n|ty in the absence Of GMP'PNP, Wh|le Since the f|tted Va'ue opl iS near 1 for each Successive
the sites of high affinity remained at native levels in relative equivalent of the radioligand, all forms of the receptor were
terms. Most of the latter were sensitive to the nucleotide, satyrated or nearly so at the highest concentrations used in
and the interconversion was largely to the state of lowest the assays. Under these conditions, GMP-PNP is found to
affinity. The fitted curves from Scheme 1 are virtually jncrease the inferred capacity of the membrane\iiH]-
indistinguishable from those illustrated in Figure 5, which methylscopolamine.g., [R]; + [S]): the change is 1.8-fold
represent the best fit of Scheme 2 to the same data (pleasgyhen R is assumed to be divalent and decreases to 1.3-fold
see below). when R is tetravalent (Table 3A). A nucleotide-dependent
S increase in capacity is inconsistent with Scheme 2, which
Binding in Terms of Scheme 2 represents all receptors physically accessibleNtfH]-

In the absence of evidence to the contrary, a dispersionMethylscopolamine; accordingly, the cooperative form of the
of affinities can be described exclusively in terms of receptor must be at least tetravalent if the observed capacity

cooperative effects. If the sites of high affinity represent fOr the radioligand indeed corresponds to the capacity as
the vacant receptor, those of lower affinity reflect the changes d€fined by the model.
induced by successive equivalents of bound ligand. Partial The anomalous effect on [R} [S] is linked to the value
inactivation is expected to reduce the potential for interactions of pn, which is near 1 in the absence of nucleotide but at
among functionally viable sites and thereby to reduce the least 100 in the presence of GMP-PNP (Table 3A). Suf-
likelihood of cooperative effects if the unreacted sites cannot ficiently high values op, preclude binding of the radioligand
regroup. As it happened, however, muscarinic receptors thatto thenth site of R (.e., p, = 100,Hj”:2ijP > [P]). Since
eluded the mustard retained the sites of lowest affinity for the nucleotide causes little or no change in the observed
carbachol in the absence of GMP-PNP (Table 2). Those capacity (Figure 4D), its effect is to increase the capacity
sites therefore appear to be intrinsically of low affinity, and inferred from the model. The individual estimates of {R]
they are accounted for by the monovalent, noncooperative+ [S]; are independent of the values of undefined parameters
form of the receptor shown as S in Scheme 2. related to the agonists.€., Ka, &, ¢). There is no set of

All of the analyses included data acquired with and without unconstrained values that avoids a marked increase in [R]
GMP-PNP at graded concentrationshof3H]methylscopo- + [S]: when R is trivalent or less, the absence of a unique
lamine on the one hand and one or more agonists on thesolution notwithstanding; conversely, constraints that prevent
other. Since the two forms of the receptor are defined as the increase also preclude agreement between the model and
noninterconverting, the quantity [RIR]; + [S]) was the data.
assumed to be the same for all ligands and unaffected by The anomaly is avoided if theth site is not labeled in
the nucleotide. This constraint had little or no effect on the the absence of GMP-PNP, and the results obtained pyith
goodness of fit, even in the comparatively simple case of a fixed at 25 or more are summarized in Table 3B. The fitted
divalent plus a monovalent receptor. The affinity of the curves obtained when R is tetravalent are illustrated in Figure
noncooperative form of the receptor generally was unaffected4 (—log p, = —1.4). In the case of divalent R, only 50% of
by GMP-PNP, and single values ¢fps and Kas were the interacting sites will be labeled at apparently saturating
assigned accordingly in most analyses. concentrations of the radioligand whenis sufficiently large

If there are two competing ligands, thénteracting sites  (i.e, Kp < [P] < pKp). The corresponding levels of
of Scheme 2 are associated witkn + 3)/2 parameters  occupancy for trivalent and tetravalent R are 67% and 75%,
exclusive of [R]. Parameters unique to the radioligand.( respectively. Overall occupancy is higher in the presence
Ke, pj) could be estimated for all values mfat least to within ~ of noninteracting sites, and the ratios inferred from the
a first approximation. In contrast, those unique to the presentdata are 0.54,0.69, and 0.77 (Table 3B). Aninferred
unlabeled ligandife., Ka, &) or dependent upon both ligands ratio of 0.69 also is obtained for S plus tetravalent R when
(i.e., ¢) tend to be correlated and undefined. Such parametersthe radioligand labels only half of the interacting sites.(
were mapped as required and fixed appropriately to achieveKp = pKp < [P] < p2psKp < p2p3psKe) and the apparent
convergence to the minimum sum of squares. Despite thiscapacity is expressed relative to that when qujys large
uncertainty, the inhibitory behavior of agonists determines (i.€., Kp = pKp = popsKp < [P] < p2pspsKr) (Table 3B).
or influences capacity as represented by the relative numbers \Whenp, is near 1 in the absence of nucleotide, the sites

of R and S {.e, [R]/([R]: + [S])] and the total number of
receptorsi(e., [R]: + [S])-
Native Membranes at Low lonic StrengthThe results

labeled only by fH]quinuclidinylbenzilate are not repre-
sented in Scheme 2. Whep, is large, however, the
difference in capacity may represent sites that are inaccessible

summarized in Table 3 are from seven analyses in which to N-[®H]methylscopolamine owing to pronounced negative
the cooperative form of the receptor was taken as divalent, cooperativity (Wreggett and Wells, 1995). The measured

trivalent, or tetravalent. Each analysis included all of the

ratio of capacities folN-[*H]methylscopolamine anc’ii]-



Cardiac Muscarinic Receptors. Cooperativity Biochemistry, Vol. 36, No. 24, 19977369

Table 3: Affinities and Capacities fa¥-[*H]Methylscopolamine at Low lonic Strength: Analysis in Terms of Schefe 2

capacity for f(HINMS
GMP-PNP n[R] &/ (£) rel
model (mM) —log Kp —log pz —log ps —log ps —log Kps (n[R]:+ [S]) GMP-PNP apparerit SSQ

A. Saturation byN-[®H]Methylscopolamine in the Absence of GMP-PNP

dimer 0.0 9.83:0.02 —0.07+0.03
0.1 971+ 0.02 —2.40+ 0.12 10.514+ 0.05 0.87 1.78+0.03 1.0 1.00
trimer 0.0 9.83:0.05 0.01£0.06 —0.094+0.08

0.1 088+ 004 —013+ 006 —1.99+ 0.15 }10.70:|: 0.13 0.92 1.44+ 0.02 1.0 0.95

tetramer 0.0 9.8&: 0.08 —0.09+0.16 0.20+0.16 —0.35+0.16

01  9.79+007 0.16+011 —0.39+ 013 —2.09+ 0.75 }10'86i 013 091 1304002 10 094

B. Partial Occupancy bi-[3H]Methylscopolamine with and without GMP-PNP

dimer 0.0 9.49+ 0.01 —4.00
0.1 975+ 0.01 —2.46-+0.11 10.65+£ 0.05 0.93 1.01+£ 0.02 0.54 1.00
trimer 0.0 9.66+ 0.03 —0.11+0.04 —1.80¢

01 9.90+ 002 —014+ 005 —1.99+ 0.13 }10.80i 0.12 0.94 1.03+£ 0.02 0.69 0.93
tetramer 0.0 9.7& 0.07 —0.04+0.12 —0.04+£0.15 —1.40
0.1 9.84+£0.06 0.12-0.09 —0.36+0.11 —2.04+0.58

0.0 9.56+ 0.03 —0.26+ 0.05 —4.00 0.0f
0.1 9.81+ 0.03 —0.30+ 0.04 —4.00 0.0

a Estimates of total binding from 12 experiments in buffer A were combined and analyzed in terms of eq 3, with the valyeahfRited
according to eq 5.1 (dimer), eq 5.2 (trimer), and eq 5.3 (tetramer). Binding was measured at graded concentrédidid 8f(fhree experiments)
or at 0.96-1.05 nM PH]JNMS and graded concentrations of carbachol, arecoline, and methacholine (three experiments each). Each experiment
involved parallel assays in the absence of guanyl nucleotide and in the presence of 0.1 mM GMP-PNPH{M® fwas the variable ligand,
binding also was measured in the presence of 0.01 mM unlabeled NMS. In all analyses, one ¥ali@ad common to all of the data; single
values ofKp andp; were common to all data acquired at the same concentration of GMP-PNP, and single valussdaf were common to the
three sets of data acquired with the same agonist at the same concentration of GMP-PNP. The assigkmemts K{s were the same as that
of & when R was di- and trivalenk{) or when R was divalent{xs); otherwise, single values of each parameter were common to the six sets of
data acquired with the same agonist. One value of([R]: + [S];) was common to all data, and single values of [R]S]; were assigned to data
acquired at the same concentration of GMP-PNP in the same experiment. Single values of NS were common to all data from the same experiment.
Parametric values listed in the table are defined by at least a shallow minimum in the sum of squares and are largely independent of the values of
Ka, &, andg;; the latter are not characterized by unique values in most analyses, particularly when R is tri- or tetravalent. The data and the fitted
curves obtained when R is tetravalent (Bpg p, < —1.4) are illustrated in Figure &.The fitted values of [RI([R]: + [S],) are as follows: dimer,
0.77+ 0.01 (A) and 0.87 0.01 (B); trimer, 0.78+ 0.03 (A) and 0.84+ 0.03 (B); tetramer, 0.7% 0.02 (A), 0.76+ 0.02 (B,—log ps < —1.4),
and 0.84+ 0.03 (B,—log ps = —4.0). ¢ The ratio of capacities.€., [R]: + [S]) for binding in the presence and absence of GMP-PNP. Values from
individual experiments were averaged to obtain the me#&&tEM) listed in the tableN = 12). 9 The relative apparent capacity fGHJNMS. (A)
The apparent capacity equalR]; + [S]; in the absence of GMP-PNP. (B) First three analydds:— 1)[R]; + [S]¢ /{ n[R]: + [S]$ or [(n — 2)Fr
+ 1J/[(n — 1)Fr + 1], whereFr = [R]/([R]: + [S]). Last analysis:{(n — 2)[R]: + [S]3/{(n — D[R] + [S]} or [(n — 3)Fr + 1J/[(n — 2)Fr +
1], wheren = 4. ¢ The weighted sum of squares relative to that when R is divald@iite parameter was fixed as shown to preclude binding of the
corresponding equivalent ofHINMS at the concentrations used in the assays. The weighted sum of squares is independent of thepyalue of
under those conditiond.The value ofp, is defined by a shallow minimum in the weighted sum of squares and was fixed accordingly.

}10.89i 0.14 0.93 1.08+ 0.02 0.77 0.92

}10.60i 0.14 0.95 1.03£ 0.02 0.69 0.97

quinuclidinylbenzilate is 0.660.75, which exceeds the value and the ratio of capacities inferred from the model is 1.01
listed in Table 3B for divalent Ri.g. 0.54) but compares =+ 0.05. Alkylation therefore eliminated the discrepancy that
favorably with those listed for tri- and tetravalent R. It otherwise emerges in [R} [S]t when the cooperative form
follows that the cooperative form of the receptor must be at of the receptor is less than tetravalent and the radioligand is
least trivalent if Scheme 2 is to account for the differing assumed to label all of the accessible sites in the absence of
capacity of the membranes for the two radioligands. GMP-PNP ¢f. Table 3A).

Alkylated Membranes at Low lonic StrengtRretreatment Native Membranes at High lonic Strengtilhe binding
with propylbenzilylcholine mustard reduced the number of of N-[*H]methylscopolamine and carbachol in buffer B is
interacting sites required for mechanistic consistency in termsillustrated in Figure 6, and the parametric values obtained
of Scheme 2. The binding of carbachol ami[*H]- when R is di- and trivalent are listed in Table 4. Since the
methylscopolamine to alkylated membranes is illustrated in Hill coefficient for N-[3H]methylscopolamine was indistin-
Figure 5, where the lines represent the best fit of the model guishable from 1, cooperativity unique to the radioligand was
with R taken as divalent. It was assumed that the radioligandfixed accordingly: that is, all values @ were taken as 1
could label only half of the cooperative sites either with or whenN-[3H]methylscopolamine was assumed to label all of
without GMP-PNP ie., p, = 10%). The apparent capacity the sites (Table 4A); with trivalent R, the value pf was
for N-[*H]methylscopolamine represents about 60% of the taken as 1.33 wheps was assumed to be large (Table 4B).
capacity inferred from the model. These simplifications are without effect on the goodness of

The sum of squares is about 7% higher at valueg,of fit regardless of the degree of cooperativity associated with
consistent with saturation of R at the highest concentrationsthe nth equivalent of radioligand. GMP-PNP is therefore
N-[*H]methylscopolamineif., p2 < 2), but the fitted curves  without effect on the value of [R}- [S];, in contrast to the
are almost superimposible with those shown in Figure 5; discrepancies found with native membranes in buffecf (
moreover, the value gf, is independent of the nucleotide, Table 3A). The sum of squares is only-3% lower when
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Ficure 4: Binding of agonists andN-[3H]methylscopolamine to native membranes at low ionic strength. Total binding was measured
following equilibration of the membranes in buffer A at the concentrations of agoniSHINMS shown on the abscissa. Each panel
contains the combined data from three experiments as follows:C)the agonist plus’HINMS (0.96-1.05 nM), no GMP-PNP{), 0.1

mM GMP-PNP (0); (D) [3H]NMS plus 0.1 mM GMP-PNP®, A, hourglass; leftward curve)3HI]NMS alone Q©, ¢, O; rightward curve),

[BHINMS plus 0.01 mM unlabeled NMSQ; ¢, O; baseline). In panel D, data from different experiments are represented by different
symbols O, ®; ¢, A; O, hourglass). The lines represent the best fit of eq 3 to the combined data; the receptor was assumed to be tetrameric
(eq 5.3), and the value oflog p; was fixed at—1.4 for binding in the absence of guanyl nucleotide. Further details are described in
footnotea to Table 3. Values plotted on the ordinate were obtained according to eq 6; for pan€lsidividual values oB'qnsq at the

same concentration of agonist were averaged, and the mezHN]) is shown in the figure. The mean values of;[R][S]; are 33+ 1 and

35+ 1 pmol/g of protein Kl = 12) for binding in the absence and presence of GMP-PNP, respectively; the mean value of NS is 0.0089
+ 0.0003 N = 12), and the mean concentration &iJNMS for the data in panels AC is 1.01+ 0.01 nM (N = 9). Points shown at the

lower and upper ends of the abscissa represent binding in the absence of carbachol and in the presence of 0.01 mM unlabeled NMS,
respectively.

R is trivalent rather than divalent, and the two forms of the linked receptors: a heterogeneous mixture of mutually
model yield fitted curves that are virtually superimposible. independent and noninterconverting sites [the multisite
Taken alone, the data shown in Figure 6 are consistentmodel; e.g, Munson and Rodbard (1980)], heterogeneity
with the notion that the cooperative form of the receptor is induced by the G protein in a population of mutually
divalent. If so, R accounts for only 68% or 80% of total independent and otherwise identical sites (the mobile receptor
capacity depending upon the value @f(i.e., n[R]¢/(n[R]: or ternary complex model; De Leaet al, 1980), and
+ [S]), Table 4). The distribution between R and S is cooperative effects among interacting sites. This ambiguity
defined primarily by the effect of carbachol in the absence accounts in large measure for lingering uncertainty over the
of GMP-PNP. Although the different states are not well nature of the dispersion itself and, hence, over the mechanism

resolved in buffer B, the fitted values ofR]/(n[R]: + [S]y) of the allosteric interactions between agonists and guanyl
are significantly less than the corresponding values obtainednucleotides.
in buffer A (i.e., 87% and 93%, Table 3P(< 0.005). The The genes for five subtypes of muscarinic receptor have

analysis therefore implies that the buffer affects the stoichi- heen identified (Hulmet al, 1990), and that diversity may
ometry of binding to R and the distribution of sites between account in part for multiple affinities in tissues such as the
R and S. There is no discrepancy between the two buffersyain. |n the heart, however, northern blots (Perettal,
if R is tri- or tetravalent: the quantity{R]¢/(n[R]: + [S]) is 1987; Maedt al, 1988), immunospecificity (Leutjet al,
essentially undefined whem > 2, and the yalue therefore 1991), and the binding of subtype-specific ligands (Watson
can be taken as equal to that measured in buffer A. et al., 1986a,b; Deightoret al, 1990) all indicate that
DISCUSSION muscarinic receptors are 'predominantlly, if npt exclusively,
M.. Also, guanyl nucleotides, pertussis toxin, N-ethylma-
Cooperatiity as the Basis for Multiple States of Affinity. leimide, and some cations all promote an apparent intercon-
There are at least three possible explanations for theversion of cardiac muscarinic receptors from one state to
dispersion of affinities revealed by agonists at G protein- another. Similarly, agonists appear to regulate the distribu-
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- Bindi f carbachol and-[3 hvi lami measured following equilibration of the membranes in buffer B.
FIGURE 5. Binding of carbachol antl-[*H]methylscopolamine t0 40k panel contains the combined data from three experiments as
alkylated membranes at low ionic strength. Total binding was ¢qjows: (A) carbachol plus®H]NMS (1.02—1.14 nM), no GMP-
measured following equilibration of the membranes in buffer A. p\p O') 0.1 mM GMP-PNP): (B) [3H]NMS alone’o 0, 0)
Each panel contains the combined data from three (A) or two (B) [3H]NM§ p.lus 0.1 mM GMP-PNPQ A, hourglass) 3ﬂ—|]NMS
experiments as follows: (A) carbachol pIdsINMS (1.01, %'03’ plus 0.01 mM unlabeled NMSY, ¢, O0; baseline). In panel B, data
or 0.59|nM), no GMP-PNP), 0.1 ml\l/l f('t;vl\\,/lp(-jPNPm)’ (B) [*H]- from different experiments are represented by different symbols
NlMS P “5001 rr]nM %MP'PNPQ' 45 18 ! ard curve), {H]thl)\/IIS 4 (©,® 9 a0, hourglass). The lines represent the best fit of eq 3
alone ©, ¢; rightward curve), HINMS plus 0.01 mM unlabele to the combined data; the receptor was assumed to be trimeric (eq
NMS (O, ¢; baseline). In panel B, data from different experiments 5 5y ‘anq the value oflog ps was fixed at—4.0 throughout. Further
are represented by different symbolS, (®; ¢, A). The lines details are described in footnoteto Table 4. Estimates MBgpsq
represent the best fit of eq 3 to the combined data; the receptor, g e adjusted according to eq 6 to obtain the mea8EM) (A)
was aSSLémed t%_be dimeric, and the lvalue ob [Rleq 3 was g ihe individual values (B) plotted on the ordinate. The mean value
computed according to eq 5.1. One valuekp was common t0 ¢ IR}, + [S], is 81+ 3 pmol/g of protein for binding either with
all of the data, and one value &, was common to all data or without GMP-PNP | = 6); the mean value of NS is 0.0071

acquired at graded concentrations of carbachol. One vall& of o2 N = 6), and the mean concentration 8H[NMS for the
was common to all data acquired at the same concentration ofGMP-d'ata in panel A is 1.0 0.04 nM (N = 3). Further details are

PNP. Single values oK, a;, andc, were common to all data escribed in the legend to Figure 4
acquired in the presence of carbachol at the same concentration op '
GMP-PNP. The value of-log p, was fixed at—4.0 throughout; - o . .
other parameters unique to the radioligand were well-defined by Mechanistically untenable, despite its widespread use in
the data, and the fitted values are as followsiog Kp = 9.72 + analyses of the data.

0.03 (no GMP-PNP) or 9.85 0.04 (+GMP-PNP),—log Kps = The quantitative implications of the mobile receptor model
9.12+ 0.12 GMP-PNP). One value of [R{[R]; + [S}) was have been examined by Let al. (1986), who concluded

common to all of the data, and the fitted estimate is 0t6@.03; . . . . -
the corresponding value afR]/(n[R]; + [S]) is 0.80. The fraction that the original proposal is inconsistent with the binding

of all sites labeled at the highest concentrations of the radioligand Properties of muscarinic and other G protein-linked receptors.
is therefore 0.60. Values of [R} [S]; and NS were assigned as  Some of the problems can be resolved by expanded versions

described in footnotea to Table 3; the means for the five  of the model, allowing in particular for multiple subtypes of

zﬁge{giegt(soripr:]e,\ieg't\ig EI\}PS g%‘éﬁ?gag%irgté?no fg'\f'g}f[gf ) G proteins and a subpopulation of G protein-inaccessible
. = t . . .
and 0.0092+ 0.0005 for NS. Estimates s Were adjusted receptors. As described in the accompanying paper (Green

according to eq 6 to obtain the meabSEM) (A) or the individual et al, 1997), however, at least one such scheme cannot
values (B) plotted on the ordinate; the concentration®ej IMS account for the effects of GMP-PNP or propylbenzilylcholine
was taken as 1.0 nM for the data in panel A. Further details are mustard; furthermore, it yields wholly inconsistent views of
described in the legend to Figure 4. the system in studies witN-[3H]methylscopolamine on the

tion of sites among the different states under some conditionsone hand and®{S]GTPyS on the other. Such schemes also
(Wong et al, 1986). The multisite model therefore is fail to account for the levels of amplification inferred from
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Table 4: Affinities and Capacities fa¥-[*H]Methylscopolamine at High lonic Strength. Analysis in Terms of Scheme 2

capacity for f(HINMS
GMP-PNP n[R]:/ (&) rel
model (mM) —log Kp —log p2 —log ps —log Kps (n[R]:+ [S]) GMP-PNP apparert  SSQ
A. Saturation by\l-L;H]MethyIscopolamine

dimer 0.0 9.02+ 0.10 0.0

01 904 010 0.0 9.13+0.20 0.68 0.99+ 0.01 1.0 1.00
trimer 0.0 9.03+ 0.04 0.0 0.0 }

01 9,054 0.04 0.0 0.0 9.27+ 0.27 0.92 1.00+ 0.01 1.0 0.98

B. Partial Occupancy bi-[*H]Methylscopolamine

dimer 0.0 8.73t 0.12 4.0

01 8,754 0.12 A 9.12+ 0.23 0.80 0.99+ 0.01 0.60 1.00
trimer 0.0 8.89- 0.04  —0.125 4.0 }

01 891+ 0.04 —0128 A 8.97+ 0.52 0.94 1.00+ 0.01 0.69 0.95

a Estimates of total binding from six experiments in buffer B were combined and analyzed in terms of eq 3, with the valyeahfRited
according to eq 5.1 (dimer) and eq 5.2 (trimer). Binding was measured at graded concentrafibiiii dff (three experiments) or at 1.62.14
nM [*H]NMS and graded concentrations of carbachol (three experiments), both in the absence of guanyl nucleotide and in the presence of 0.1 mM
GMP-PNP. In all analyses, one value K$swas common to all of the data, and one valuka§ was common to the six sets of data acquired
with carbachol; single values & andp; were common to all data acquired at the same concentration of GMP-PNP, and single vaiuassdof
¢; were common to the three sets of data acquired with carbachol and at the same concentration of GMP-PNP. Further details are given in footnote
ato Table 3. The data and the fitted curves obtained when R is trivalent®) p; = —4.0) are illustrated in Figure 6.The fitted values of
[R]/([R]: + [S];) obtained when R is divalent are 0.320.08 (A) and 0.67 0.08 (B). The parameter is not well-defined when R is trivalent, and
the value was fixed at that obtained from the data acquired at low ionic strength (Tabke, 3),(0.78; B, 0.84) ¢ The ratio of capacities.e., [R]:
+ [S]y for binding in the presence and absence of GMP-PNP. Values from individual experiments were averaged to obtain theS&E&&ns (
listed in the table N = 6). ¢ The relative apparent capacity fotH]NMS. (A) The apparent capacity equaifR]; + [S]. (B) {(n — 1)[R]; +
[SI3AN[R]: + [S]¢ or [(n — 2)Fr + 1}/[(n — 1)Fr + 1], whereFr = [R]/([R]: + [S]). © The weighted sum of squares relative to that when R is
divalent.” The values ofy; were fixed as shown, in agreement with the apparent homogeneity of the sitédMS (i.e., ny = 1). 9 The value
of p, was fixed to preclude binding of the corresponding equivalentldfNMS at the concentrations used in the assays.

the agonist-promoted turnover of guanyl nucleotides, and interacting sites (R) and a monovalent form in which the
they require a degree of compartmentalization that may occursites are mutually independent (S). The former is modeled
in native membranes but seems unlikely in solubilized or as an extension of the Adair equation for two competing
reconstituted preparations. These discrepancies cast doubligands, and the latter is included to account for the failure
on the underlying notion of a ligand-regulated equilibrium of propylbenzilylcholine mustard to eliminate the sites of
between free and G protein-coupled receptors [see Gaeen lowest affinity for agonists.
al. (1997), and references cited therein]. Scheme 2 provides an excellent description of the present
In schemes based on the mobile receptor model, multiple data, and it offers a mechanistically consistent view of effects
affinities arise wholly or in part from mutual depletion of that appear contradictory or paradoxical in terms of alterna-
the receptor and G protein as the agonist promotes formationtive proposals. Multiple states of affinity are a manifestation
of the RG complex. Binding therefore is not described by of cooperativity and hence intrinsic to the receptor; accord-
a rational function, in contrast to the multisite model and ingly, the model can account for the retention of native
models based on cooperativity (Wells, 1992). It follows that properties under conditions that otherwise are expected to
the dispersion seen in the semilogarithmic binding curve effect profound changes in the behavior of the system. The
relates only indirectly to the multiple states and affinities of effects of GMP-PNP can be attributed wholly to changes in
the receptor; for example, the first derivative may contain a affinity, particularly as determined by the degree of coop-
single maximum regardless of the difference in the affinity erativity at various levels of occupancy. Similarly, the
of the ligand for R and RG. One consequence of this differential capacity forjH]quinuclidinylbenzilate andN-[3H]-
situation is that the observed potencies of agonists and themethylscopolamine can be attributed to pronounced negative
apparent distribution of sites among different states ought cooperativity in the binding of the latter. Whereas the
to depend upon the local concentrations and mutual affinity cooperative form of the receptor must be at least trivalent in
of the interacting proteins (Lest al, 1986). This prediction  native membranes, it can be divalent in alkylated membranes
differs from the widespread observation that estimates of that retain only 21% of the native capacity. The difference
affinity from the multisite model are largely unaffected by is consistent with the notion that propylbenzilylcholine
conditions that cause interconversion in membranes, in mustard has reduced the number of functional, interacting
vesicles, and in solutiore[g, Table 2; Ikegayat al.,, 1990; sites within a structurally stable oligomer.
Sinkins et al, 1993; see also Wongt al. (1986) and The possibility of cooperative effects has been noted
references cited therein]; moreover, the affinity spectrum for previously or can be inferred from the results of previous
the binding of isoproterenol t@-adrenergic receptors is investigators. Henis and Sokolovsky (1983) have described
manifestly bimodal (Tobler and Engel, 1983). apparently noncompetitive behavior in the binding of an-
The consistency achieved with the multisite model sug- tagonists to muscarinic receptors in membranes from rat
gests that the mechanistically correct model is itself a rational adenohypophysis, and the effects were rationalized in terms
function. One such possibility is represented by Scheme 2, of cooperativity between two interacting sites. Also, Hill
which comprises two independent forms of the receptor: a coefficients of 1.41.5 have been reported for the specific
multivalent form that supports cooperative effects among binding of PH]quinuclidinylbenzilate to cardiac membranes
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(Mattera et al., 1985; Boyeret al, 1986); the inhibitory (Pyo and Wells, 1996), and the Hill coefficient of +.3.4
behavior of muscarinic agonists was interpreted in terms of obtained for H]quinuclidinylbenzilate in those preparatiéns

a static mixture of noncooperative and cooperative bivalent also is suggestive of interacting sitesf.[Matteraet al.
receptors, although the effect of GMP-PNP emerged in part (1985) and Boyeet al. (1986)]. The evidence for noncom-
as an interconversion between the two forms (Matitia., petitive effects argues in favor of negative cooperativity as
1985). Hill coefficients of 1.26 and 1.54 have been found the cause of the low capacity fdk[*H]methylscopolamine.

for the inhibitory effect of two histaminic ligands on the That occurs with values of, such that binding to the
specific binding of $H]histamine to two classes of sites in  corresponding sites is precluded with or without GMP-PNP
membranes of guinea pig cortex; moreover, the inhibitory (Table 3B). A multivalent receptor also may be intrinsically
behavior of ligands that recognized two classes of sites asymmetric with respect to the ligand, a possibility that
appeared to violate microscopic reversibility unless the data cannot be ruled out with the present data. The specific
were analyzed in terms of cooperativity (Sinkins and Wells, radioactivity of the probe is the same throughout, and each
1993). Studies on the photocycling of bacteriorhodopsin asymmetric arrangement has a symmetric equivalent when
have suggested an asymmetric cooperativity based on ahe system is cooperative.

trimer (Tokaji, 1993). The possibility that cooperativity | the differential capacity denotes negative cooperativity
derives from an oligomeric receptor is consistent with the exclusive toN-[3H]methylscopolamine, the number of in-
binding properties of complementary chimerasefadren-  teracting sites is determined largely by the magnitude of the
ergic and m3 muscarinic receptors coexpressed in COS-7gjfference. The value of 2534% found in hamster myo-
cells (Maggioet al, 1993). No binding was observed when  cardium is too small for dimeric R but approximates that
either protein was expressed alone, suggesting that aexpected for a trimer or a tetramer if cooperativity excludes
functional receptor required structural elements from at least gnly the last equivalent df-[*H]Jmethylscopolamine. Tet-
one equivalent of each chimera. Since the Hill coefficient rameric R also Suggests a further poss|b|||ty in which
reported for carbachol is 0.64, it follows that the functional cooperativity excludes the last equivalent #fifquinuclidi-
oligomer was at least a tetramer. nylbenzilate and the last two equivalents MfH]meth-
Number of Interacting Sites on the CoopesatiForm of  yiscopolamine. Although a clear distinction between tri- and
the Receptor. The estimated stoichiometry of binding is  tetravalent R is not possible with the present data, purified
linked to the low capacity foN-[*H]methylscopolamine, M, receptors appear to be at least tetravalent (Wreggett and
which labeled Only 66 75% of the sites reCOgnized b:y"l]- Wells, 1995) Moreover, the apparent CapacityﬁbiSH]-
quinuclidinylbenzilate. Two possible explanations for that methylscopolamine can be about 50% of that féH]{
difference have been considered here: the unlabeled siteguinuclidinylbenzilate in myocardial membranes and after
may be physically inaccessible to hydrophilic radioligands, purification (Brown and Goldstein, 1986; Wreggett and
as suggested previouslg.fy, Brown and Goldstein (1986)],  wells, 1995), which implies an even number of interacting
or N-[*H]methylscopolamine may be negatively cooperative sjtes. It follows that R is at least tetravalent in hamster
at high concentrations. myocardium if the stoichiometry of binding is the same in
Compartmentalization implies that the extra sites labeled || preparations. Variations in relative capacity may arise
by [*H]quinuclidinylbenzilate are not represented in Scheme from differences in cooperativity from preparation to prepa-
2. If the observed capacity fa¥-[*H]methylscopolamine  ration.
represen_ts all sites accessible to both radioliganeis = At higher ionic strength, GMP-PNP is without effect on
1 for all j, Table 3A), the effect of GMP-PNP on agonists , ¢gperativity oN-[*H]methylscopolamine, and divalent
places a lower limit on the stoichiometry for binding to R. 5 is sufficient to describe the data. The success of the
At low ionic strength, at least four interacting sites are simpler model is due primarily to the affinity of the
required to avoid an anomalous, nucleotide-dependent in'radioligand (log EG = —9.1), which was about 6-fold
crease in capacity as inferred from the model. The inferred weaker than at lower ionic st,rength (log BC= —9.88).

ink;:re_asz is imall Whﬁn Ris ftfetra\(ale(zjrjt, ﬁnd tk:je fitted CUVeS g e only 509 of the observed sites were labeled at higher
0 ta!ngl \(/jv_ffen Su]? anhe ec_h IS 'S% owed are not r‘?p' ionic strength, the model is comparatively unconstrained. A
preciably different from those lllustrated in Figure 4. The oo5 constrained model is also less informative, but it seems
effect on [R] + [S}: is an artifact in which GMP-PNP a?f)pears likely that the nature of the system is the same in both
to mhdLIJce nelgjatlye cooperatlwty in the lbmdmg N.f[ H]'f buffers: three classes of sites were observed throughout, and
methylscopolamine. As described below, it arises from o ncleotide appeared to act selectively rand Kaz
constraints |mposed by the re_lat|ve abundance of the d|f'ferent(-|-(,:1b|e 2). Itis implicitin Scheme 2 that the buffer is without
states recogn;\z_ed (tj)yb agr? nlstz_ alf‘d bg{ t.he hh'ghb level Offeffect on the distribution of sites between R and S; if so, the
occupancy achieved by the radioligand: in the absence o cooperative form of the receptor must be at least trivalent.
agonist, the labeled sites represented about 90% of the Receptors in the alkylated membranes also can be de-

apparent capacity. ) ) .
bp bactty | scribed in terms of divalent R, but the assays were performed

In contrast to the notion of restricted access, severa ¢ low ionic st th. Most of the ob ble sit
observations suggest that all binding of both radioligands at low lonic s3reng - Most o the observable sites were
labeled byN-[*H]methylscopolamine at the concentration

occurs within the context of Scheme 2. Purified fdceptors 4 and th fthe simpl del is due | vt
from porcine atria reveal a differential capacity similar to é;uﬁeem;;gg effeectselijcgsstﬁgmuzt:rrgri)netrhg]ginedilr?g gfec:rrt?aec%o(l)
that described here, and apparently cooperative effects ha

! bp y perafiv Y in the presence of GMP-PNP. In terms of Scheme 1, there

been identified between the sites labeled by both radioligands : | | Hinity s dth
and those specific foPiH]quinuclidinylbenzilate (Wreggett were proportionately more low-affinity sites, and there was

and Wells, 1995). Essentially the same pattern has been
found with M, receptors in porcine sarcolemmal membranes  ¢N. Pyo and J. W. Wells, unpublished observations.
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no nucleotide-dependent increase Kp; at the sites of T - - ' - - . r
medium affinity (Table 2). Partial inactivation of a tetrava- A

lent receptor is expected to yield a mixture of species, and ok
a description of such a system in terms of Scheme 2 is largely h
empirical. If the mustard acts randomly, however, tri- and
tetravalent species will contribute fewer than 10% of the
functional sites at levels of alkylation exceeding about 75%.
Such a reduction in the average number of functionally
viable, interacting sites is consistent with the good agreement A i
obtained between the data and Scheme 2 when R is only =
divalent.

The apparent capacity of alkylated membraneNig#H]-
methylscopolamine represents 60% of the inferred capacity
in terms of Scheme 2, assuming that divalent R binds only
one equivalent of the radioligand.€., —log p. = —4.0,
Figure 5). The corresponding value for native membranes
is 69—77% when R is tri- or tetravalent (Table 3B), and the
apparent capacity foN-[3H]methylscopolamine was 66
75% of that for fH]quinuclidinylbenzilate. These values
are in good agreement with the results of similar studies on
sarcolemmal membranes from porcine atria, where the — 45
binding of both radioligands has been measured before and;

N
T

GAND (/)

8]

90

75

60

BINDING OF THE RAD

after alkylation: when the apparent capacity f{3H]- L 30 .
methylscopolamine was reduced to 21% of native levels, the v

relative capacity forN-[*H]methylscopolamine and3]- 15 1
quinuclidinylbenzilate was reduced from 0.2680.01 to 0.57

+ 0.03 N = 3) (Pyo and Wells, 1996). 0

Constraints on Scheme Despite a comparatively large - - -8 -7 -8 -5 -4 -3 -2
number of parameters, some of which may be undefined, LOG [UNLABELED LIGANDI
the model is limited in its versatility under some conditions. FIGURE 7: Behavior of a divalent cooperative receptor. The lines
Binding patterns that lie outside those limits can lead to Were simulated according to Schemer2< 2, eq 5.1, [S]= 0)

. - for an unlabeled ligand at two concentrations of a radiolabeled probe
anomalies such as the nucleotide-dependent effects @n [R](A, [P] = Ke/10; %’ [P] = 10Ks). Successive equivalents of tphe

+ [S]} described above (Table 3A). Scheme 2 is particularly yniabeled ligand exhibit negative cooperativigiég a, < 0); the

restricted by two aspects of the present data: the effect ofradioligand itself is not cooperative (Ilqg = 0). The values of

GMP-PNP on the binding of agonists and the concentration —10og Ka and—log a; are 7.7 and-3.0, respectively, for all curves

of N-[*H]methylscopolamine used in those assays. The in Panel A and in the outer frame of panel B. The values-tifg
ffects of such conditions on the behavior of the model are & I Panel A are as follows: 2:3.0; b,=0.7; ¢, ~0.3; d, ~0.1;

e - e, 0.1; f, 0.25; g, 0.4; and h, 0.5. Those in the outer frame of panel

illustrated in Figures 7 and 8, where the curves have beeng gre as follows: a—3.0; b,—1.5: ¢,—1.0: d,—0.5: e, O: f, 0.5;

computed for divalent and tetravalent R, respectively. All g, 1.0; and h, 1.5. Lines in the inset to panel B were simulated

sites are of equal affinity for the radioligand in each case With —log c; taken as 0.5; the values eflog Kx and—log a; are
as follows, from left to right: 8.5 ane3.0, 7.5 and-2.0, 6.5 and

(e, p=1). . —1.0, 5.5 and 0, and 4.5 and 1.0. The abscissa shows the free
At lower concentrations of the probe.g, [P] = K#/10), concentration of the unlabeled ligand, and values plotted on the

either form of the model can predict the inhibitory pattern ordinate represent bound radioligand relative to the total concentra-
typically reported for an agonist at different concentrations tion of sites taken as 100.

of a guanyl nucleotide: that is, the nucleotide effects an
apparent interconversion of sites from higher to lower affinity
for the agonist, and there is little or no change in affinity
per seas estimated empirically in terms of Scheme 1 (curves
a—fin Figures 7A and 8A)¢.g, Kentet al. (1980)]. In the
examples shown, the distinctly biphasic nature of the
inhibition reflects a 1000-fold difference in affinity between
successive equivalents of unlabeled ligand@ihe individual
curves in each panel differ only in the degree of cooperativity

between the unlabeled ligand and the prabe, (), which
determines the position of the plateau that defines the
apparent distribution of sites in terms of Scheme.d.,(F;)
[see also Matterat al. (1985)]. As the cooperative effect
becomes more positive (curves g and h), the model predicts
a bell-shaped pattern that cannot be obtained from a system
of ligands and mutually independent sites at thermodynamic
equilibrium.
At higher concentrations of the probe.q, [P] = 10Kp),
changes irg; alone are unable to mimic the observed effect
7With a divalent receptor (Figure 7A), the difference in affinity of guanyl nucleotides on the binding of agonists. If R is
derives from negative cooperativity between the first and second only divalent, there is an upper limit of 0.5 on the fraction
equivalents of the unlabeled ligarice(, a, = 10°). A tetravalent receptor f sit t ’ iblv of | Hini Ei ; 7B):
can yield virtually the same pattern with various combinations of ot sites ostensibly of low a inity (Figure . ); moreover,
parameters. In the example shown (Figure 8A), negative cooperativity the agonist becomes more potent at the high-affinity sites
is associated primarily with the third and fourth equivalents of the (|C50(1)) and less potent at the low-affinity sites ét@) as

uniabeled ligandife, 2, = 5.6,a; = 1.5, 2 = 10°). The curves were o qnerativity between the two ligands is increased from
simulated to mimic a single class of sites for the first two equivalents

of the ligand; since the model was formulated with microscopic binding Negative ¢; > 1) to positive ¢; < 1). The reduction in
constants, the values af andas exceed 1. ICso) arises from increased affinity for the agonist at one
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. . ~ . . . . — - GMP-PNP, a nucleotide-mandated increag® is associated

A with a spurious increase in the computed value of [R]
[S]: (Table 3A).
h Tetravalent R gives a pattern analogous to that obtained
with the simpler model. The solid lines in Figure 8B differ
in the degree of cooperativity between the unlabeled ligand
and the probe when forming the tetraliganded spedies (
Cs). As the cooperativity is increased from negatieg %
1) to positive €, < 1), the fraction of sites ostensibly of
lowest affinity for the unlabeled ligand increases from 0 to
an upper limit of 0.25. Similar variations i3 andc; reveal
limits of 0.50 and 0.75, respectively, and the binding profile
therefore may comprise up to four inflections. The effects
on 1G5 parallel those illustrated in Figure 7B, and changes
in ¢; alone cannot mimic the effect of GMP-PNP. At larger
values ofn, however, concomitant changes ki and g;
enable the model to accommodate high-affinity sites that
coexist with the nucleotide. This flexibility is illustrated by
the dotted lines in Figure 8B, where negative cooperativity
intrinsic to the unlabeled ligand is shifted incrementally from
the third and fourth equivalents4) to the first and second
equivalentsd,). With the three agonists used in the present
investigation, the prevalence of high- and medium-affinity
sites in the presence of GMP-PNP is too low for tetravalent
R alone, and a pentavalent or larger species would be
required if all sites occurred in cooperative arrays. Ap-
proximately 15% of the receptors appear to be noncoopera-

751

80}
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SPECIFIC BINDING OF THE RRBICLIGAND (%)
o
O
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OF

1 § ! 1 1 1 1 1

o s 8 7 6 5 a4 3 -2 tive, however, and the sites of higher affinity for agonists
LOG [UNLABELED LIGANDI therefore represent a correspondingly greater fraction of those

identified as cooperative.

were simulated according to Schemer?=t 4, eq 5.3, [S]= 0) If the lower capacity foN-[*H]methylscopolamine derives

for an unlabeled ligand at two concentrations of a radiolabeled probe from negative cooperativity, the apparent level of occupancy

(A, [P] = K#/10; B, [P]= 10Kp). Each equivalent of the unlabeled  exceeds the true level with or without GMP-PNP. Since

Ficure 8: Behavior of a tetravalent cooperative receptor. The lines

ligand is negatively cooperative with respect to the nexog a : : :
< 0), with the major change occurring between the third and fourth the value ofp, is large throughout, no change is required

equivalentsi(e., as); the radioligand itself is not cooperative (log  TOf the model to account for the binding of agonists in the
p = 0). Parametric values common to the solid lines in both panels presence of GMP-PNP, and an untoward increase infR]

are as follows:—log Kx = 9.0,—log a, = —0.75,—~log a3 = —0.17, [SI: is avoided (Table 3B). A good fit requires negative
—log a; = —3.0, —log c; = 0.13, and-log ¢; = 0.12. The values  cogperativity at only the last equivalent of the radioligand

8T e_l%9294f'n0p2.ng ! '8 gg.e :ﬁ(joklllo(\;v ? ﬁ%g'eéfﬁ’;ﬁﬁbcc’}%ﬁh% regardless of the number of interacting sites. With divalent

solid lines in panel B are as follows: &3.0; b,—1.5; ¢,—1.0; d, R, a high value op, reduces the level of occupancy from
—0.6; e, 0; and f, 0.6. The dotted lines in panel B illustrate the 90% to about 50% at 1 nNW-[3H]methylscopolaminedf.
leof\f;%ta?zg gpéﬁ(in lrcl)egcatiVeocgogegitrixg)gr%ﬂﬁéovzzl Sésagilfgivgly Figure 7). The reduction is less at higher valuesobut
and—log a; arie as fg"(;‘ws: 9_175 and—é.o; h—2.75 and—%.oz; thereis a correspond]ng_decrease in the ol_lscrepancy between
and i,—3.75 and 0. Other details are as described in the legend tothe model and t.he binding of carbachol in the presence of
Figure 7. GMP-PNP ¢f. Figure 8B).

Multiple States of the Unliganded Receptor and the Nature
site when the other is occupied by the radioligand; similarly, of the Effect of Guanyl NucleotidesG protein-mediated
the increase in 16 arises from increased affinity for the systems often exhibit spontaneous activity that can be
radioligand at one site when the other site is occupied by inhibited by antagonists (Sc¢tmand Freissmuth, 1992).
the agonist. The effects af, on IG5, can be offset by  Examples at different levels of response include the GTPase
concomitant changes ia and a; (inset, Figure 7B), but  activity of the G protein (Costa and Herz, 1989), the
labeling associated with Kgz) remains limited to half of regulation of second messengers in preparations of wild-
[R]t or less. Such adjustments therefore cannot account fortype and constitutively active receptoms.d, Kjelsberget
the mix of high- and low-affinity sites observed experimen- al. (1992) and Chidiaet al. (1994)], and the atrial inotropic
tally in the presence of GMP-PNP (Table 2). response in transgenic mice with myocardial overexpression

These limitations on divalent R can be overcome by values of the 3, receptor (Boncet al,, 1995). In such systems, the

of pz such that only one of the two interacting sites is deemed receptor appears to interconvert spontaneously between an
to be labeled €.g, [P] = 10Kp; [P] < p2Kp). Since the inactive state favored by antagonists and an active state
species RPdoes not occur, specific binding comprises only favored by agonists (Chidiagt al, 1994; Leff, 1995).

RP and ARP. The conditions therefore resemble those at The notion of a ligand-regulated equilibrium between two
lower concentrations of the probe, and the system can mimicstates is consistent with the general pattern revealed in
the behavior shown in Figure 7A. Since the apparent binding studies. Guanyl nucleotides are found almost
capacity forN-[3H]methylscopolamine was unaffected by universally to reduce the apparent affinity of G protein-linked
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Scheme 8 T T T T T T T T

45t N
T TP, = TP, TP, TP,
| ~ 38| .
R = RP, — RP, — RP, = RP, o
AT ={=== ATP, <|[== ATP, =|l=== ATP, Z
/‘ / o 27+ .
anvenvyanvde =
AR = ARP, = ARP, = ARP, o
AT === ATP, <|l=—== ATP, O 18 y
4 [ w
yaARYamy+s =
AR ARP, ARP, woosr i
I 0 &
AT === ATP,
/ | / i |
-9 -8 -7 -6 -5 -4 -3 -2
R =———= ARP,
A TR LOG [AGONISTI
AT Ficure 9: Effect of Kgr on binding to R and T in Scheme 3. The
/ solid lines were simulated according to Scheme 3 at different values
of Kgrr, and the dashed lines illustrate the best fit of Scheme 1 (eq
AR 4,n = 3) to the simulated data. Further details are described in

a The cooperative form of the receptor illustrated in Scheme 2 can Table 5. Deviations between the simulated and fitted curves arise
exist in two, spontaneously interconverting states designated R and T.primarily from the inability of Scheme 1 to mimic Scheme 3 at the
The distribution of sites in the absence of ligand is given by the parametric values selected for the latter. Restriction&gnand
equilibrium constanKgr (i.e., [R]/[T] = Kgr), and other parameters  Kas in Scheme 1 affect the positions of the fitted curves by less
are analogous to those of Schemd.2.(Ker, Ket, Kar, Kat, Prj; P, than a line width. The abscissa shows the free concentration of the
agj, arj, Crj, Crj)- unlabeled ligand, and values plotted on the ordinate represent

binding of the radioligand relative to the total concentration of sites

receptors for agonists. The apparent affinity for antagonists taken as 100.

often is unaffectedg.g, Figure 6B) but can be increased ) o

under some conditionse[g, Figure 4D, Burgisseet al. or Kag # Kar), or in both. The equilibrium between R and
(1982), and Wreggett and De Lean (1984)]. Conversely, T also will be regulated by agonists and antagonists to the
agonists reduce the apparent affinity of receptor-linked G €xtent that the ligand differs in its affinity for the two states
proteins for GDP ¢.g, Bennett and Dupont (1985), Tota at each level of occupancy. Scheme 3 therefore can
al. (1987), Hilfet al.(1989), and Chidiac and Wells (1992)], accommodate G protein-mediated effects on binding and,
while antagonists seem to cause an increase in at least som@ithin the same framework, the functional differences among

cases §.g, Hilf and Jakobs (1992)]. agonists, antagonists, and inverse agonists.
Only one state is accessible to the vacant receptor in The effect of shifting the equilibrium between R and T is
Scheme 2 [see also Adair (1925) and Koshlanal. (1966)], ilustrated in Figure 9, where the solid lines were simulated

and a framework common to binding and response is notat the values ofKgr listed in Table 5. Curves a and f
self-evident. An expansion of the model is shown in Scheme represent the limits when the receptors are wholly in the R
3, where the receptor is assumed to interconvert spontanestate (-log Krr < —3) or the T state {log Krr > +3),
ously between two states designated R and T. Such anrespectively. The dashed lines represent the best fit of
arrangement follows the approach described by Moebd ~ Scheme 1 to the simulated data, and the corresponding values
al. (1965), less their restriction that binding is intrinsically 0f Kaj and F; are listed in Table 5. In this example, a
independent at each site. In the original proposal, homotropicdecrease ifKgr emerges as an apparent interconversion of
effects were attributed exclusively to the conservation of sites from higher to lower affinity in a system that reveals
symmetry and the difference in the affinity of the ligand for three states differentiated by agonists. There is a concomitant
R and T. Those constraints allow only for positive coop- increase in the value d{; at the sites of medium affinity
erativity; otherwise, the model also can predict negative With little or no change in that at the sites of high or low
cooperativity. A system such as Scheme 3 can account foraffinity. The curves in Figure 9 approximate the binding
the several phenomena that seem likely to share a commorpatterns obtained for Mmuscarinic receptors in the present
mechanistic basis: namely, the occurrence of constitutive investigation ¢f. Table 2, Figure 4A-C), but the overall
activity, the differential effects of agonists and inverse pattern is typical of G protein-linked receptors in general.
agonists, the multiple states of affinity, and the effects of S-Adrenergic receptors reveal only two classes of siteg, [
guanyl nucleotides. Kent et al. (1980)], perhaps signaling a dimer (Hebett

In terms of Scheme 3, G proteins and guanyl nucleotides al., 1996), while receptors that inhibit adenylate cyclase often
can be regarded as allosteric effectors that shift the equilib- reveal the more complex patterns expected of larger oligo-
rium between R and T. In the absence of an explicit mers. M muscarinic receptors,, adrenergic receptors, and
mechanism for such effects, the shift can be modeled D> dopamine receptors all have been reported to exhibit three
empirically as a change in the corresponding equilibrium classes of sitese[g, Matteraet al. (1985), Wonget al.
constant i{e., Krr = [R}/[T]). Changes in the binding of ~ (1986), Neubiget al. (1988), and Wreggett and Seeman
receptor-specific ligands then arise from differences in the (1984)].
cooperativity of R and Ti(e., prj = prj, @ = arj, Of Crj = The pattern in Figure 9 is obtained when half of the sites
crj), in the affinity of the vacant receptor.€., Keg = Kpr, are functionally inaccessible to the radioligang.( —log
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Table 5: Parametric Values for the Simulations in Figute 9

Scheme 8 Scheme 1
curve —log Kgr —log Kaz F1 F2 F3
a —6.0 7.171 0.613 0.328 0.059
b -0.9 6.870 0.571 0.323 0.106
c —0.4 6.477 0.484 0.358 0.158
d 0.0 6.187 0.360 0.421 0.219
e 0.5 5.991 0.216 0.465 0.319
f 6.0 5.873 0.093 0.446 0.461

aData were simulated according to Scheme 3 with the values of
Kgr listed in the table; other parameters are listed in footbdielow.

The parametric values listed for Scheme 1 represent best fits of eq 4

(n = 3) to the simulated data. The value of {Mas calculated with
respect to the free concentrations of A and P, both for the simulations
in terms of Scheme 2, eq 5.3) and for the analysis in terms of Scheme

Biochemistry, Vol. 36, No. 24, 19977377

terns similar to those reported hered, Figure 4). Ox-
otremorine-M has been found to increase the binding of
[H]AF-DX 384 to purified M, receptors (Wreggett and
Wells, 1995), but unrestricted cooperativity in a tetravalent
receptor can predict much more extravagant effects that are
seldom, if ever, reported.

The conformity of observed behavior suggests that many
of the parameters of Scheme 3 are constrained, perhaps by
the structure of the presumed oligomer represented by R and
T. Such constraints also are implied by the observed
correlations between efficacy and the multiple states of
affinity revealed in binding assays.p, Birdsallet al. (1977),

Kent et al. (1980), Ehlert (1985), Evanst al. (1985), and
Potter and Ferrendelli (1989)]. In the context of Scheme 3

1.* The values of other parameters are common to all curves. Thoseand related models, multiple affinities arise in part from

determined wholly or in part by the agonist are as followdog Kar
=7.722,—log ar; = —0.176,—log ars = —2.212,—log ars = —1.051,
—log cr2 = 0.115,—log crz3 = —1.674,—log cra = —0.308,—log Kar

= 8.084,—log ar, = —1.607,—log ar3 = —0.959,—log ar, = —0.873,
—log cr, = —1.011,—log cr3 = 0.234,—log crs = 0.152. The values

of ag; andar; were selected such that the total cooperativity associated
with ligand A was equal in R and T.€., aro8r38rs = ars8rsars). The

two states of the receptor were assumed to be identical with respect 1029

the radioligandi(e., R = T), which was entered at a concentration of

1 nM; parameters unique to the radioligand were set to yield a Hill
coefficient of 1 and an apparent affinity of 0.1 nM for binding to half
of the sites, with the balance rendered functionally inaccessible through
negative cooperativityi.e., —log Kp = 9.699,—log p, = —0.176,—log

ps = —4.0,—log ps = —0.176). The value of[R]; is 100.¢ The value

of —log Kg was fixed at 10 for all three classes of sites. The values
of —log Kai1, —log Kaz, and [R] were common to all of the curvesf(
Table 2), and the fitted estimates are 8.375, 5.064, and 49.99,
respectively.

cooperativity between the agonist and the radiolabeled
antagonist; in contrast, efficacy and intrinsic activity gener-
ally are measured in the absence of antagonist. It follows
that cooperativity between successive equivalents of the
agonist &) may be related to cooperativity between the
onist and the radioligandg). Such a possibility is
supported by the observation that efficacy or intrinsic activity
is correlated with both of the parameters that define the
binding patterns of muscarinic g-adrenergic agonists in
terms of Scheme 1: namely, the ratio of affinities for the
two states of the receptor and the apparent fraction of sites
in one state or the other (Keet al, 1980; Evanset al,
1985).

Cooperativity in the binding of agonists and guanyl
nucleotides implies that signaling proceeds via oligomeric

p: = —4.0) and 91% of the balance are labeled in the absence?/TyS Of receptors on the one hand and G proteins on the

of agonist. At higher levels of occupancy, similar behavior

requires more than two states of the vacant receptor if the

general approach represented by R and T in Scheme 3 is tgnduced by one ligand in the degree of cooperativity

be retained. The possibility of at least three states is
consistent with evidence that muscarinic receptors are
associated with more than one equivalent of G protein.
Guanyl nucleotides have revealed multiple affinities when
binding to receptor-linked G proteins labeled B3§|GTP/S
[e.g, Totaet al.(1987), Chidiac and Wells (1992), and Green
et al.(1997)]; similarly, GMP-PNP, GT#S, and GDP were
found to be multiphasic in their effect on the binding of
carbachol and\-[*H]methylscopolamine to Mreceptors, and
GDP revealed a Hill coefficient of 1.4 (Figure 2). If the
receptor is associated with multiple equivalents of G protein
arranged in a cooperative array (Chidiac and Wells, 1992),
each level of occupancy by the nucleotide may correspond
to a different state of the receptor.

General Implications of Cooperafty. Scheme 3 and
related models are intrinsically complex§, Eigen (1967)].
Their success is due in part to the comparatively large

other; moreover, the allosteric interactions between agonists
and guanyl nucleotides appear to derive largely from changes
associated with the binding of the other. Amplification in
such a system would depend upon the relative size of the
two arrays and upon the extent to which the effect of the
agonist is propagated throughout the array of G proteins.
Capacities estimated from data on the binding@JGTP/S
suggest that the number of receptor-sensitive G proteins is
at least 20 times the number of receptors (Chidiac and Wells,
1992). That analysis was based on a dimer, but the
disproportionate numbers raise the possibility that the oli-
gomer of G proteins is much larger. Studies on the
hydrodynamic properties of G proteins have suggested that
the native structure is a multimer comparable in size to cross-
linked tubulin (Coulter and Rodbell, 1992; Jahangeer and
Rodbell, 1993).

The oligomer implied by Schemes 2 and 3 retains or

appears to retain its structural integrity under the conditions
of a binding assay: either there is no dissociation into

number of parameters, but they are implicated for more than constituent subunits or dissociated monomers do not ex-
their complexity alone. Cooperativity emerges in a model- change with those in a pool. Processes such as ligand-
independent manner, since the binding properties of purified regulated oligomerization represent potential extensions to
M, receptors are inconsistent with the notion of mutually the model, and it has been suggested that agonists regulate
independent sites (Wreggett and Wells, 1995); similarly, the dimerization of m2 muscarinic aid-adrenergic recep-
cooperativity is implied by the complementary binding tors (Hirschberg and Schimerlik, 1994; Hebetl., 1996).
properties of receptor-linked G proteins (Chidiac and Wells, Such extensions apparently are not required by the present
1992). The complexity of Scheme 3 nevertheless leads todata. Also, ligand-regulated oligomerization is difficult to
concern over its considerable scope. G protein-linked reconcile with the evidence for a cooperative tetramer at
receptors are strikingly consistent in their binding properties, picomolar concentrations of purified Meceptor in solution
almost invariably yielding mechanistically ambiguous pat- (Wreggett and Wells, 1995).
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Oligomeric arrays of receptors and G proteins raise the Graeser, D., & Neubig, R. R. (1993)Jol. Pharmacol. 43434~

possibility that one or both are heterogeneous. A heteroo-
ligomer of G proteins is suggested by the observation that

o subunits of both @ and G associate with cardiac
muscarinic receptors from the same membranes (Mag¢sic
al., 1991; Wreggett and Wells, 1995). Heterooligomers of
G protein-linked receptors can occur in experimentally
contrived systems (Maggiet al, 1993, 1996), and they

443,

Green, M. A,, Chidiac, P., & Wells, J. W. (199Bjochemistry 36
7380-7394.

Hebert, T. E., Moffett, S., Morello, J.-P., Loisel, T. P., Bichet, D.
G., Barret, C., & Bouvier, M. (1996). Biol. Chem. 27116384~
16392.

Henis, Y. I., & Sokolovsky, M. (1983Mol. Pharmacol. 24357—

Hilf, G'., & Jakobs, K. H. (1992)Fur. J. Pharmacol. 225245—

might account for phenomena such as the reported interaction 5o

between R and D, receptors in the striatum and anterior
pituitary (Seemaret al, 1989). Mixed oligomers of iono-
phoric glutamate receptors appear to odoutizo (Wenthold

Hilf, G., Gierschik, P., & Jakobs, K. H. (198®ur. J. Biochem.
186 725-731.

Hirschberg, B. T., & Schimerlik, M. I. (1994). Biol. Chem. 269
26127-26135.

et al, 1996), and such a possibility broadens the scope for Hulme, E. C., Berrie, C. P., Birdsall, N. J. M., & Burgen, A. S. V.

regulation and pharmacological selectivity in G protein-
mediated systems.
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