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Cardiac Muscarinic Receptors. Relationship between the G Protein and Multiple
States of Affinity
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ABSTRACT. An expanded version of the mobile receptor model has been assessed in studies on the binding
of N-[®H]methylscopolamine and3S]GTP/'S to cardiac muscarinic receptors and their attendant G proteins

in ventricular membranes from hamster. The model comprises two pools of receptor, one of which lacks
G proteins, and a heterogeneous population of G proteins that compete for the receptor within the G
protein-containing pool. To guide the formulation of the model itself and to define the various parameters,
data were combined from assays performed under various conditions with native membranes and following
irreversible blockade of about 80% of the receptors with propylbenzilylcholine mustard. Multiple G proteins
are indicated primarily by multiple states of affinity evident in the dose-dependent effect of guanyl
nucleotides on the binding of carbachol; G protein-free receptors are indicated by sites of low affinity for
carbachol that survive treatment with the mustard. The expanded model generally succeeds where more
frugal schemes have been inadequate, but it nevertheless fails to yield a mechanistically consistent
description of the data. Guanyl nucleotides and partial alkylation do not affect the inhibitory potency of
carbachol in a manner consistent with their supposed effect on the equilibrium between uncoupled and G
protein-coupled receptors. As inferred from the model, G proteins are lost upon alkylation of the receptor,
and their numbers are regulated by guanyl nucleotides. Parameters estimatdéHjimethylscopolamine

are wholly inconsistent with the same parameters estimatedP8§JTPyS. The failure of the model
suggests that multiple states of affinity may not arise from a ligand-regulated equilibrium between free
receptors and G proteins on the one hand and one or more RG complexes on the other.

Muscarinic and other G protein-linked receptors have been potency of agonists and their maximal inhibitory effect on
reported to promote the exchange of triphosphonucleosidesadenylate cyclase (Vogel al., 1995).

for GDP at more than a stoichiometric equivalent of G The pinding of agonists to muscarinic and other G protein-
proteins (Birnbaumeet al., 1990). That amplification is |inked receptors reveals a dispersion of affinities that reflects,
commonly held to reflect the successive formation and 4t |eastin part, the influence of the G protein (Huletel.,
dissociation of transient complexes such that the receptory9gp). Moreover, quantitative measures of the dispersion
can act catalytically._ Mechanistic proposals thus tend to be o, jtg sensitivity to guanyl nucleotides correlate with
based upon the notion of turnover or exchange at the levelpharmacological properties such as efficacy and intrinsic
of the RG complex. This view is consistent with the activity [e.g, Birdsallet al. (1977), Kentet al. (1980), Ehlert
dependence of G protein-mediated responses on the loca(19g5), and Potter and Ferrendelli (1989)]. The binding
poncentration of receptors,_which recallg the pattern expectedpat»[emS thus appear to be a manifestation of the mechanistic
if the former were determined by the integrated output of eyents that culminate in a response, and it is widely accepted
the latter (Stephenson, 1956; Furchgott, 1966). In erythro- that sites of low and high affinity for agonists represent

cyte membranes, for example, partial alkylationfeadr- coexisting populations of uncoupled and G protein-coupled
energic receptors has been shown to slow the rates ofygceptors.

activation and deactivation of adenylate cyclase by agonists
but not their maximal effect (Tolkovsky and Levitzki, 1978; When there is only one independent variable, typically the

ﬁ‘ar:doigglé;f ;3231)'@:2 Ccugfggidarl; dctfllés’ gtzt:cth; zran?:lemﬁ:in econcentration of an agonist, it is not possible to distinguish
P y Y p y orepinep among different mechanistic schemes that predict Hill
were found to vary with the level of expression B§-

2 - e i
adrenergic receptors (Whaleg al., 1994). In CHO cells, goeff|C|ents 1 for systgms at equilibrium. The notion of a

= : ligand-regulated, transient complex between receptor and G
the number of m2 muscarinic receptors determined the

protein therefore derives primarily from other data. Par-
ticularly striking is the 500-fold amplification reported for
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carinic receptors (Matesiet al., 1991). In contrast, GMP-  Scheme 1
PNP has been found to reduce the apparent size of M

Kuon
muscarinic receptors (Berri al., 1984b), and the agonist- PRGN ———— RGN ARGN
stimulated GTPase activity of affinity-purified,Deceptors K/ / /
was less if the column was eluted with GMP-PNP prior to "7 Kam " K N K
elution with haloperidol (Senoglest al., 1987). Such ! RG —ths ARG
observations are consistent with the notion that the recep- |} Koo ' I ’
tor—G protein complex is stabilized by agonists and desta- PR+GN ——{[=== R+GN — £ AR+GN
bilized by guanyl nucleotides, at least in solution. Ko / Ky K Ko /

The “ternary complex” or “mobile receptor” model ) y Y
constitutes an explicit description of the interaction between K,
receptor and G protein (De Leatal,, 1980). Coupled and PR*G, K R*G, ARG,

uncoupled receptors are thought to coexist in equilibrium,
at least under the conditions of a binding assay; antagonists PS S AS
and agonists shift the system toward one form or the other, e
depending upon their relative affinity for the two states. The EDTA, 200ug/mL bacitracin, pH 8.0) to remove endogenous
model thereby predicts a dispersion of affinities whenever ligands, particularly GDP. Assays were performed on the
total R equals or exceeds total G; moreover, it suggests anative membranes and, in some experiments Wit[iH]-
mechanism for the allosteric effects of guanyl nucleotides, methylscopolamine, on membranes in which most of the
which would perturb the equilibrium through their differential receptors had been inactivated by the irreversible antagonist
affinity for free and receptor-coupled G proteins. propylbenzilylcholine mustard. Binding was measured in
Quantitative applications of the mobile receptor model are two buffers selected as optimal for studies wKR[*H]-
infrequent, but it has been reported to describe the binding methylscopolamine on the one hand (buffer A, 10 mM
of agonists tg3-adrenergic receptors (De Leahal., 1980), HEPES, 1.0 mM MgGl pH 7.45) and PS]GTPyS on the
D,-dopaminergic receptors (Wreggett and De Lean, 1984), other (buffer B, 10 mM HEPES, 5.0 mM Mg£I1100 mM
A; adenosine receptors (Leurgal., 1990),a,-adrenergic NaCl, 1.0 mM EDTA, 1.0 mM dithiothreitol, 0.1 mM
receptors (Neubigt al., 1988), and Mmuscarinic receptors  phenylmethanesulfonyl fluoride, pH 7.40). For comparisions
(Ehlert, 1985, 1987; Ehlert and Rathbun, 1990; Minton and between N-[*H]methylscopolamine and3§S]GTPyS, the
Sokolovsky, 1990). Success has been mixed, as illustratedformer also was measured in buffer B. The concentration
by the common implication that guanyl nucleotides such as of protein was 0.67 g/L (buffer A) or 0.5 g/L (buffer B),
GMP-PNP cause an irreversible loss of G proteins from the and the reaction mixture was equilibrated at 8 for 45
system. Owing to this and other anomalies, the model hasmin (buffer A) or 2.5 h (buffer B). Bound and free
not provided a mechanistically consistent description of the radioligand were separated by microcentrifugation.
binding patterns and the changes effected by guanyl nucle- Analysis of Data Total observed binding was taken as
otides (Wonget al., 1986; Leeet al., 1986). the dependent variable througho®B.sq dpm/mL). The
The present paper describes an extended version of theexpression fitted to the data was eq 1, in which [Epresents
mobile receptor model, which has been examined for its the specific binding of the radioligand at a total concentration
ability to account for the binding properties of muscarinic [Pl SA is the specific radioactivity (Ci/mmol), and NS is
receptors in myocardial membranes. Agonists, guanyl the fraction of unbound radioligand that appears as non-
nucleotides, and the irreversible antagonist propylbenzilyl- specific binding.

choline mustard have been used in concert WitiPH]- _ 2
methylscopolamine and@®S]GTPyS under various conditions Bopsa= { [Pl + (NS)(PL ~ [P1)} (SA)(2.22x 10) (1)

to define the parameters of the model and to test for internal The value of [P]in eq 1 was calculated according to Scheme
consistency. Despite extensions that overcome the deficien-1 \which comprises two forms of the receptor (R, S) and a
cies of earlier schemes, the model is found to be unacceptableyotentially heterogeneous population of G proteins \(@Bere
on several counts. In the accompanying paper, the datahavg = 1 2 .. n). Each R can interact with any; Githin the
been examined in terms of the alternative notion of coop- relevant compartment of the membrane to form the sponta-
erativity among interacting sites (Chidia¢ al., 1997). neously dissociating complex R@s envisaged in the ternary
complex model described by De Leat al. (1980). It
MATERIALS AND METHODS follows that all R and Gare colocalized within a single

Experimental Procedures. All data were obtained as compartment or within multiple compartments that are
described in the accompanying paper (Chidigal., 1997). indistinguishable in the binding assays. There is no interac-
N-[3H]Methylscopolamine chloride was purchased from New tion between S and jGperhaps owing to their physical
England Nuclear (85.0 Ci/mmol) and Amersham (74.0 Ci/ separation within the membrane, and there is no intercon-
mmol), and S]GTPyS was purchased from New England version between R and S. Radiolabeled and unlabeled
Nuclear (1100—1325 Ci/mmol). Ventricular membranes /19a2nds that compete for the receptor are shown as P and A,
were prepared from the hearts of Syrian golden hamsters'€SPectively, and the guanyl nucleotide is shown as N.

and were washed extensively (5.0 mM HEPES, 1.0 mM Unpound Iigia'nd's have'beer) 'omitted from the figure., but Fhe

various equilibria are identified by the corresponding dis-
1 Abbreviations: GMP-PNP, guanylylimidodiphosphate; GEP sociation constantse(g, Ka = [AIRVIAR], Kag
guanosine 5'-O-[3-(y-thio)triphosphate]: HEPES, sodit(2-hy- [AIIRGVARG]], Kagn = [AIIRGNIIARGN], Kg
droxyethyl)piperazine-N'-2-ethanesulfonate; NME&methylscopola- [RIIG)/I[RG], Kea = [AR][GJ/[ARG], Kgjan
mine. [AR][G|N]J/[ARG;|N], Knj = [G]][N)/[GN], etc).
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Total specific binding was calculated according to eq 2. text and in the footnotes to the tables. For most parameters,
The concentrations of radioligand-containing complexes and the value was defined unambiguously by a clear minimum
of other species discussed in the text were calculated fromin the weighted sum of squares. When the sum of squares
the equilibrium dissociation constants and the free concentra-was asymptotic in one direction or the other, the value of
tions of the reactants. The latter were obtained by solving the parameter was mapped to determine the upper or lower
a set of implicit equations derived from the equations of state bound consistent with the data. In such cases, the value was
for all ligands, receptors, and G proteins in the system. fixed appropriately during subsequent analyses. Parametric
Solutions were obtained according to the Newt&aphson values derived from a single analysis are presented together
procedure, but successful convergence often required initialwith the error as estimated from the diagonal elements of
estimates that were close to the desired roots. Values neathe covariance matrix. When two or more estimates were
or equal to the answer were computed in an iterative averaged to obtain the mean, the value is presented together
procedure that involved successive estimates of the freewith the standard error. Further details regarding the analyses
concentrations of all proteins on the one haiel ([R], [S], and related statistical procedures are described in the
and [G]) and of all ligands on the other (i.e., [P], [A], and accompanying paper (Chidiat al., 1997).

[N]). The total concentrations of all ligands were taken as At various places in the text, the results of the present
equal to the free concentrations and substituted in explicit analyses are compared with those obtained when the recep-
expressions to obtain the free concentrations of receptors andors are depicted as a mixture of distinct, noninterconverting,
G proteins; the latter then were used to obtained revisedand noninteracting sites€., the multisite model). The latter
estimates of the former, and the cycle was repeated Unt"approach is described in the accompanying paper (Chidiac
convergence occurred. Further details regarding the formu-et al., 1997), where the model is identified as Scheme 1.
lation of Scheme 1 have been described elsewhere (Wells,The equilibrium dissociation constants of the radioligand (P)
1992). and the unlabeled ligand (A) for the sites of tyjpR;) are
designatedKp; and Ku;j, respectively, and is the corre-
sponding fraction of all sites represented by Wifferent

n n
[Pl, = [PS]+ [PR] + Z [PRG] + Z [PRGN] (2) classes of sites are numbered in order of decreasing affinity
= 1= for the unlabeled ligand (i.eKa1 < Kaz < Kaa).

Parameters entered explicitly into the fitting procedure are RESULTS
Ka, Kagj, Kagin, Ke, Kp.g, Kp.gn, Kyj, Kaj Kejn, [R]: + [Ss
[SI/(R]: + [S]), [G]/[R], and NS. In some analyses of Binding of N-PH]Methylscopolamine. The binding pat-
pooled data from native and alkylated membranes, it provedterns obtained foN-[*HJmethylscopolamine at low ionic
useful to express [W[R]; for the latter in terms of that for ~ strength revealed multiple states of affinity.§.,ny < 1)
the former (e, [G]]/[R]tak = a[Gj]/[R]tna)- Also, the ratio and a leftward shift in the presence of GMP-PNP (Chidiac
[G]]/[R]: for one G protein sometimes was expressed relative et al., 1997). In the context of the mobile receptor model,
to that for anotheri(e., [G]/[R]: = b[Gi]/[R]). Other multiple states imply that the radioligand differs in affinity
parameters are self-evident in terms of the above (e.g,, [R] for Rand RG (e.,Kr = Kp g); the reduction in E€ implies
[S]i [Gjly) or implicit in the multiple closed loops of Scheme that the state of higher affinity is favored by the nucleotide.
1 (e.9.,Ka/Ka g = Kgj/Kg;ja), and the values were calculated Preliminary analyses indicated that one class of G protein is
as required. sufficient for Scheme 1 to describe the data obtained at
The concentrations of all reactants in Scheme 1 are graded concentrations &f-[*HJmethylscopolamine, which
expressed as moles per liter of homogenate. Such units arévas found to bind more tightly to R than to RG or RGN
notional for the interaction between R and, Gvhich (i.e., Kp < Kpg Kp < Kpgn). The parameteKp is well-
presumably occurs within the plane of the membrane. defined by the data, but only lower limits can be placed on
Simultaneous analyses therefore were restricted to dataKecandKeen Values above about 10 nM are without effect
acquired under essentially the same conditions, including theon the weighted sum of squares (curves a and b in Figure 1)
same concentration of protein. Within that restriction, Or on the values of other parameters. Lower values increase
howe\/er, differences in [R]and [C'f]t among data from the sum of squares, which significantly exceeds the asymp-
different experiments are assumed to denote differences intotic level whenKp g is less than about 0.23 nM (ld¢p.c =
the local concentration within the membrane. —9.64, curves a, no GMP-PNP) or whép ey is less than
Data on the binding oN-[H]methylscopolamine were ~ 0.14 nM (logKe ey = —9.84, curves b, with GMP-PNP).
analyzed in terms of Scheme 1 taken as illustrated above. The goodness of fit in effect is compromised at any value
Since the model is shown with only one ligand to the G of Kpc or Kp ey that implies appreciable levels of PRG or
protein, data on the binding of*B]GTPyS require an PRGN. Hill coefficients<1 derive from values oKg or
extension to accommodate the competitive effects of unla- Ke.n such that an appreciable fraction of the receptors in the
beled guanyl nucleotides (e.g., Figure 4). Multiple classes G-containing compartment are associated with G protein in
of G protein proved redundant witR®§]GTPyS, however,  the absence oN-[*H]methylscopolamine. The antagonist
and the data were well described by assuming a single clasgeduces the affinity of R for G or GN (i.eKp/Kp g = Kg/
of G protein in the receptor-accessible pool. Scheme 1 Kgp), and the effect is sufficient to preclude coupling.
therefore can be applied directly to the data acquired with  Antagonist-promoted destabilization of the RG complex
[*S]GTPyS ifnis taken as 1 and the symbols for the receptor also emerges when the binding propertiesNsfPH]meth-
and G protein are interchanged. ylscopolamine at low ionic strength are inferred from its
All analyses involved multiple sets of data, and parameters effect on the inhibitory behavior of carbachak], Figure 1
were allocated among the different sets as described in thein Chidiacet al. (1997)]. Data acquired at graded concentra-
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Ficure 1. Effect of Kpg on the goodness of fit obtained with
Scheme 1. Equation 1 was fitted to data acquired at graded
concentrations ofSH]NMS (a, no GMP-PNP; b, 0.1 mM GMP-
PNP) or at 0.04 and 1.0 nM-[3H]methylscopolamine and graded
concentrations of carbachol (c, no GMP-PNP). The population of
G proteins was assumed to be homogeneous (egq=2,1). The
parameter [SK[R]: + [S]) either was optimized (—) or was fixed

at zero (- - -), anKp g was fixed at different values from0.1 nM

to 1 mM. The weighted sum of squares from the analysis at each
value ofKp g was compared with the asymptotic minimum to obtain
the F statistic and the corresponding value of Bglotted on the
ordinate. Each relationship shown in the figure reflects six sets of
data from three independent experiments; binding at graded

concentrations of the radioligand was measured concurrently in the
absence and presence of 0.01 mM unlabeled NMS (a, b), and
binding at graded concentrations of carbachol was measured

concurrently at both concentrations of the radioligand (c) . In each
analysis, single values &p, Kp g, [R]/[G]:, and [SY([R]: + [S])
were common to all six sets of data. The horizontal dotted lines
indicate the 95%, 99%, 99.5%, and 99.9% levels of confidence.
Values of logKp ¢ corresponding to 95% confidence are as follows
for variable and fixed values of [H][R]: + [S]), respectively: a,
—9.64 and—9.65; b,—9.84 and—9.83; c,—8.97 and—8.82.

tions of the agonist and two concentrations of the radioligand
yield a profile forKp g similar to that observed with graded
concentrations of the radioligand (Figure 1, curves c). The
sum of squares is minimal at high values Kfs and
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ought to be without effect oKp, [G]/[R], or [S}/([R]: +

[S]o), the number of parameters can be reduced accordingly.
This constraint is accompanied by an increase in the sum of
squares (P=0.0020), perhaps signaling a problem with the
model, but the fitted curves are in good agreement with the
data. The parametric values are listed in Table 1A. GMP-
PNP effected a 3.3-fold reduction in the affinity of G for R,
in accord with the notion that guanyl nucleotides promote
uncoupling of the RG complex.

All parameters are better defined by the data obtained at
graded concentrations of carbachol and two concentrations
of N-[*H]methylscopolamine. The fitted curves are in
excellent agreement with the data, and the parametric values
are listed in Table 1B. There is a significant increase in the
global sum of squares when [g[R]: + [S],) is fixed at zero
(P = 0.00022), suggesting that an appreciable number of
the labeled sites are inaccessible to G proteins. A similar
distinction is not possible with the relatively featureless data
obtained at graded concentrations of the radioligand (Table
1A).

Effects of Carbachol, GMP-PNP, and the Local Concen-
tration of Receptors on the Binding of RH]Methylscopo-
lamine at Low lonic StrengthCardiac muscarinic receptors
have been shown to associate withadd G (Matesicet
al., 1991; Wreggett and Wells, 1995); moreover, the complex
effects of GMP-PNP, GTPyS, and GDP on the binding of
carbachol suggest that the nucleotide-specific sites are not
homogeneous [Figure 2 in Chidiat al. (1997)]. Prelimi-
nary analyses in terms of Scheme 1 confirmed that a single
class of G proteins is insufficient to describe some combina-
tions of data. The fit is better with two classes, at least in
some respects, but each additional class of G proteins adds
six parameters to the model(, Ka gj, Kagin, Knj, Kgj, Kgjn,
[G]/[R]). The problem is severely underdetermined with
only one independent variable, and a unique solution requires
data from several experiments.

Most of the parameters are defined by the combination of
data illustrated in Figure 2. Binding to native membranes

increases at lower values, the increase becoming significantwas characterized at graded concentrationil-¢fH]meth-

when Kpg = 1.1-1.5 nM P < 0.05). Data from both
experimental protocols thus imply thdt, ¢ exceedsKp
sufficiently to preclude appreciable levels of G protein-
coupled receptor in the presenceimethylscopolamine.
Binding of N-[*H]methylscopolamine at high ionic strength
was insensitive to GMP-PNP and revealed a Hill coefficient
of 1 (Chidiacet al., 1997). The data therefore are ambigu-
ous: the radioligand may bind to R and RG with equal
affinity (i.e., Kp = Kp g); alternatively, the radioligand may
favor R over RGie., Kp < Kp o), with little or no coupling
of G and unliganded Ri.€., Kc > [R]; or [G],). The latter
possibility is consistent with the pattern of binding at low

ylscopolamine, carbachol, and GMP-PNP in various com-
binations. Also included are data from membranes pretreated
with sufficient propylbenzilylcholine mustard to reduce the
capacity forN-[3H]methylscopolamine by about 82%. The
concentration of functional receptors was adjusted to perturb
the effect of carbachol on the supposed equilibria between
R and G. The solid lines in Figure 2 illustrate the best fit
of Scheme 11 = 2), and the corresponding parametric
values are listed in Tables 2 and 3. Mechanistic consistency
was enforced through the assignment of parameters and
related constraints, except as described below for the effect
of the mustard on [(/[R];. According to the model, 12

ionic strength; also, data presented below suggest that thel8% of the receptors were inaccessible to G proteins/ ([S]

value ofKg is indeed smaller in buffer A than in buffer B.
SinceKp g andKp gy are defined only by a lower bound,
the value of each has been fixed at/dd in all subsequent
calculations. Despite this restriction, data acquired only at
graded concentrations of the radioligand are insufficient to

([R]: + [S]), Table 3). That value is narrowly defined for
each preparation, and the fit is severely compromised (
0.00001) if it is assumed that all receptors were equally
accessible (i.e., [[R]: + [S]) = 0).

Scheme 1 provides a first approximation of the data, but

yield a unique solution in terms of the model. The remaining systematic deviations are evident in the binding of carbachol.
parameters can be strongly correlated, most notably in theEven with two classes of G protein, the model cannot

case of [GJ[R]: and [SY([R]: + [S]y), and there is no clear accommodate the high-affinity sites that persist in native

minimum in the sum of squares. The problem is less severemembranes at saturating concentrations of GMP-PNP (Figure
when the data obtained with and without GMP-PNP at low 2A). The discrepancy derives from the nucleotide-induced

ionic strength are analyzed in concert: since the nucleotide decrease in the affinity of the receptor fog @&f. log Ks:
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Table 1: Direct and Inferred Binding dfi-[*H]Methylscopolamine in Terms of Schemed £ 1)2

analysis variable ligand GMP-PNP (mM)  —log Kp —logKg [R]t + [S]t (pM) [SI(R]: + [S]) [GIV[R]:
A [*HINMS 0 10.63+ 0.52 63+ 6
0.1} 10.31+£0.08 1511+ 0.46 63+ 6 0.054 10
B carbachol, JHINMS 0.0 10.04+ 0.04  10.63+0.17 70+ 4 0.081+ 0.40 1.0+ 0.5

aEquation 1 was fitted to estimates of total binding at graded concentratiodslifNIS (A) or carbachol (B). The former was measured
concomitantly with the radioligand alone, the radioligand plus 0.1 mM GMP-PNP, and the radioligand plus 0.01 mM unlabeled NMS; the latter
was measured concomitantly at two concentrations of the radioligand (0.04 and 1 nM). Each experiment was performed three times, and the data
were combined for simultaneous analyses. The parameters were assigned as follows. A, Single ¥alU&d4R]:, and [SY([R]: + [S],) were
common to all of the data; single valueské were common to data acquired either with or without GMP-PNP. B, Single valugg, & c, Kp,
Ke, [C]/[R]:, and [SY([R]: + [S]) were common to all of the data. The fitted values of Khgand logKa c are—4.99+ 0.43 and—7.93+ 0.10,
respectively. The quantity [RH- [S]: was estimated individually for each experiment, and the three values were averaged to obtain the mean
(£SEM) listed in the table? [G]/[R]: and [SY([R]: + [S];) are strongly correlated, and the latter is indistinguishable from zero.

T T T T T T T T T T T T T T T T

T
110 B L
& 5 110 m(ngO(D(DCDCD(D [}
& d q ] 0@@%0
100k oo d-TYT J

TOTAL BINDING

TOTAL BINDING OF [3HINMS (PMOL/G OF PROTEIN)

SPECIFIC BINDING

-11.0 —1(‘].5 —1[‘].0 —9].5 -9.0 —8‘.5 -8.0
LOG [CARBACHOLI LOG [N-[3HIMETHYLSCOPOLAMINE]

Ficure 2: Fit of Scheme 1 to the binding &f-[*H]methylscopolamine, carbachol, and GMP-PNP in preparations of native and alkylated
membranes at low ionic strength. Total binding was measured following equilibration of the membranes in buffer A at graded concentrations
of the ligand shown on the abscissa. Each panel contains the combined data from three experiments, except as shown below in brackets,
and the conditions were as follows: (A) native membranes and-A9® nM FH]JNMS, no GMP-PNP ©), 0.1 mM GMP-PNP[0); (B)

alkylated membranes and 0:59.03 nM PH]JNMS, no GMP-PNP ©), 0.1 mM GMP-PNP@); (C) native membranes and 0:98.03 nM

[BHINMS, no carbachol®), 0.56—1.0uM carbachol [3] 0); native membranes and 98 pNHJNMS [1] (¢); (D) [3H]NMS plus 0.1 mM
GMP-PNP (®,2, hourglass; leftward curve BHNMS alone (0,0, O; rightward curve), HINMS plus 0.01 mM unlabeled NMS (baseline).
Different symbols in panel D denote data from different experimedtsg( ¢, A; O, hourglass). The solid lines represent the best fit of

the model § = 2) to the data taken together, and the parametric values are listed in Tables 2 and 3. The dashed lines in panel B were
computed for alkylated membranes with the values qj;[énd [G]; taken as equal to those in native membrames, (R} + [S]; = 11.76,

[SI/([R]: + [S]) = 0.1847, [G]/[R]: = 4.969, [G]/[G1]: = 0.3076); other parameters were as listed in Table 2. The left and right curves
represent binding in the absence of guanyl nucleotide and in the presence of 0.1 mM GMP-PNP, respectively. Values plotted on the
ordinate were obtained according to eq 6 in Chiddaal. (1997); the mean value of [R}sed for panels AC is 1.00+ 0.01 nM, and the
concentration of carbachol used for the middle curve in panel C is @\Vh6Points shown at the lower and upper ends of the abscissa
indicate binding in the absence of unlabeled ligand-@ and in the presence of 0.01 mM unlabeled NMS (A, B), respectively.

and logKg1n in Table 2), which represents 76% of all G PNP was without effect o, with any of the agonists tested
proteins in the system (Table 3). Such a change is expectedTable 2 in Chidiacet al. (1997)].

to weaken the inhibitory potency of agonists in the manner A further discrepancy emerges from the binding of
illustrated by the fitted curves in Figure 2A. As described carbachol to alkylated membranes. The fitted curves in
previously (Leeet al., 1986), the effect would appear as an Figure 2B were obtained with no constraint on the ratio of
increase in the value df,; when the data are analyzed in G proteins to receptors.€., ([Gi]: + [G2]1)/[R]r). Since the
terms of distinct and independent sites. In contrast, GMP- ratio is seen to increase from about 1 in the native membranes
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Table 2: Affinities Inferred from the Binding of Table 3: Capacities Inferred from the Binding of
N-[?H]Methylscopolamine at Low lonic Strength: Analysis in N-[*H]Methylscopolamine at Low lonic Strength: Analysis in
Terms of Scheme 1 (& 2)? Terms of Scheme 1 (& 2)?
reactants parameter value preparation
cabachol (A+ R log Ka —5.23+0.06 parametey native alkylated
cabachol (A)’I’ RG, |0g Kac1 —8.03+ 0.05 [R]t + [S][C (pM) 67+3 1241
cabachol (Af+ RG; log Kag2 —9.26+0.31
[SI/([R]: + [S]) 0.12+0.01 0.18+ 0.02
cabachol (A}t RGN log Kacin <-6.00 [G2/[Gal: 0.31+0.02
cabachol (AH RGN log Ka.c2n —7.83+0.20 (GR]: 0.80+ 0.04 19+02
[BHINMS (P)+ R log Kp —10.20+ 0.03 [G2/[R]: 0.25 0.57
([Galt + [Gal)/[RI]t 1.05 2.44
GMP-PNP (N)+ G, log Kn1 —8.09+ 0.04 [R]: (pM) 60 9.6
GMP-PNP (N}+ G; log Kn2 —6.63+ 0.22 [S]: (pM) 7.9 2.2
receptor (R4 G log K1 —10.494+ 0.05 [gl]‘ (pm) ‘112 é85
receptor (Rt G, log Kes ~10.23+ 0.32 [GZ]I Sf G) " » o
receptor (R GiN log Ke1n >—9.5 [Galt + [Gal: (PM)
receptor (R} GzN log Kean —10.37£0.24 aEquation 1 was fitted to estimates of total binding in preparations

a Equation 1 was fitted to estimates of total binding in preparations of native and aII_<yIated memk_)ranes,_as described in the footnotes to
of native and alkylated membranes. The analysis involved 28 sets of Table 2. Capacities were estimated in terms O.f the parametars [R]
data from 13 experiments in whicBH]NMS, carbachol, or GMP-PNP [S}, [GuVIR]., [Gal/[Gal, and [SY(R]: + [S]). A single value of [G]/
was taken as the variable ligand. The conditions in preparations of [Gd]c was common to all of the data, and separate values ¥l

native membranes were as follows, with the number of repeats for eachand [tfll (IRl + [tSh]t) Werehco(rjnmoc? t?ka;" tdgta acqtt)nred with E]at'vfh )
type of experiment shown in parentheses: graded concentrations ofnémbranes on the one hand and alkylated membranes on the other,

the radioligand alone, plus 0.1 mM GMP-PNP, and plus 0.01 mM the fitted estimates are listed in the table. Separate values pofH{R]
unlabeled NMS (3) (ngure 2[5)' 0.96—1.00 nl\“ﬂ-l]’NMS and gréded [S]: were assigned to the data from each experiment and, in most cases,
concentrations of carbachol al7on.e and.together with 0.1 mM GMP- 0 data acquired under different conditions within the same experiment.
PNP (3) (Figure 2A); 0.981.63 nM PHJNMS and graded concentra- Indwm!ual estimates th_en were averaged to obtain the mea8E)

tions of GMP-PNP (;\Ione and together with 1.0 or Q86 carbachol listed in the table (native membranéé= 17; alkylated membranes,

(3) (Figure 2C); 97 pMIH]NMS and graded concentrations of GMP- N = 6)' Stlngled \t/ﬁlues of N%‘ggg%cgégg]gqgo da_tta frfoan th; same
PNP (1) (Figure 2C). The alkylated preparation was assayed at 0.59_exzer|men ’ an” N rrr:ean 'Sf : | d. -~ heuni _?_ Obl[' é[ ]"_

1.03 nM PHINMS and graded concentrations of carbachol, alone and and [G]: as well as those of related parameters in Tablee, Kg

together with 0.1 mM GMP-PNP (3) (Figure 2B). Except as described andKa;) are with Tespect to the total volume of the homogenate. They
in the text, parameters were assigned to force internal consistency jncannot be taken literally, since receptors and G proteins are localized
terms of the model. Estimates listed in the table are fitted values within the membrane: The means for selected experiments as grouped

- in Figure 2 are as follows: (A and DN(= 6), 61+ 3 pM (no GMP-
common to all of the data except in the caseKaf Kagj, andKa g, in A .
which are not relevant to binding at graded concentrations of the ~NP), 61% 3 pM (0.1 mM GMP-PNP); (C) (N= 5), 83+ 7 pM; (B)

radioligand. The corresponding estimates of capacity are listed in TableéNNF:) 3), 11+ 1 pM (no GMP-PNP), 12+ 1 pM (0.1 mM GMP-
3. The analysis was constrained to preclude solutions in which the )-
binding of PHINMS decreased at concentrations of GMP-PNP above

0.32uM; such effects were small and inconsistent over the course of — ; it ;
the investigation® The values of loda cin and logKg1 .y are negatively [GalV[R]: = 1.5). The potential for agonist-induced depletion

correlated such that a change in one can compensate almost fully fortn€reéfore is less, and the unreacted receptors ought to
a change in the other. Neither is defined uniquely by the data, but the €Xperience less competition when forming the RG complex.
sum of squares is increased at values outside the limits shown in theSuch an effect will emerge as an increase in the apparent
table (P < 0.05) (cf. Figure 1). Other parameters are independent of affinjty of carbachol, and the binding patterns predicted for
%gllg %ndwi?g‘ Z)vt;ttgli?lggosv?t#rqu'(ej: eﬁ)\(/:cljue; 'ftég,h;‘fj at’;i n th_e alkylated mempranes are shown by the dashed lines in
corresponding value of lox cin is —9.49+ 0.15. Figure 2B. The failure of a decrease in {R} effect the
leftward shift required by Scheme 1 emerges as a decrease
in [Gj]: under the conditions of the analysis. In fact, the
inhibitory potency of carbachol was largely unchanged by
the mustard. In terms of the multisite model, alkylation had

6}i'ttle or no effect on apparent affinity in the absence of

expected to be independent of the mustard. Alkylation nucleotide (i) and affected onlx, in the presence of
therefore is expected to increase the value of]([& [G2])/ GMP-PNP [Table 2 '.n Ch|d|§et al.' (1997)]. . .
[R]:to 6.5. Forced equivalence between the relative values R€CEPtors tagged irreversibly with propylbenzilylcholine
of [R]: and ([G]: + [G2])/[R]: leads to a large increase in  Were not conS|de_red explicitly in the analysis |Ilustr_ated in
the sum of square®(< 0.00001) and to marked deviations F19ure 2. According to Scheme 1 and the parametric values
between the fitted curves and the data. listed in Tables 2 and 3, about 39% of the receptors identified
The anomalous decrease injj@erives from the refractory ~ @S R were coupled toGn preparations of native membranes

nature of the binding patterns. In the absence of nucleotide,
carbachol increased the affinity of R for G by about 630- 2 The magnitude of the effect can be calculated from the parametric
fold in the case of Gand by more than 10000-fold in the Values listed in Tables 2 and 3. At native levels of recepiter, (R}
case of G (Ka/K @_ _ Ky /Keia) (Table 2). Native = 60 pM, [S} = 7.9 pM, Figure 2A), the free concentration of &
ATTNAG) \Gjl NG.A : the presence of 1.0 nM-[*H]methylscopolamine is decreased from
membranes contained equimolar amounts of R and total G,43 pM in the absence of agonist to 3.3 pM in the presence of 10 mM
and the free concentrations of the latter were decreased attc’slrbc'slctf_lol-I ThAet COJreS%Olndlnlg V?Iues f?i Qed14 ?r?d 012 gM,t cal
_ ; respectively. At reduced levels of receptor under otherwise identica
Ir?aSt 13 fOIg Upo? pouplln@. In thetaldkytlated tmemgranfhs’ conditions (i.e., [R]= 9.6 pM, [S] = 2.2 pM), the free concentration
owever, proteins are expected to outnumber NOS€qf G, is decreased only slightly, from 47 to 44 pM, and that efi©

receptors untouched by the mustare.( [G]/[R]; = 5.0, decreased from 15 to 8.5 pM.

to only 2.4 after alkylation, a 6.2-fold decrease in{R)]
accompanied by 2.7-fold decrease inJjand [G]: (Table

3). Scheme 1 describes a spontaneously reversible associ
tion between R and Gand the density of G proteins is
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devoid of ligands; similarly, 8.5% were coupled tg.Glt motkl
therefore is implicit in the analysis that the covalently bound
antagonist promotes dissociation of the complex, at least in 85t

the absence of guanyl nucleotide. If the mustard were
without effect on coupling, the discrepancy between observed
and predicted behavior might be less than that illustrated in
Figure 2B. In the presence of GMP-PNP, howeveB6%

of the receptors were uncoupled; 13.5% occurred as\RG
and the levels of RG RG;, and RGN were negligible
(<0.02%). Since the discrepancy occurs with and without
the nucleotide, a rationalization in terms of Scheme 1 would
require that alkylation increase the affinity of the receptor
for the G protein.

Effects of Carbachol and Guanyl Nucleotides on the
Binding of N-fH]Methylscopolamine at High lonic Strength
Data acquired in buffer B were combined and analyzed in
the manner described above for buffer A. The correlation
between [@¢/[R]: and [SY([R]: + [S]y) is stronger than at
lower ionic strength, and the value of [§R]: + [S])
therefore was fixed at 0.118 throughout (see Table 3). The
affinity of R for G; or GN is poorly defined in all cases.
Maps ofKg andKg;n reveal only a lower bound and indicate
that there was little or no coupling of receptor and G protein
in the absence of agonist, as expected from the hyperbolic
binding of N-[*H]methylscopolamine and its insensitivity to
GMP-PNP in buffer B (Chidiaet al., 1997). The values . , . . . * ]
of Kgj andKg;n therefore were fixed arbitrarily at 04M -lo -9 -8 -7 -6 -5 -4 -3 -2
when required to stabilize the fit. Included in the analysis LOG [GUANYL NUCLEQGTIDE]
were data on the dose-dependent effects of three nucle- ol . . . T =
otides: GMP-PNP, GTFS, and GDP. The corresponding
estimates oKy; are well-defined and largely independent
of the affinity of carbachol for the receptor or of the receptor
for the G protein. The data and fitted curves are illustrated
in Figure 3, and the corresponding parametric values are
listed in Tables 4 and 5.

Agreement between the model and the inhibitory effect
of carbachol is better than that obtained at low ionic strength
(Figure 3A). The improvement is due largely to the relative
scarcity of high-affinity sites when GMP-PNP is saturating.
Binding at graded concentrations of GMP-PNP or GEP
is well described by the model (Figure 3B), which interprets
the two inflections as a difference in the affinity of the FieUre 3 Fit of Scheme 1. to the binding &f-FHImethviscopo-
nucleotide for Gand G (Ky;, Table 4). Scheme 1 also can lamine, carbachol, and guanyl nucleotidgs in [pre]parati)gns c[))f native

describe the downward inflection observed at about®6  membranes at high ionic strength. Total binding was measured
GDP, which emerges as a nucleotide-promoted increase infollowing equilibration of the membranes in buffer B at graded

the affinity of the receptor for &(cf. Ke2 andKgzn, Table concentrations of the ligand shown on the abscissa. Each panel

; o contains the combined data from three experiments, and the
4) and in the affinity of carbachol for the receptef.Kac. conditions were as follows: (A) 1.621..14 nM BHINMS, no GMP-

andKagzn). In contrast, the model cannot follow the upward p\p () 0.1 mM GMP-PNPL): (B) 1.01-1.09 nM PH]NMS
inflection occurring at about 0.3 mM GDP and characterized and 10uM carbachol plus GMP-PNF), GTPyS ¢), or GDP
by a Hill coefficient of 1.4 (Chidiaet al., 1997). Since all (®); (C) [BHINMS alone (O,¢, O) and plus 0.1 mM GMP-PNP
G proteins compete for a single site on the receptor, Scheme®. 4, hourglass) (upper curveJHINMS plus 0.01 mM unlabeled

; L NMS (baseline). Different symbols in panel C denote data from
1 cannot account for a Hill coefficient1 regardless of the different experiments (OB; o, A: O, hourglass). The dashed line

degree of heterogeneity represented by G _in panel B indicates the binding ofH]NMS in the absence of
Although otherwise consistent with the expected behavior agonist and guanyl nucleotide (95t21.2 pmol/g of protein). The

of the system, the analysis summarized in Figure 3 placedsolid lines represent the best fit of the model= 2) to the data

no constraint on the relative numbers of, @Gnd G taken together, and the parametric values are listed in Tables 4

; ; : . and 5. Values plotted on the ordinate were obtained according to
recognized by different guanyl nucleotides. The fitted eq 6 in Chidiacet al. (1997), and the mean value of [Rised for

estimates of [G/[R]; are listed in Table 5, and no twWo  panels A and B is 1.0& 0.02 nM. Points shown at the lower and
nucleotides yield the same values ofJGand [G]; upper ends of the abscissa indicate binding in the absence of
conversely, single values of [|g[R]: increase the global sum unlabeled ligand (_A, B) and in the presence of 0.01 mM unlabeled
of squares by 17%H < 0.00001), and the fitted curves fail NMS (A), respectively.

to provide even a first approximation of the data. Since differences cannot be attributed to variations among animals
GMP-PNP, GTRS, and GDP all were tested in parallel, the or between experiments. There is no provision in Scheme
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Table 4: Affinities Inferred from the Binding of Table 5: Capacities Inferred from the Binding of
N-[*H]Methylscopolamine at High lonic Strength: Analysis in N-[*H]Methylscopolamine at High lonic Strength: Analysis in
Terms of Scheme 1 (& 2)? Terms of Scheme 1 (& 2)?
reactants parameter value nucleotide
carbachok- R log Ka —3.72+0.10 parameter GMP-PNP GTPyS GDP
carbachok RG, log Kae1 —9.87+0.04 [G/IR]: 0.69+003  051+005 0.85t 0.02
carbachoH RG, log Kag2 —8.60+ 0.53
[G2]/[RI: 0.64+ 0.17 1.3+ 04 0.11+ 0.02
carbachol- RG-GDP logKacin c (Gt +[G)/[R]: 1.3 1.8 0.94
carbachot RG,-GDP logKa.c2n —9.57+ 1.05 [G1]: (PM) 45 33 54
[BHINMS + R log Kp —9.07+0.01 [Ga]t (PM) 42 87 7.3
[Gi]i + [G2) (pM) 87 120 61
GMP-PNP+ G; log Kni1 —9.23+0.08 - - - . .
GMP-PNP+ G, log Knz —582+057 aEquation 1 was fitted to estimates of total binding in preparations
of native membranes, as described in the footnotes to Table 4.
GTPyS+ Gy log Kn1 —8.47+0.15 Capacities were estimated in terms of the parametess{R$]:, [S]/
GTPyS+ G, log Kz —5.90+0.27 ([R]: + [S]), and [G]/[R]:. Single values of [RH [S]; were common
_ to all data acquired in the same experiment, and the mean from the
gggi gl :gg ﬁ“l _ggi’i 8% nine experiments is 74 2 pM. The value of [SI([R]: + [S]) was
2 92 ' ' fixed at 0.118 as described in the text. Single values ai{&]; and
receptor+ G; log K1 -7.00 [G2lY[R]: were common to all data acquired without nucleotide and
receptor+ G log Ka2 —6.85+ 0.53 with GMP-PNP, to data acquired with G¥8B, or to data acquired with
receptor+ G;-GDP logKg1n -7.0 GDP to obtain the fitted estimates listed in the table. Single values of
receptort+ G,GDP logKean —7.66+1.01 NS were common to data from the same experiment, and the mean is

0.0068+ 0.0004.

a Equation 1 was fitted to estimates of total binding in preparations
of native membranes. The analysis involved 25 sets of data in which
[*HINMS, carbachol, or a guanyl nucleotide (GMP-PNP, GTPyS, or illustrated in Figure 4. Each nucleotide recognized three
GDP) was the variable ligand. The data were from nine experiments ¢|gsses of sites in terms of the multisite model.[ Scheme

performed as follows, with the number of repeats shown in parentheses: , . e .
graded concentrations of the radioligand alone, plus 0.1 mM GMP- 1in Chidiacet al.(1997)] (P = 0.0004), and the fraction of

PNP, and plus 0.01 mM unlabeled NMS (3) (Figure 3C); +.024 specif_ic binding_ attributable to each class diff_ers significantly
nM [*H]NMS and graded concentrations of carbachol, alone and from ligand to ligand P < 0.0001). A saturating concentra-

together with 0.1 mM GMP-PNP (3) (Figure 3A); 1.01-1.09 nM tion of carbachol was without effect on the binding of GMP-
[*HINMS plus 10uM carbachol and graded concentrations of GMP-  pnp or GTRS (Figure 4A,B) but promoted an apparent

PNP, GTPyS, and GDP (3) (Figure 3B). One of the experiments at i . . . .
graded concentrations of carbachol also included parallel samplesredIStrIbUtIon of labeled sites from high to intermediate

containing 1.0 mM GDP. The experiments at graded concentrations affinity for GDP (Figure 4C). Agonist-sensitive binding of
of guanyl nucleotide included estimates of nonspecific binding and of GDP has been reported previously (Tetaal., 1987; Hilf
binding in the absence of both carbachol and nucleotide. Except aset al., 1989; Chidiac and Wells, 1992), and the effect is
described in the text, parameters were assigned to force internalb|ocked by atropine. There was no effect of isoproterenol
consistency in terms of the model. Single valueKXpfaindKg; were . ) . L

common to all of the data. Single valueskf andKa g also were ata concentratlon of 1M. The |mpI|C<'_;1t|on that gu_anyl
common to all data, except as noted below; similarly, single values of Nucleotides and carbachol promote an interconversion of G
Ka.in Were common to all data acquired without nucleotide and with  proteins among multiple states is inconsistent with the notion
GMP-PNP, on the one hand, and to data acquired with GDP on the of independent sites.

other. The parameteks, Ka gj, andKa gjn are not relevant to binding ; ; : ——

at graded concentrations OQHJ]NMS. Sjingle values oKg;n andKy Best fits of Scheme 1are |IIustr_ated py the lines in Figure
were common to all data acquired without nucleotide and with GMp- 4 @nd the parametric values are listed in Table 6. The effect
PNP, to data acquired with GTPyS, or to data acquired with GDP. Of carbachol on the binding of GDP suggests that the sites
The estimates of capacity are listed in Table 5. The analysis was of high and intermediate affinity are G proteins accessible
c?fnstrainedhtobprgcludefs[s_|c]>lutionsb thhat predict nucleotide-dzlependentto muscarinic receptors. There was no change in the apparent
effects on the binding offH]NMS. P There is a negative correlation - . . .
betweerKe, andKag, and betweerKen andKag. Also, Kg; and number of low-affinity sites €.9, F.3 in Table 6), which

Kgin are defined only by lower bounds in most cases; the values therefore appear not to interact with the receptors. It was
therefore were fixed at 7.0 for GMP-PNP and as shown. The fitted assumed that a common phenomenon underlies the multiple
values ofa gin andKa gzn in the presence of GMP-PNP aré5.65+ states revealed by all nucleotides, notwithstanding the
0.90 and—8.24 &+ 0.13, respectively. The binding of carbachol was insensitivity of GMP-PNP and GBS to carbachol, and low-

not measured at a saturating concentration of GTPyS, and the _. . N .
corresponding values da gy were taken as defined by GMP-PNP. affinity binding was interpreted throughout as a separate

The fitted values of logke1n and logKez for GTPyS are-6.95+  Population of receptor-inaccessible sites.( S in Scheme
0.91 and—6.65+ 0.09, respectively® The value is undefined by the ~ 1). The work of previous investigators (Gilman, 1987) and
data. the results summarized in Tables 1, 2, and 4 suggest that

guanyl nucleotides promote dissociation of the RG complex.

1 for ligand-dependent effects on capacity. The system Sites of high and intermediate affinity thus correspond to
therefore cannot be described by the model with only two free G protein and the RG complex, respectively, when the
classes of G protein. radioligand is °S]GTPyS. No nucleotide shows appreciable

Effects of Guanyl Nucleotides and Carbachol on the improvement in the goodness of fit with two classes of G
Binding of P5S]GTPyS at High lonic StrengthBinding of protein rather than one. The pattern thus differs from that
[®3S]GTPyS to myocardial membranes has been reported toobserved in the binding df-[*H]methylscopolamine, where
reveal three classes of sites, at least two of which appear toat least two classes are required to describe the effects of
be G proteins linked to muscarinic receptors (Chidiac and any nucleotide tested (Figures 2C and 3B).
Wells, 1992). The inhibitory behavior of GMP-PNP, GDP, Scheme 1 can describe the inhibitory effect of any one
and unlabeled GTPyS at about 170 pMIGTPyS is nucleotide, as illustrated by the fitted curves in Figure 4.
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varied comparatively litle among the several experiments,
and such variations that occurred were inconsistent with the
differences in capacityrather, the differences lie primarily

in the inferred distribution of sites between the two classes
(i.e., [SV(G]: + [S]). As evidentin the values ¢f'; (Table

6), GMP-PNP recognized proportionately more of the labeled
sites as S than did either GTPyS or GDP.

24[& . . . . . . . and [S] listed in Table 6. Absolute levels of specific binding

DISCUSSION

Properties and Implications of Scheme The notion of
a ligand-regulated association between receptor and G protein
is an attractive starting point for mechanistic forays into G
protein-mediated signaling. Even the most frugal schemes
predict the intriguing and much studied properties that are
characteristic of such systems: namely, multiple states of
affinity and the allosteric effects between agonists and guanyl
nucleotides. Both phenomena arise from the differential
affinity of the ligand for free receptor or free G protein on
the one hand and the RG complex on the other. Binding to
either protein creates a closed loop comprising free and
coupled states, and the system is expected to behave in accord
with the principle of microscopic reversibility: compounds
with higher affinity for free R or G must promote uncoupling,
and those with higher affinity for the complex must promote
coupling. Since the system is symmetrical, comparatively
few parameters are required to attempt a complete description
of the interactions among receptors, G proteins, and their
respective ligands.

Scheme 1 is an extension of the ternary complex model
proposed originally by De Leaet al. (1980). The guanyl
nucleotide appears as an explicit variable in addition to the
agonist and radiolabeled antagonist, as in an earlier paper
by Ehlert and Rathbun (1990), and the pool of receptor-
accessible G proteins is potentially heterogeneous. Also
included is a subpopulation of receptors inaccessible to G
proteins. These extensions may be superfluous with the data

LOG [GUANYL NUCLEOTIDE] from single experiments, but they are required to achieve
Ficure 4: Fit of Scheme 1 to the binding oPB]GTPyS, unlabeled |r!ternal cor]3|stency when the system is examlngd from
guanyl nucleotides, and carbachol in preparations of native different points of view. The extended model provides at
membranes at high ionic strength. Total binding was measured least a first approximation of the binding properties of native
following equilibration of the membranes (buffer B) ant#q]- membranes, and it avoids in particular the nucleotide-
GTPyS (160-185 pM) with GMP-PNP (A), unlabeled G¥1S (B), dependent effects on capacity that are characteristic of earlier
or GDP (C) in the absence of agonigl)(and in the presence of | Proposals. It nevertheless fails to provide a mechanistically

2.0 mM carbachol (O). The lines represent the best fit of the mode . .
(n = 1) to the data, and the parametric values are listed in Table 6. CONsistent description of the system, and the problem may

Values plotted on the ordinate were obtained according to eq 6 in lie in the presumed nature of the association between receptor

Chidiacet al. (1997), and the mean values of5B]GTPyS] are and G protein.

170 pM (A, B) and 171 pM (C). Points shown at the lower and ¢ diac muscarinic receptors are commonly reported to

upper ends of the abscissa indicate binding in the absence of . - .

unlabeled ligand and in the presence of 0.1 mM GSP reveal three classes of sites for agonistg], Uchidaet al.
(1984), Mattereaet al. (1985), Wonget al. (1986), Burgen

The effect of carbachol on the binding of GDP emerges (1987), Chidiacet al. (1991), and Vogeet al. (1995)]. In
primarily as an increase in the affinity of R for G (¢t terms of the mobile receptor model, three classes of sites

and Ke. in Table 6), in agreement with the notion that could denote a heterogeneous population of G proteins or a

agonists favor RG over R. Also, the value of f|iB]; is 1
with each nucleotide tested. In some cases, however, 3The level of binding varied somewhat from batch to batch of
nucleotide-related differences are found where none is mfig]bfabnes- For feaclh gx}oed“mem, Ithe Slpe?(fjlc blndlgésﬁliﬁTPtV% f
in the absence of unlabeled guanyl nucleotide can be estimated from

gxpectgd. The p.arame.tei’GG and Ke.a _bOth represgnt the fitted asymptotic values of eq 1 and adjusted to account for small
interactions involving unliganded G proteins, but the differ- differences in the free concentration of the radioligand. The means
ence found with GDP does not occur with GA® Simi- (+£SEM) relative to that from the experiments with GMP-PNP are as
larly, the value oKg is larger with GTPyS than with GMp-  follows: 1.00-£ 0.02 (GMP-PNP), 1.5€- 0.36 (GTPyS), and 0.8

. - 0.07 (GDP). In contrast, the relative values of (R] [S]; are as
PNP (?I' GDP. Guanyl nuclf-:-ot_ldes also affect the inferred follows: 1.00=+ 0.03 (GMP-PNP), 0.5% 0.17 (GTPyS), and 0.3&
capacity for f°S]GTPyS, as indicated by the values of {G] 0.05 (GDP).

TOTAL BINDING OF [35S1GTPyS (PMOL/G OF PROTEIN)
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Table 6: Affinities and Capacities Inferred from the Binding #§]GTPyS at High lonic Strength: Analysis in Terms of Schema £ (1)2

unlabeled carbachol log Ky Or log Kg or log Kg.nOF [Gl [S] Rl

nucleotide ~ (mM) log Ky log Knar? log Kg A° log Ko an?® log Kns (nM) (M) (nM) Fd
GMP-PNP 0.0

D 2.0} 8374019 -7.25+012 e e ~3.924004 10 920 10 0.35
GTPyS 0.0 ~8.14+004 -633+008 —11.15+0.12 -933 -433+018 11 510 110.14

GTPYS 2.0

GDP 0.0 131012 | ~11.54+008 f g 71 268 7.0 0.12
GDP 2.0 : 12 410+038 -1191+021 -7.97 g 90 266 89 0.12

aEquation 1 was fitted to estimates of total binding in preparations of native membranes incubated witl83.§M [F°S]GTPyS and graded
concentrations of unlabeled nucleotide. Experiments with GMP-PNP and GDP were performed in triplicate, with parallel assays in the absence of
agonist and in the presence of 2.0 mM carbachol. The binding of unlabeledS5@WRs measured three times in the absence of agonist and once
in parallel assays with and without carbachol. Parametric values listed in the table are from three analyses, one for each nucleotide. Labeled and
unlabeled GTPyS were assumed to be functionally identical, and parameters representing affinity were constrained accordingly in the case of
isotopic dilution (i.e.Kn = Kp, Knr = Kpr, Kns = Kpg); the fitted values then were substituted for the affinity of the probe and taken as constants
in other analyses. GMP-PNP and GTPyS were insensitive to carbachol, and the relevant parameters were constrained aicegidingly (
Kn.ar, Ko = Kg.a). Capacities were estimated in terms of the parameters{®}]:, [R]/[G]:, and [SY([G]: + [S]). The fitted values of [RI[G]:
are 0.9885+ 0.0047 (GMP-PNP), 0.9812 0.0047 (GTPyS), and 0.9878 0.0040 (GDP); those of [${[G]+[S];) are 0.9888&+ 0.0017 (GMP-
PNP), 0.9789+ 0.0085 (GTPyS), and 0.9742 0.0041 or 0.9672t 0.0045 (GDP¥ carbachol). Single values of [G} [S]: and NS were
common to all data acquired within the same experiment, and the means are as followss:2828/1 and 0.01Gt 0.002 (GMP-PNP), 526 155
nM and 0.0086+ 0.0009 (GTPyS), 275 42 nM and 0.008% 0.0005 (GDP). The mean capacity and the corresponding estimates/(g]
+ [S]y) and [R}/[G]: were used to obtain the values of [dB];, and [R] listed in the table. The data and fitted curves are illustrated in Figure 4.
b The parameters are defined as follows, where A represents carbaGhek= [RG][NJ/[RGN], Knar = [ARG][NJ/[ARGN], K¢ = [R][G)/[RG],
Kea = [AR][G)/[ARG], Ken = [RI[GN]J/[RGN], Ksan = [AR][GN]/JARGN]. ¢ Calculated as follows: lotfcn = log Kg — log Ky + log Kn g,
log Ke.an = log Kea — log Ky + log Ky ar. @ The fraction of observed specific binding attributed to sites of type S. An expression of the form
ZleFj’K;‘”U’/(Kj””ﬂ’ + [A]™0) (cf. eq 1 in Chidiacet al., 1997) was fitted to simulated data corresponding to the fitted curves in Fig@ikhd.
values of logKs and logKg n are highly correlated and defined only by upper boungs, logKs < —11.4, logKen < —10.0), as indicated by
the sum of squared®(= 0.05) (cf. Figure 1). Other parameters were estimated witlKlotaken as—13.5 (logKen = —12.37), and the values
are independent df; at that pointi(e., logKs < —11.4).f The values of lo&n r andKg n are highly correlated and defined only by lower bounds
(i.e., logKnr > —4.6, logKgn > —8.3) (P= 0.05), as indicated by the sum of squares; the minimunKfotr is shallow toward higher values
of the parameter. Other parameters were estimated witKlagtaken as—2 (log Ke.n = —5.40), and the values are independenKgk at that
point. The affinity of GDP for the RG complex is unaffected or increased by carbachol at valdgg thiat yield the best fiti(e., Knr = Knar)-
9 The value is not defined by the data.

restriction on the fraction of receptors that can form an RG cf. Table 1 in Chidiacet al. (1997)]. The data could be
complex. The latter possibility could arise from an excess described equally well by assuming that two G proteins
of receptors over G proteins within the relevant pool or, as compete for one receptor or that two receptors compete for
required here, from a subpopulation of receptors that cannotone G protein (Leungt al., 1990).
interact with G proteins (Leet al, 1986; Vogekt al, 1995). Cardiac muscarinic receptors are predominantly if not
Either way, the G protein-free receptors account for the sitesexclusively M, [see references in Chidiat al. (1997)], and
of lowest affinity, and the fitted value oKaz from the only one class of receptor is accessible to G proteins in
multisite model equals or closely approximates the value of Scheme 1. With only one class of G protein, however, the
Ka from Scheme 1; receptors accessible to G proteins accounimodel could not provide even a first approximation of the
for the sites of highest and intermediate affinity, and one or present data. The need for greater complexity arises in part
both of Ka; andKa, are expected to differ frorKac and from the dose-dependent effects of guanyl nucleotides on
Ka (i.e., Kac < Ka1 < Kaz < Kp; Leeet al., 1986). the binding of carbachol (Figures 2C and 3B). A single class
In previous attempts to apply the mobile receptor model cannot account for the dispersions revealed by &3 Bnd
to cardiac muscarinic receptors, the sites of lowest affinity GMP-PNP, which are too broad to derive wholly from
were attributed by default to receptors that outnumber G changes in the mutual depletion of R and G, or for the
proteins (Ehlert, 1985; Wonget al., 1986; Ehlert and  U-shaped effect of GDP. One class of G protein also cannot
Rathbun, 1990; Minton and Sokolovsky, 1990). In one account simultaneously for the binding of carbachol to native
study, two classes of competing G proteins were required to and alkylated membranes, even allowing for changes in total
account for the effects of GMP-PNP and batrachotoxin G. The discrepancies reflect the failure of propylbenzilyl-
(Minton and Sokolovsky, 1990). The model also has been choline mustard to affect the value Kf; in the multisite
used to describe the kinetics of the interaction betwen model, and they occur regardless of whether or not all of
adrenergic receptors and the agonist UK 14,304, which wasthe receptors can form an RG complex. The sites designated
found to recognize two classes of sites in human plateletsG; and G might derive froma; and o,, which have been
(Neubiget al, 1985, 1988). Total G was assumed to exceed identified in western blots of immunoprecipitated and puri-
total R within the relevant pool, which accounted for the fied cardiac muscarinic receptors (Mategt al., 1991;
sites of high affinity, and the sites of low affinity were taken Wreggett and Wells, 1995).
as receptors inaccessible to G proteins (Neglbigl.,, 1988). The requirement for G protein-free receptors reflects the
A; adenosine receptors have been reported to reveal threelegree of heterogeneity recognized by agonists, as described
classes of sites recognized by agonists and antagonists, whiclabove, and it arises from the failure of propylbenzilylcholine
displayed an opposite preference similar to that shown for mustard to eliminate the sites corresponding to those of
carbachol andi-[*H]methylscopolamine [Leunet al.,, 1990; lowest affinity in terms of the multisite model. If the ratio
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of G proteins to receptors is indeed near 1 in native Anomalous Behavior Identified through Labeling of the
membranes (Tables 1 and 3), and if all receptors are Receptor The present data call into question the basic notion
accessible to G proteins, there ought to be at least 5 Gof a ligand-regulated equilibrium between free and G protein-
proteins per functional receptor following a decrease of at coupled receptors. At low ionic strength, neither GMP-PNP
least 80% in the density of the latter. As noted previously nor propylbenzilylcholine mustard had an appreciable effect
[e.g., Leeet al. (1986)], the Hill coefficient is expected to  on the value oKa; obtained for carbachol in terms of the
be indistinguishable from 1 whenever G proteins outnumber multisite model (Chidiaet al., 1997). The data therefore
receptors by about 2-fold or more. are at variance with Scheme 1, in which the nucleotide affects

In terms of Scheme 1, GMP-PNP is without effect o {G the affinity of the receptqr for the G protein and the musf[ard
in native or alkylated membranes. Taking only data from reducc_as the concentration of funcy_on_al receptors. Either
native membranes.€., Figure 2A,D), a similar result can  ©fféctis expected to perturb the equilibrium between coupled
be obtained with two classes of G proteins accessible to all@nd uncoupled receptors, with attendant shifts in the inhibi-
receptors (i.e., [SI[R]: + [S]) = 0) or with one class of G tory potency of agonists (Le_et al., 1986). Thos_e shifts d_o
proteins accessible to a subclass of recepices (S}/([R]: not occur, and the model is unable to describe the high-
+[S]) > 0). With one class of G proteins accessible to all afflmty_snes recognlged by agonists in na_tlve memt_)ranes at
receptors, however, the effect of GMP-PNP emerges as gSaturating concentrations ofGMP—.PNI'D (Flgure.ZA); it cannot
decrease in the number of G proteins. Such a loss impliesdccount for the effects of alkylation irrespective of GMP-
that GMP-PNP acts irreversibly, and the same result has beerf’ NP_(Figure 2B). The first discrepancy has been noted
reported previously for the effect of the nucleotide on the Previously (Wonget al., 1986; Ehlert and Rathbun, 1990),

binding of agonists t@-adrenergic (De Least al., 1980) and it persists here despite the avoidance of an untoward
D,-dopaminergic (Wreggett and De Lean, 1984), and cardiac loss of_G proteins in the presence of the nucleotide.
muscarinic receptors (Wongt al., 1986; Minton and The inability of Scheme 1 to account for the effects of
Sokolovsky, 1990). alkylation emerges as a decrease in the inferred densities of

G; and G (Table 3). A similar anomaly is seen in the
different values of total Gobtained with different guanyl
nucleotides (Table 5). It is implicit in Scheme 1 that the
RG complex dissociates rapidly and spontaneously on the
time scale of a binding assay, and the numbers of G proteins
- . ought to be independent of the numbers of receptors. Also,
SI.OW under some conditions.g, ngashu_lmaet al.(1987)]. . . Gy and G are defined as noninterconverting, and the number
Similar effects do not appear to qccurwnh GMP'PNP.'.Wh'Ch of each ought to be independent of the nucleotide. While
ha; been shown to bind reversibly .under the condltlgns of these anomalies signal the inadequacy of the model, they
typical assays (Rosst al.,, 1977; Michel and Lefkowitz, 5o getermined arbitrarily by the constraints applied during
1982; Wells and Cybulsky, 1990). Moreover, concentrations i, fitting procedure. The densities of Gnd G are not

of the n_ucleotidg that are subsatura_ting but nonlimiting estimated directly whem-[?H]methylscopolamine is the
achieve intermediate effects on the binding of agonists atprobe' accordingly, discrepancies with the data tend to
what appears to be thermodynamic equilibrivengf, De  gmarge in those parameters when all others are assigned to

Lgan et al. (1980) and Galpeet al. (1987)]'_ Finally, the enforce mechanistic consistency. Deviations between the
binding of both GDP and GTFS becomes independent of  fiyeq curves and the data occur to the extent that inconsis-

time under the conditions o_f_ the present experiments, aStencies cannot be absorbed by capacity alone. This is
expected for a system at equilibrium, and that#B]GTPyS particularly evident in the failure of Scheme 1 to account
is largely reversible (Chidiac and Wells, 1992). for high-affinity binding in the presence of GMP-PNP, as
Monovalent cations allosterically modulate the binding described above, or for the Hill coefficient of 1.4 revealed
properties of receptors that inhibit adenylate cyclase. The by GDP.
effect on op-adrenergic receptors has been localized to It is assumed in the analyses with Scheme 1 that an
aspartate-79, a residue that is highly conserved among all Girreversibly bound antagonist precludes the interaction
protein-coupled receptors (Horstmeial., 1990). Thetwo  between receptor and G protein. The question may be
buffers used in the present investigation differed primarily irrelevant in the presence of GMP-PNP, which itself pro-
in their concentration of sodium chloride, and that may motes dissociation of the complex, but the model suggests
account for observed differences in the binding properties. that about 50% of the receptors in native membranes were
Binding was generally weaker in buffer B, and there were coupled in the absence of nucleotide. Various observations
fewer high-affinity sites in the absence of GMP-PNP are consistent with the notion that muscarinic agonists and
(Chidiac et al., 1997). In terms of Scheme 1, a higher antagonists hold the opposite preference for two spontane-
concentration of salt was associated with reduced affinity ously interconverting states of the receptor. Bdth
of the free receptor foN-[*H]methylscopolamine (¥, methylscopolamine and atropine are inverse agonists;at M
carbachol (K), and both G proteinsKgi, Kg2) (Tables 2 receptors regulating adenylate cyclase in CHO cells and rat
and 4). The effect on the affinity of the agonist for R{&d cardiomyocytes (Jakubikt al., 1995). Also, GMP-PNP
RGN is less clear, owing to uncertainty over the values of increased the overall affinity fdi-[*H]methylscopolamine
K¢ andKg; n at higher ionic strength. The affinity of GMP-  in the present investigation (Figure 2D), and similar effects
PNP for the free G protein is increased in one case andhave been reported previously foi-methylscopolamine
decreased in the other. All of the foregoing are consistent (Hulmeet al, 1981; Potteet al, 1991) and for quinuclidin-
with Scheme 1, although sodium chloride is not included ylbenzilate (Burgisseet al., 1982; Mattereet al., 1985;
specifically as a variable. Boyeret al., 1986). In the context of Scheme 1, a leftward

The notion of an irreversible process recalls evidence that
the binding of guanyl nucleotides is not necessarily reversible
on the time scale of binding assays: G proteins typically
are purified in a GDP-bound form (Birnbaunwtral,, 1990),
and the dissociation ofJS]|GTPyS can be unmeasurably
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shift in the binding curve implies that the antagonist favors were acquired under the same conditions, apart from the
the free receptor over the RG complex. Propylbenzilylcho- radioligand, estimates of affinity differ to a degree that is
line mustard labels a conserved aspartate that probablywholly inconsistent with the model. Estimates &;
interacts with the onium headgroup of muscarinic antagonists obtained from assays wit-[*H]methylscopolamine imply
(Curtis et al., 1989), and it also may behave like other that there is no appreciable coupling of R andi®the
antagonists in its effect on the supposed equilibrium betweenabsence of ligands to either proteire(, Kg; > [R]: = [G];,
R and RG. Table 4); in contrast, those obtained from assays WBi{

As interpreted above, the apparent loss of G proteins is GTPyS imply that R and G are more than 95% couplieel,(
an artifact arising from the inadequacies of the model and Kg < [R]; = [G];, Table 6). The resting state of the system
the assignment of parameters during the fitting procedure. thus shows an anomalous dependence upon the measurement
A real loss cannot be ruled out, but it seems unlikely that itself. Asymmetry also is found in the effect of carbachol
the G proteins themselves were alkylated by propylbenzi- on the inhibition of f°S]GTPyS by GDP (Figure 4C), which
lylcholine mustard. The reactive aziridinium ion binds emerges from Scheme 1 as an increase in the affinity of the
specifically to muscarinic receptors, and nonspecific alky- receptor for the G proteini.€., K and Kg A in Table 6).
lation is expected to be low at the concentration of reagent While qualitatively consistent with the notion that agonists

used to prepare the treated membranes (Besgtieal., promote coupling, the 2.4-fold difference betweég and
1984a). Also, the decrease in Jc+ [GJ]: is equal in K. is orders of magnitude smaller than that inferred from
magnitude to almost 60% of the sites labeled Ny°H]- the assays witN-[*H]methylscopolamine (Table &g/Kgja

methylscopolamine in native membranes. In contrast, la- = Ka/Kagj). Carbachol was without discernible effect on
beled receptors appear to have been the single major producthe binding of GMP-PNP and GTPyS (Figure 4AlR; =
when cortical membranes were pretreated with tritiated Kg  in Table 6), which leads to the erroneous prediction
mustard and examined in hydrodynamic studies (Birdsall  that neither will affect the binding of the agonist.
al., 1979; Hulmeet al., 1983; Berrieet al., 1984a). Scheme 1 and related models predict multiple states of
Some of the parametric values obtained with Scheme 1 affinity only when the concentration of labeled sites is
seem to conflict with the results of biochemical studies. GTP comparable to or exceeds that of either the G protein or the
and analogues such as GMP-PNP generally are believed taeceptor, as appropriate (Leéeal., 1986). The fitted value
promote dissociation of the RG complex (Gilman, 1987; of [R]/[G]: is 1 in assays with 3}S]JGTPyS, and the
Birnbaumeret al., 1990), presumably via an increase in the concentration of receptors inferred from the value of; [§]
value ofKg. The expected change is observed with GMP- 7—11 nM (Table 6). That is about 100 times the concentra-
PNP and G as indicated by the difference of at least 10- tion measured directly witiN-[*H]methylscopolamine in
fold betweerKg; andKgi n.  In contrast, there is little orno  assays performed under the same conditions (Table 5).
difference betweekKg, andKgzn. Also, there is a 29-fold  Estimates of [Glinvolve a long extrapolation from the low
difference in the affinity of the nucleotide for;Gnd G concentration of PS|GTPyS used in the experiments, but
(i.e.,Kyj in Table 2). The divergent behavior of the two G the attendant uncertainty cannot account for the discrepancy
proteins is unexpected if those of Scheme 1 correspond toin [R].. Since the values of [/[R]: obtained from the
G, and G. Studies on purified material suggest thata®d binding of N-[*H]methylscopolamine also are near 1 (Table
the different Gs are similar, at least at equilibrium, in their  5), there is a similar discrepancy in the value of [G]
interaction either with guanyl nucleotides or with muscarinic ~ Properties inferred from the binding oP§]GTPyS also

receptors (lkegayat al., 1990; Cartyet al., 1990). lack internal consistency. Different guanyl nucleotides reveal
Labeling of the G Protein and the Lack of Symmef{#S]- different numbers of G proteins, as in the assays Wi{fH]-

GTPyS has been shown to label G proteins linked to cardiac methylscopolamine, and the Hill coefficient of 1.4 found for

muscarinic receptors in native membranes (Eilal, 1989; GDP suggests that it is inappropriate simply to increase the

Chidiac and Wells, 1992) and in reconstituted preparations number of classes. In addition, the nucleotide appears to
(Totaet al, 1987). Asillustrated in Figure 4C, the inhibitory  affect the affinity of the receptor for the unliganded G protein.
behavior of GDP reveals multiple classes of sites in a pattern A discrepancy also occurs in the affinity of GMP-PNP,
reminiscent of that revealed by agonists at muscarinic GTPyS, and GDP for the uncoupled G protein. In each case,
receptors. Moreover, carbachol effects an apparent inter-the single value estimated witffg]GTP/S (Ky) differs from
conversion of sites from higher to lower affinity in a manner both of the values estimated wibh[*H]methylscopolamine
that mimics the effect of guanyl nucleotides on the binding (Ky;).

of agonists. The magnitude of the interconversion implies  Possible Extensions to Scheme The basic premise of
that most if not all of the labeled sites are linked to the mobile receptor model is that formation of the RG
muscarinic receptors, suggesting a degree of specificity in complex is both random and reversible. If so, extensions to
the binding of the radioligand (Chidiac and Wells, 1992). Scheme 1 might resolve the issues described above. Native
The mutual interactions between carbachol and GDP re- membranes may contain multiple compartments, each with
semble the reciprocal effects predicted by Scheme 1 whenits own distinct complement of receptors and G proteins.

the RG complex is favored by agonisise(, Kagj < Ka) Also, it has been suggested that the receptor can exist in
and disfavored by guanyl nucleotideise(, Kyj < Kyjr). two states differing in affinity for the ligand on the one hand
Carbachol has no effect on GMP-PNP or GB? however, and the G protein on the other (Samaetal., 1993; Weiss
and that on GDP is too small. et al.,, 1996). The G proteins themselves are heterotrimeric

Asymmetry emerges from Scheme 1 as parametric valuesand may fragment. Activated G proteins are known to
that ought to be the same regardless of whether the systendissociate into thet subunit and gy heterodimer, at least
is viewed through radioligands to the receptor or to the G with purified material in solution (Gilman, 1987; Birnbaumer
protein. Although the data summarized in Tables 4 and 6 et al., 1990; Leeet al., 1992). Similarly,o. subunits can
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exchange or be released at the surface of membranes, at leastM carbachol has been reported to bemol of nucle-
under some conditiong]g., Lynchet al. (1986), Ransnas  otide/mol of muscarinic receptor (Hilét al., 1989); the
and Insel (1988b), Milligaret al. (1988), Yatanket al.(1988), corresponding value was at least 1, and probably more, for
and Carret al. (1990)], and transduction generally is believed the carbachol-promoted exchange $5]|GTPyS for GDP
to involve the GTP-induced release @ffrom Sy and from in ventricular membranes from Syrian hamsters (Chidiac and
the receptor (Gilmaet al., 1987; Birnbaumeet al., 1990; Wells, 1992). In platelet membranes, the maximal amount
Conklin and Bourne, 1993). Such refinements or combina- of [2HJ[GMP-PNP released by epinephrine or PGEas
tions thereof cannot be rejected in the absence of analysegound to be 1.53.2 mol/mol ofa, receptor and 47 mol/
in terms of explicit models. mol of PGE receptor (Michel and Lefkowitz, 1982). It
Fragmentation of the G protein is of particular interest, therefore appears that G-linked receptors in native mem-
since it might account for the one-sided interaction between branes activate more than an equal number of G proteins, a
carbachol and GMP-PNP. Various possibilities can be stoichiometry that is inconsistent with estimates of{[&]:
envisaged, of which two are encompassed by Scheme 1. Theeomputed according to the mobile receptor model.
formulation of the model is the same if the dissociation into  Data from reconstituted systems are similarly difficult to
subunits occurs only when the G protein is not engaged with rationalize, but for the opposite reason. G proteins or the
the receptor or if th¢gy heterodimer remains coupled to the limiting subunit thereof typically are present ir-20-fold
receptor while thex subunit exchanges. Not encompassed molar excess relative to muscarinic receptors; in contrast,
by Scheme 1 are those possibilities in whiclandgy bind the incorporation ofPS]GTP/S relative to the total number
to the receptor in a stepwise manner. If the receptor, the of receptors is at least 3-fold lesse(, 1.5—6-fold excess),
By heterodimer, and the nucleotide all interact independently in spite of incubation times sufficiently long for the reaction
with the . subunit, there is no thermodynamic requirement to be at or near completion (To&t al., 1987; Florio and
for symmetry between the nucleotide and the agonist (OnaranSternweis, 1989; Ikegayet al., 1990). Similar discrepancies
et al., 1993). Several lines of evidence suggest that eitheremerge from the agonist-stimulated binding of nucleotides
thea subunit or the3y heterodimer can bind to the receptor to G proteins reconstituted witi$-adrenergic receptors
[e.g., Im et al.(1988), Kelleher and Johnson (1988), and (Brandt and Ross, 1986) andopioid receptors (Uedat
Phillipset al. (1992)], but the functional activity of the former  al., 1988). Amplification therefore is lower than expected
is much enhanced in the presence of the latter (Fung, 1983;and tends to approximate the levels found in native mem-
Katadaet al., 1986; Florio and Sternweis, 1989). Also, branes. The failure of reconstituted receptors to activate all
receptors appear to distinguish among differ@mt het- of the available G proteins over time may reflect functionally
erodimers (Fawzet al., 1991), perhaps via the subunit inactive receptors or incomplete incorporation of the G
(Kleuss et al., 1992). It thus appears that the receptor proteins into the phospholipid vesicles. Alternatively, the
interacts predominantly with the holo G protein, as described allosteric interaction between agonist and nucleotide may
in Scheme 1. involve a more stable oligomeric arrangement than is implied
Transient Complexes and Amplification. An attractive by the mobile receptor model.
property of the mobile receptor model is the potential for ~ Anomalous levels of amplification recall evidence that
amplification between the receptor and the G protein. mobility must be restricted if exchange-based schemes are
Scheme 1 and other versions of the model consistently yieldto account for various functional properties, including binding
estimates of [G][R]: or [R]/[G]: that are near 1, regardless (Neubig, 1994). Since G proteins typically outnumber
of whether or not the assignment of parameters is formally receptors in native membranesd., Sternweis and Robishaw
consistent with the supposed effects of guanyl nucleotides(1984), Neubiget al. (1985), Vatneret al. (1988), Ransnas
or propylbenzilylcholine mustard [Tables 3, 5, and 6; see and Insel (1988a), and Graeser and Neubig (1993)], most
also De Learet al. (1980), Wreggett and De Lean (1984), cannot be accessible to any particular receptor if the multiple
Ehlert (1985, 1987), Minton and Sokolovsky (1990), and states recognized by agonists derive from ligand-promoted
Leunget al. (1990)]. Indeed, values near 1 are mandatory coupling [e.g., Neubiget al. (1985) and Leeet al. (1986)].
if a ligand-regulated equilibrium between free and coupled A lack of cross-talk in the binding of agonists -
receptors is to contribute to the low Hill coefficients typical adrenergic, muscarinic, and opiate receptors in NG1(B
of agonists in binding studies (Lex al., 1986). If the total membranes similarly points to compartmentalization or other
numbers of receptors and G proteins are equal or nearly sorestrictions that limit the exchange of G proteins between
amplification requires that only some of the receptors becomefree and coupled pools (Graeser and Neubig, 1993).
activated over the time of the measurement. The possibility that exchange occurs only within distinct
In studies on the rhodopsin-stimulated exchange of GMP- compartments may serve to rationalize the behavior of
PNP, only 0.0055 mol of the nucleotide was found to bind receptors in native membranes. It seems less satisfactory
per mole of total rhodopsin; since only 0.0011% of the for reconstituted systems, where receptors and G proteins
rhodopsin was photolyzed, the turnover was 500 mol of are likely to be distributed randomly among the phospholipid
nucleotide/mol of activated rhodopsin (Fung and Stryer, vesicles. Muscarinic receptors have been found to reveal a
1980). The photolysis of rhodopsin can be initiated and dispersion of affinities at concentrations of G proteins that
guenched within seconds; in contrast, the activation of exceed the nominal concentration of the receptor by 5-fold
muscarinic receptors typically is measured over minutes andor more p.g., Florio and Sternweis (1985), Hagh al.
at saturating concentrations of an agonist. As activation (1986), Toteet al. (1987), and Ikegayat al. (1990)]. Studies
integrated over time approaches 100%, the turnover of in which the receptor was titrated with G protein confirm
nucleotide is expected to decrease to a value not exceedinghat the retention of multiple affinities is not due to a limiting
[GIVIR]: In porcine atrial membranes, however, the maximal concentration of the latter (Haga al., 1986; Ikegayat al.,
binding of P5S]GTPyS attributable to the presence of 0.1 1990).
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Hulme, E. C., Berrie, C. P., Birdsall, N. J. M., & Burgen, A. S. V.
ACKNOWLEDGMENT (1981)Eur. J. Pharmacol. 73137—142.

Hulme, E. C., Berrie, C. P., Haga, T., Birdsall, N. J. M., Burgen,
We are grateful to Dr. Keith A. Wreggett for helpful A. S. V., & Stockton, J. (1983). Receptor Res. 3, 301—-311.
comments on the manuscript and to Dr. Franco A. TavernaHulme, E. C., Birdsall, N. J. M., & Buckley, N. J. (199@nnu.
for the drawing of Scheme 1. We thankfully acknowledge , R€v- Pharmacol. Toxicol. 3®33-673.

Adela Vigor and Maria Dekker for assistance with the Ike}ggggg,azﬁiNf_hzaya%;éﬁaﬂékl};éo? a,a%’LTé’eﬂfrggg?g[_ A

binding assays. 22, 343—-351.
Im, M.-J., Holzhdéfer, A., Béttinger, H., Pfeuffer, T., & Helmreich,
REFERENCES E. J. M. (1988)FEBS Lett. 227225—229.
) o ) Jakubik, J., Bacakova, L., El-Fakahany, E. E., & Tucek, S. (1995)

Arad, M., Rimon, G., & Levitzki, A. (1981)]. Biol. Chem. 256, FEBS Lett. 377275—279.

1593-1597. Katada, T., Oinuma, M., & Ui, M. (1986J. Biol. Chem. 261
Berrie, C. P., Birdsall, N. J. M., Haga, K., Haga, T., & Hulme, E. 8182—8191.

C. (1984a)Br. J. Pharmacol. 82839—851. Kelleher, D. J., & Johnson, G. L. (198B)ol. Pharmacol. 34452—
Berrie, C. P., Birdsall, N. J. M., Hulme, E. C., Keen, M., & 460.

Stockton, J. M. (1984br. J. Pharmacol. 82853—861. Kent, R. S., De Lean, A., & Lefkowitz, R. J. (198QYlol.
Birdsall, N. J. M., Burgen, A. S. V., & Hulme, E. C. (1972Adv. Pharmacol. 17, 1423.

Behav. Biol. 24 25—33. Kilpatrick, B. F., & Caron, M. G. (1983). Biol. Chem. 258
Birdsall, N. J. M., Burgen, A. S. V., & Hulme, E. C. (197By. J. 13528—13534.

Pharmacol. 66, 337—342. Kleuss, C., Schertibl, H., Hescheler, J., Schultz, G., & Wittig, B.
Birnbaumer, L., Abramowitz, J., & Brown, A. M. (199@jochim. (1992) Nature 358, 424—426.

Biophys. Acta 1031163—224. Lee, T.W. T., Sole, M. J., & Wells, J. W. (198Bjochemistry 25,

Boyer, J. L., Martinez-Carcamo, M., Monroy-Sanchez, J. A, 7009—7020.
Posadas, C., & Garcia-Sainz, J. A. (19&&pchem. Biophys. Leung, E., Jacobson, K. A., & Green, R. D. (1980)I. Pharmacol.
Res. Commun. 13472—-177. 38, 72-83.

Brandt, D. R., & Ross E. M. (1986). Biol. Chem. 2611656— Limbird, L. E., Gill, D. M., & Lefkowitz, R. J. (1980)roc. Natl.
1664. Acad. Sci. U.S.A. 77775—779.



7394 Biochemistry, Vol. 36, No. 24, 1997

Lynch, C. J., Morbach, L., Blackmore, P. F., & Exton J. H. (1986)
FEBS Lett. 200333—336.

Matesic, D. F., Manning, D. R., Wolfe, B. B., & Luthin, G. R.
(1989)J. Biol. Chem. 26421638—21645.

Matesic, D. F., Manning, D. R., & Luthin, G. R. (199Mol.
Pharmacol. 40, 347—353.

Mattera, R., Pitts, B. J. R., Entman, M. L., & Birnbaumer, L. (1985)
J. Biol. Chem. 2607410—7421.

Michel, T., & Lefkowitz, R. J. (1982)). Biol. Chem. 257, 13557—
13563.

Milligan, G., Mullaney, I., Unson, C. G., Marshall, L., Spiegel, A.
M., & McArdle, H. (1988)Biochem. J. 254391—396.

Minton, A. P., & Sokolovsky, M. (1990Biochemistry 29, 1586—
1593.

Neubig, R. R. (1994FASEB J. 8939—946.

Neubig, R. R., Gantzos, R. D., & Brasier, R. S. (1988pl.
Pharmacol. 28, 475—486.

Neubig, R. R., Gantzos, R. D., & Thomsen, W. J. (1988)
Biochemistry 27, 2374—2384.

Onaran, H. O., Costa, T., & Rodbard, D. (1998pl. Pharmacol.
43, 245—256.

Phillips, W. J., Wong, S. C., & Cerione, R. A. (199R)Biol. Chem.
267, 17040—17046.

Potter, L. T., & Ferrendelli, C. A. (1989). Pharmacol. Expt. Ther.
248, 974—978.

Potter, L. T., Ballesteros, L. A., Bichajian, L. H., Ferrendelli, C.
A., Fisher, A., Hanchett, H. E., & Zhang, R. (199}ol.
Pharmacol. 39, 211—-221.

Poyner, D. R., Birdsall, N. J. M., Curtis, C., Eveleigh, P., Hulme,
E. C., Pedder, E. K., & Wheatley, M. (198®)ol. Pharmacol.
36, 420—429.

Ransnas, L. A., & Insel, P. A. (19884) Biol. Chem. 263, 9482—
9485.

Ransnas, L. A., & Insel, P. A. (19888) Biol. Chem. 263, 17239—
17242.

Ross, E. M., Maguire, M. E., Sturgill, T. W., Biltonen, R. L., &
Gilman, A. G. (1977)J. Biol. Chem. 2525761—-5775.

Samama, P., Cotecchia, S., Costa, T., & Lefkowitz, R. J. (1993)
Biol. Chem. 2684625—4637.

Senogles, S. E., Benovic, J. L., Amlaiky, N., Unson, C., Milligan,
G., Vinitsky, R., Spiegel, A. M., & Caron, M. G. (1983) Biol.

Green et al.

Chem. 262, 4860—4867.

Smith, S. K., & Limbird, L. E. (1981Proc. Natl. Acad. Sci. U.S.A.
78, 4026—4030.

Stephenson, R. P. (1958). J. Pharmacol. 11379—393.

Sternweis, P. C., & Robishaw, J. D. (1984) Biol. Chem. 22,
13806—13813.

Tolkovsky, A. M., & Levitzki, A. (1978)Biochemistry 17, 3795—
3810.

Tota, M. R., Kahler, K. R., & Schimerlik, M. . (198 Biochemistry
26, 8175—8182.

Uchida, S., Matsumoto, K., Mizushima, A., Osugi, T., Higuchi,
H., & Yoshida, H. (1984)Eur. J. Pharmacol. 100, 291—298.
Ueda, H., Harada, H., Nozaki, M., Katada, T., Ui, M., Satoh, M.,
& Takagi, H. (1988)Proc. Natl. Acad. Sci. U.S.A. 85013—

7017.

Vatner, D. E., Lee, D. L., Schwarz, K. R., Longabaugh, J. P., Fujii,
A. M., Vatner, S. F., & Homcy, C. J. (1988) Clin. Invest. 81,
1836—1842.

Vogel, W. K., Mosser, V. A, Bulseco, D. A., & Schimerlik, M. I.
(1995)J. Biol. Chem. 27015485—15493.

Weiss, J. M., Morgan, P. H., Lutz, M. W., & Kenakin, T. P. (1996)
J. Theor. Biol. 178151—-167.

Wells, J. W. (1992) irReceptor-Ligand Interactions. A Practical
Approach(Hulme, E. C., Ed.) pp 289395, Oxford University
Press, Oxford, U.K.

Wells, J. W., & Cybulsky, D. L. (1990Fur. J. Pharmacol. 183
1731-1732.

Whaley, B. S., Yuan, N., Birnbaumer, L., Clark, R. B., & Barber,
R. (1994)Mol. Pharmacol. 45481—489.

Wong, H.-M. S., Sole, M. J., & Wells, J. W. (198Bjochemistry
25, 6995—7008.

Wreggett, K. A., & De Lean, A. (1984yiol. Pharmacol. 26214~
227.

Wreggett, K. A., & Wells, J. W. (1995). Biol. Chem. 27022488—
22499.

Yatani, A., Mattera, R., Codina, J., Graf, R., Okabe, K., Padrell,
E., lyengar, R., Brown, A. M., & Birnbaumer, L. (198Blature
336, 680—682.

BI1961940S



