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ABSTRACT. Muscarinic cholinergic receptors can appear to be more numerous when labeled by
[®H]quinuclidinylbenzilate (QNB) than b-[H]methylscopolamine (NMS). The nature of the implied
heterogeneity has been studied with Mceptors in detergent-solubilized extracts of porcine atria. The
relative capacity forJH]JNMS and PH]JQNB was about 1 in digitonirrcholate, 0.56 in cholateNaCl,

and 0.44 in Lubrol-PX. Adding digitonin to extracts in cholatéaCl increased the absolute capacity for

both radioligands, and the relative capacity increased to near 1. The latency cannot be attributed to a
chemically impure radioligand, instability of the receptor, an irreversible effect of NMS, or a failure to
reach equilibrium. Binding at near-saturating concentration3={JNB in cholate-NaCl or Lubrol-PX

was blocked fully by unlabeled NMS, which therefore appeared to inhibit noncompetitively at sites
inaccessible to radiolabeled NMS. Such an effect is inconsistent with the notion of functionally distinct,
noninterconverting, and mutually independent sites. Both the noncompetitive effect of NMIS|QNB

and the shortfall in capacity fofHJNMS can be described quantitatively in terms of cooperative interactions
within a receptor that is at least tetravalent; no comparable agreement is possible with a receptor that is
only di- or trivalent. The M muscarinic receptor therefore appears to comprise at least four interacting
sites, presumably within a tetramer or larger array, and ligands appear to bind in a cooperative manner
under at least some conditions.

G protein-coupled receptors are known to occur as receptor, the M receptor, or the V2 vasopressin receptor
oligomers (—3). The existence of homooligomers has been (5). While such examples indicate that aggregation is
suggested by several lines of evidence and substantiated bygelective, heteromeric complexes have been shown to form
the coimmunoprecipitation of differently tagged receptors between the R1 and R2 forms of the GABPreceptor {5—
from extracts of cells expressing both proteins. Aggregates 19), the 6- and«-opioid receptorsZ0), theu- andd-opioid
identified in this manner include oligomers of the; ldnd receptors21), the somatostatin SST2A and SST3 receptors
M3 muscarinic receptorsd( 5), the 5,-adrenergic receptor  (9), the AT, and bradykinin B receptors 22), and the
(6), the D; dopamine receptof7}, thed-opioid receptor §), dopamine B and adenosine Areceptors Z3). Heteromeric
the somatostatin SST2A receptd®),( and the a-factor complexes of the Pdopamine receptor and somatostatin
receptor {0). The occurrence of homooligomers in whole SST5 receptor also have been detected by photobleaching
cells has been demonstrated by means of energy transfeFRET in CHO-K1 cells 24).

(FRET and BRET) in studies on somatostatin receptbis, ( A functional role for oligomers is implied by the distinct
pB-adrenergic receptord?), ando-opioid receptorsi3) in properties that can emerge from the coexpression of two
mammalian cells and on thefactor receptor in yeast). isoforms. Membranes from COS-7 cells transfected with the

Heterooligomers have been comparatively elusive, and genes for two complementary chimeras of theadrenergic
attempts at coimmunoprecipitation have failed to identify a and Ms muscarinic receptors were found to bind adrenergic
mixed complex of M muscarinic ang,-adrenergic receptors  or muscarinic antagonists only when the recombinant proteins
(6) or of a modified My muscarinic receptor and the;M  were coexpressed, which also led to the carbachol-stimulated
hydrolysis of phosphatidylinositoRf). Similarly, the K102A
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production of inositol phosphate28). Oligomers therefore by means of Centricon-10 and Centriprep-30 filters (Amicon)
appear to have distinct implications for binding on one hand purchased from Millipore.
and for efficacy or intrinsic activity on the other. HEPES was obtained as the free base from Boehringer
Early reports of multimeric forms attracted little attention, Mannheim. EDTA and EGTA were obtained as the free acids
owing in part to the prevailing view of G protein-mediated from British Drug Houses or Bioshop Canada. Bacitracin,
systems: namely, that the receptors are mutually independengll protease inhibitors, and Sephadex G-50 were from Sigma-
and that signaling involves a ligand-regulated interconversion Aldrich. Protein was estimated by the Lowry method using
between free receptor (R) and free G protein or subunits reagents and bovine serum albumin, taken as the standard,
thereof on one hand and a 1:1 heteromeric RG complex onpurchased from Pierce.
the other (e.g., ref29—32). Such an arrangement also is  Soluble Preparations of MMuscarinic ReceptorSar-
invoked to account for the nucleotide-sensitive dispersion colemmal membranes were collected from a sucrose gradient
of affinities revealed in the binding of agonists, a charac- and spun down in buffer A essentially as described
teristic and almost universal pattern that reflects in part the previously 89). The gradient typically yielded 96120 mg
influence of the G protein2Q, 33, 34). The origin of the ~ of protein from about 350 g of left plus right atria. The
dispersion is of mechanistic interest, since its breadth sarcolemmal membranes were washed twice to remove
correlates with properties of the response such as efficacyimidazole and endogenous ligands. The washing buffer was
and intrinsic activity in muscarinic and other G protein- the same as that to be used in subsequent steps (i.e., buffer
mediated systems (e.g., re&35—37). B for later solubilization in digitonia-cholate or Lubrol-

The notion that multiple states of affinity are induced by PX; buffer C for solubilization in cholateNaCl). The
the G protein in an otherwise homogeneous population of Product from the sucrose gradient was suspended in the
mutually independent sites is problematic in some respects,2PPropriate buffer (120 mL) with one burst of a Brinkmann
and it is particularly difficult to sustain on quantitative Polytron (setting 5, 5 s), and the suspension then was
grounds (e.g., ref88 and 39 and references cited therein). Ccentrifuged for 40 min at 4C and 10000@. This step was
An alternative explanation is suggested by the evidence for 'éP€ated, and the pellets from the second spin were stored
oligomers and the attendant possibility of cooperative & —rcc.
interactions, which can account for effects that resist a Solubilization in digitonin-cholate or Lubrol-PX was
mechanistically consistent explanation in other terdg).( carried out in a single extraction as described by Peterson et
In the present report, we describe a pattern of noncompetitive@l- (41). Frozen membranes were thawed on ice and
and apparently cooperative effects in the binding of antago- Suspended in buffer B (5.5 mg of protein/mL) by means of
nists to My muscarinic receptors in detergent-solubilized the Polytron (setting 5, 5 s). Detergent then was added from
extracts of porcine atria. The data are shown to be incon- @ Stock solution prepared at 10 times the final concentration,
sistent with the notion of distinct, mutually independent, and @IS0 in buffer B. The suspension was shaken on a horizontal
noninterconverting sites but can be described in terms of Shaker for 10 min at room temperature and then centrifuged
cooperative interactions within a receptor that is at least for 40 min at 4°C and 100009. The supernatant fraction

tetravalent. was stored on ice until required for the binding assays. The
final concentration of digitonin and Lubrol-PX was 1.1%;
MATERIALS AND METHODS that of cholate accompanying digitonin was 0.06%.
Solubilization in sodium cholate plus NaCl was carried
Ligands, Detergents, and Other MateriaN-[*H]Meth- out according to a procedure modified from that described

ylscopolamine was purchased as the chloride salt from NEN by Carson 42). Washed sarcolemmal membranes were
Life Science Products (|Ot 3406009, 83.5 Ci/mmol) and as thawed on ice and Suspended in buffer D (2 mg of pro[ein/
the bromide salt from Amersham Pharmacia Biotech (batch mL), and the mixture was shakenrfd h atroom temper-

27, 78.3 Ci/mmol). Scopolamine was absent from both ature. The suspension then was diluted 1:1 with a buffer (40
batches ofN-[*H]methylscopolamine as indicated by mass mM NaH,PQ,, 1 mM EGTA, adjusted to pH 7.40 with
spectra provided by the manufacturers and, in the case ofNaOH) and centrifuged for 40 min at 4C and 100000.

the product from NEN, obtained at the Mass Spectrometry The supernatant fraction was stored on ice until required for
Laboratory, Molecular Medicine Research Centre, University the binding assays. The final concentrations of cholate and
of Toronto. ()-[*H]Quinuclidinylbenzilate was purchased NaCl were 0.08% and 0.5 M, respectively.

from NEN (lots 3329455 and 3329907, 42 Ci/mmol) and  Extracts prepared in cholat&aCl were supplemented
Amersham (batch 44, 48 Ci/mmol). Unlabelemethylsco- - with digitonin by adding an aliquot of buffer B containing
polamine hydrobromide was purchased from Sigma-Aldrich. digitonin at 16 times the final concentration of 0.4%. Controls

Scopolamine hydrobromide, unlabele®){—)-quinuclidi- were prepared by adding an equal aliquot of buffer B alone.
nylbenzilate, and §-(+)-quinuclidinylbenzilate were pur-
chased from RBI-Sigma. 2 Buffer solutions: buffer A 89), 20 mM imidazole, 1 mM Na

Digitonin usually was obtained from Wako Bioproducts EDTA, 0.1 mM PMSF, 0.02% (w/v) sodium azide, 1 mM benzamidine,

at a purity near 100%; material of lower purity was obtained 2#g/mL pepstatin A, 0.2.g/mL leupeptin, 20Q«g/mL bacitracin, pH
. . . 7.60, with HCI; buffer B, 20 mM KHPQ,, 20 mM NaCl, 1 mM EDTA,
on occasion from Boehringer Mannheim{5%, 93%) and 0.1 mM PMSF, pH 7.40, with NaOH; buffer C, 20 mM NPQy, 20

Calbiochem ¢ 75%). The latter products were used primarily mm NaCl, 1 mM EGTA, 0.1 mM PMSF, pH 7.40, with NaOH; buffer
to elute the columns of Sephadex G-50 during the binding D, 40 mM NaHPQ;,, 1 M NaCl, 1 mM EGTA, 0.16% sodium cholate,

; i ~ 0.1 mM PMSF, pH 7.40, with NaOH; buffer E, 20 mM HEPES, 20
assays. Sodium cholate and Lubrol-PX (polyoxyethylene mM NaCl, 1 mM EDTA, 5 mM MgSQ, 0.1 mM PMSF, pH 7.40.

9-lauryl ether, polidocanol) were purchased from Sigma- vjith NaOH; buffer F, 20 mM HEPES, 20 mM NaCl, 1 mM EDTA, 5
Aldrich. Solubilized receptor was concentrated as required mM MgSQs, pH 7.40, with NaOH.
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The concentrations of cholate and NaCl therefore were
reduced slightly to 0.075% and 0.47 M, respectively.
Binding Assays Ligands were dissolved in buffer E
supplemented with the detergent used to solubilize the
receptor. The concentration of digitonin, cholate, or Lubrol-
PX was 0.1%, and digitonin was accompanied by 0.02%
cholate. For binding to solubilized receptor in digitorin
cholate or Lubrol-PX, 5@L of a solution containing all of
the ligands was added ta& of the solubilized preparation
in polypropylene microcentrifuge tubes. In chotatéaCl,
43 or 33uL of ligand-containing solution was added to 10
or 20 uL of receptor, respectively. Except where stated
otherwise, the reaction mixture was incubated for 45 min
when only N-methylscopolamine was present and for 2 h
when the mixture contained quinuclidinylbenzilate. The
temperature of incubation was 3TC throughout. The
reaction was terminated, and the bound radioligand was
separated by applying an aliquot of the samplegBpto a
column of Sephadex G-50 fine (0:86.5 cm). The column
was preequilibrated and eluted with buffer F supplemented
with digitonin, cholate, or Lubrol-PX at a concentration of
0.017%. All of the eluant up to and including the void
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volume was collected (1.45 mL) and assayed for radioactiv- that appears as nonspecific binding. Equation 1 was solved
numerically in the manner described previously (cf. eq 204

ity. Additional details have been described elsewh&@. (

Binding assays generally were carried out within 1 week of in ref 43).
solubilization.
Assays were performed in duplicate or triplicate. Each (Pl — Bsp)nH
sample was counted twice by liquid scintillation spectrometry Bopsa= +NS([P} - Bsp)

(Beckman LS7800, Beckman LS5000, or Packard 2100TR),

"ECE + ([P, - By™

(1)

and the individual values were averaged to obtain the mean
and standard error used in subsequent analyses. Absolute Mechanistic descriptions of the data were based on the
count rates were determined by means of an externalhotions of intrinsic heterogeneity (Scheme 1) and cooper-
standard. To compare the relative apparent capacity of aativity (Scheme 2). Estimates of total binding were fitted
preparation forN-[3H]methylscopolamine and®fi]quinu- according to the equatioBopsa = Bsp + NS([P} — Bsyp), in
clidinylbenzilate, binding was measured at graded concentra-which the different quantities are as described above. The
tions of both radioligands taken in parallel. Nonspecific Vvalue ofBs;was computed according to Scheme 1 or Scheme
binding was taken throughout as total binding in the presenceZ2.
of 1 mM unlabeledN-methylscopolamine. Scheme 1 represents a multisite model in which the

Analysis of DataAll data were analyzed with total binding ~ radioligand (P) and an unlabeled ligand (A) compete for
taken as the dependent variabByk) and with the total  distinct and mutually independent sites,(R= 1, 2, ...,n).
concentrations of all ligands taken as the independentSites of typej bind P and A with equilibrium dissociation
variables. Any subsequent manipulations were for the constantsp andK,;, respectively, and constitute the fraction
purpose of presentation only and did not alter the relationship F;j of all sites (i.e.F; = [Rj]/[R]:, where [Rl: = [R] + [AR|]
between the data and the fitted curve. Except where stated+ [PR] and [R} = Zjn:l[Rj]t). Total specific binding of the
otherwise, levels of specific bindin@{,), estimates of total ~ probe was calculated according to eq 2, and the required
receptor ([R), and estimates of maximal specific binding values of [PR} were obtained as described below.

(Bmay are presented as the concentration in the binding assay

(pM); the concentrations of ligands denote the total molar
concentration in the binding assay. With bofi]quinu-
clidinylbenzilate andN-[*H]methylscopolamine, nonspecific
binding increased linearly with the concentration of unbound
radioligand.

Data acquired at graded concentrations®dfj§uinuclidi-
nylbenzilate orN-[*H]methylscopolamine were analyzed
empirically according to eq 1 (i.e., the Hill equation), in
which [P} represents the total concentration of the radioli-
gand. The quantityBs, represents total specific binding at
the corresponding value of [P]and the parameteBmax
represents maximal specific binding; the parameteg,EC

Bspy= ) [PR] )
= 1P

Cooperativity was modeled according to Scheme 2 and
similar models, in which a multivalent receptor (R) can bind
up to 2, 3, 4, 6, or 8 equiv of either A or P. The receptor
presumably is oligomeric, and it is assumed that the
quaternary structure remains formally intact under the
conditions of the binding assays; that is, there is no exchange
of individual subunits within the system. The models
therefore can accommodate processes in which dissociated
monomers regroup without exchanging partners. Asymmetry
represents the value of [P] that yields half-maximal oc- cannot be detected with the present data, and all sites of the
cupancy, andy is the corresponding Hill coefficient. The vacant oligomer (R) are assumed to bind the radioligand (P)
parameter NS represents the fraction of unbound radioligandor the unlabeled ligand (A) with the microscopic dissociation
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constanKp or K, respectively (e.gKe = [P][R)/[PR]). The optimized throughout on a logarithmic scale (i.e., l€g,
parameterg; and a; represent the cooperativity factors for log Kp, log pj, etc.). Most analyses involved multiple sets of
binding of thejth equivalent of P or A to form RRor AR data, and specific details regarding the assignment of shared
(i = 2) (e.g., [RR4][PV[RP}] = IT\_, pKp); the parameters ~ parameters are described where appropriate. Values of [R]
G, ¢, andg’ represent cooperativity factors in the forma- were assigned separately to data from separate experiments;
tion of mixed complexes. values of NS generally were common to all data acquired
Total specific binding was calculated according to eq 3 with the same radioligand in the same experiment.
for binding to a dimer, trimer, tetramer (Scheme 2), hexamer, Weighting of the data, tests for significance, and other
or octamer, where andj are theith andjth equivalents of  statistical procedures were performed as described elsewhere
P and A, respectively, antlis the total number of interacting (43, 46). Weighted residuals were of comparable magnitude
sites. The speciesoRR is denoted as Rih Scheme 2 and  within each set of data. In simultaneous analyses, individual
in egs 3a-c, which are the expansions of eq 3 for a dimer, sets of data generally made comparable contributions to the
trimer, and tetramer, respectively. Coefficients greater than total weighted sum of squares; thus, the fits were not
1 represent the degree of occupancy by P, since R is definedtiominated by the data from one experiment or group of
as multivalent, times the number of possible combinations experiments. Mean values calculated from two or more
involving two ligands and two or more interacting sites. individual estimates of a parameter or other quantity are
Stoichiometrically equivalent states are indistinguishable with presented together with the standard error. For parametric
the present data, and the microscopic dissociation constanyalues derived from a single analysis of one or more sets of
therefore was taken as the same for all vacant sites ondata, the errors were estimated from the diagonal elements
partially liganded R (e.g., [P][POOA]/[PPOA} [P][POCA]/ of the covariance matrix. Such values reflect the range within
[POPA] in Scheme 2, where “O” represents a vacant site on which the weighted sum of squares is essentially the same.
tetravalent R). Further details concerning the formulation of

cooperative models have been described elsewhérdJ). RESULTS
nnti n\(n—i Latent Sites and Differential Capacity for Muscarinic
Byp= ZZﬁI(i )( j )[AjRPi] (3)  AntagonistsWith some detergents, extracts of sarcolemmal
== membranes can appear to contain more sites Yoli- [
AR : 3 .
B,,= 2[RP] + 2[RP}] + 2[A,RP]] (3a) quinuclidinylbenzilate than foN-[*H]methylscopolamine.

The relative apparent capacity fdf[*H]methylscopolamine
_ and PH]quinuclidinylbenzilate was 0.5 0.04 and 0.44:
Bop= 3[RP] + 6[RP,] + 3[Ry + 6[A;RP,] + 0.06 when membranes were extracted with chetataCl
3[ARP] + 6[A;RP)] (3b) and Lubrol-PX, respectively (Figure 1A,C, Table 1). The
relative capacity in cholateNaCl was near 0.5 when
By, = 4[RP] + 12[RR] + 12[RPy] + 4[RP] + measured within a few days of solubilization and increased
12[ARP] + 12[A,RP]] + 24[A,RP,] + 12[A,RP,] + to about 0.75 after storage at’Q for 7 days or more. The
4[A;RP]] + 12[A,RP] (3¢) value was the same with radioligands from either NEN Life
Science Products or Amersham Pharmacia Biotech. Up to

The value ofBs, in eqs 2 and 3 was calculated from the about 50% of the receptors therefore appear to be of
expansions in terms of the total concentration of R and the ahomalously weak affinity foN-[*H]methylscopolamine
free concentrations of A and P. The latter were computed under some conditions.
numerically from the corresponding implicit equations for  With receptor solubilized in digitonincholate, the relative
[A]: and [P] as described previoush$9, 40, 43). apparent capacity foN-[*H]methylscopolamine ancPifi]-

The results of analyses involving multiple sets of data from quinuclidinylbenzilate was near or equal to 1 (Figure 2A,
replicated experiments have been presented throughout withTable 1). There was no change when NaCl was added
reference to a single fitted curve. To obtain the values plotted directly to the extracts in order to increase the salt concentra-
on they-axis, estimates dBy,sqWere adjusted according to  tion to that used for extraction in cholat®laCl (i.e., 0.5
the expressiol' opsa= Bobsd f(Xi, 8)/f(xi, @)} . The functionf M). The relative apparent capacity increased from 0.5 to
represents the fitted model. The vectaranda represent about 1 when digitonin was added to extracts prepared in
the independent variables at poirand the fitted parameters  cholate-NaCl (Figure 2C, Table 1). To assess the effect of
for the set of data under consideration;and a are the digitonin in absolute terms, the original extract and the
corresponding vectors in which values that differ from digitonin-supplemented preparation were characterized in
experiment to experiment have been replaced by the meangparallel for the binding of JH]quinuclidinylbenzilate. In
for experiments associated with the fitted curve. Individual seven such experiments on preparations in chelstCl,
values ofB'ghsg at the samex; were averaged to obtain the digitonin increased the apparent capacity-1241-fold. Since
mean and standard error plotted in the figure. Thexis the relative apparent capacity fidf[*H]methylscopolamine
represents specific binding4) throughout: thatis, the value and PH]quinuclidinylbenzilate was near 1 in digitonin-
of B'obsa lESS the fitted estimate of nonspecific binding at supplemented preparations, the apparent capacity-féi]-
the same concentration of unbound radioligafd).( methylscopolamine increased by as much as 4-fold upon the

Statistical ProceduresAll parameters were estimated by addition of digitonin. Muscarinic receptors therefore can be
nonlinear regression, and values at successive iterations okolubilized in at least two latent forms, one of which binds
the fitting procedure were adjusted according to the algorithm neither radioligand and one of which binds onBHJ-
of Marquardt 45). Affinities and cooperativity factors were  quinuclidinylbenzilate at the concentrations used in the
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Table 1: Empirical Characterization of Specific Binding

N-[*H]methylscopolamine SH]quinuclidinylbenzilate
Bmax,ﬁH]NMS/
preparation log E& Ny Bmax (PM) log EGso N Bmax (PM) Bnax frHione
digitonin—cholate (11) —8.25+0.12 1.00+ 0.06 80-604 —9.01+0.12 0.94+ 0.07 92-632 0.90+ 0.05
cholate-NacCl (8y —8.394+0.12 1.01+ 0.07 10246  —9.39+0.10 0.91+ 0.08 138-353 0.56+ 0.04
cholate-NaCl plus digitonin (3) —8.21+0.10 0.91+ 0.04 342-365 —9.144+0.07 1.08+ 0.05 329-402 0.96+ 0.04
Lubrol-PX (6) —7.24+0.10 1.00+ 0.08 99-322 —7.65+0.05 0.97+0.06 195-580 0.44+ 0.06

aBinding was measured at graded concentration$HiNMS and FH]QNB, as illustrated in the left-hand panels of Figures 1 and 2. The two
radioligands were used in parallel in each experiment, and the number of experiments is shown in parentheses. Data from individual experiments
were analyzed in terms of eq 1 to obtain estimates.pfog EGso, andBmax for each radioligand. The relative capacity féH]NMS and FHJQNB
was calculated for each experiment (iBmax grinms/Bmax fHions), and the individual estimates of log EfSnw, and relative capacity were averaged
to obtain the means{SEM) listed in the table. The values Bf..x indicate the concentration in the binding assayhe means listed in the table
include values from two experiments that were performed more than 7 days after solubilization and in which the relative capacity was about 0.75.
If those values are excluded from the average, the results are as follbws@): [*HINMS, log EGo = —8.46 £+ 0.14,ny = 0.98 & 0.09;
[SH]QNB, |Og EG:,O = —9.46+ 0.08,nH = 0.89+ 010, Bmax,[aH]NMS/Bmax,[SH]QNB = 0.504+ 0.02.
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Ficure 1: Binding to M receptors in cholateNaCl and in Lubrol-PX. Sarcolemmal membranes were solubilized in chaNa€l (A, B)

or Lubrol-PX (C, D). (A, C) Total binding was measured at graded concentratiofsI§INB (O, <, O) and BH]NMS (4, &, +), either

alone (upper curves) or in the presence of 1 mM unlabeled NMS (baseline). The results from six independent experiments are shown (A,
N = 3; C,N = 3), and different symbols denote data from different experimenta( <, O O, +). (B, D) Total binding was measured

at a near-saturating concentration #HiJONB and graded concentrations of unlabeled NMSNBs 4; D, N = 3). The lines represent the

best fits of eq 2 to the pooled data from the seven experiments represented in panels A and B and, in a separate analysis, to the pooled data
from the six experiments represented in panels C and D. The parametric values are listed in Table 2. Individual es

adjusted as described in Materials and Methods to obtain the corresponding vaBigglofted on they-axis. The value of [RJused in

the adjustment was taken as the mean of the individual values from the experiments represented in the analysis (A ahdB pR66

N =7; C and D, 396+ 57 pM, N = 6); the mean values of log [R}sed for the adjustment in panels B and D a&44+ 0.08 and—6.93

+ 0.09, respectively. Points shown at the lower end ofxtlais in panels B and D indicate binding in the absence of NMS.

assays. Both forms apparently can be activated by thecholate-NaCl, nor did it preclude the occurrence of latent

addition of digitonin. sites. The data shown in Figure 3A are representative of four
Temporary exposure fd-methylscopolamine was without  experiments in which receptors solubilized in chotatéaCl

effect on the capacity for3H]quinuclidinylbenzilate in were incubated transiently with-methylscopolamine prior
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Ficure 2: Binding to M, receptors in digitonirrcholate and in cholateNaCl plus digitonin. Sarcolemmal membranes were solubilized in
digitonin—cholate (A, B) or cholateNaCl. The latter preparation was supplemented with digitonin following solubilization (C, D). (A, C)
Total binding was measured at graded concentrationdfNB (O, <, 0) and BHINMS (4, {j} +), either alone (upper curves) or in
the presence of 1 mM unlabeled NMS (baseline). The results from six independent experiments are sibwn3(AC, N = 3). (B, D)
Total binding was measured at a near-saturating concentratiGh}@i\B and graded concentrations of unlabeled NMSNBs 3; D, N

= 3). The lines represent the best fits of eq 2 to the pooled data from all experiments represented in panels N an6)Br(in panels

C and D (\ = 6). The parametric values are listed in Table 2. The mean values ofi§B{l to obtain the adjusted valuesBaf are 619

+ 32 pM (A, B; N = 6) and 308t 55 pM (C, D;N = 6); the mean values of log [Pdre—7.49+ 0.01 (B) and—7.52+ 0.13 (D). Further
details are described in the legend to Figure 1.

to the binding assays. The concentratioiNemhethylscopol- solubilized in cholate NaCl was incubated with each ra-
amine was chosen to be saturating according to the bindingdioligand, and the time course of binding was monitored as
profile described by the radiolabeled analogue (i.e., QM) illustrated in Figure 4. A stable level of binding was attained

Both the capacity for H]quinuclidinylbenzilate and its  within about 60 min forH]quinuclidinylbenzilate and about
affinity were essentially the same in the pretreated sample 20 min for N-[3H]methylscopolamine at the near-saturating
and in an untreated control. Since the capacity fbt]{ concentrations used in the experiment. A similar pattern was
quinuclidinylbenzilate was unaffected By-methylscopol- obtained for each radiolabeled antagonist with receptors
amine, the shortfall in capacity fo+-[*H]methylscopolamine  solubilized in Lubrol-PX. Digitonin then was added after 120
evident in Figure 1A was not associated with an irreversible or 45 min (Figure 4), and binding increased 1.3-fold ft]f
change in the receptor. Similarly, transient incubation with quinuclidinylbenzilate and 2.1-fold fa¥-[3H]methylscopol-
N-methylscopolamine was without lasting effect on the amine. The relative levels of binding attained after equili-
recovery of latent receptors by digitonin, as indicated by the bration in cholate-NaCl alone and after the addition of
increased capacity foPtiJquinuclidinylbenzilate upon the  digitonin are commensurate with the relative capacities
addition of digitonin to the pretreated sample (Figure 3B). estimated from binding profiles at graded concentrations of
No latency was observed with eithigi[*H]methylscopol- each radioligand (e.g., Figures 1A and 2C). Thus, labeling
amine or PH]quinuclidinylbenzilate when digitonin was by N-[*H]methylscopolamine was 63% of that byH[-
added prior to the binding assay, either at the time of quinuclidinylbenzilate after the initial equilibration in the
solubilization (Figure 2A) or after extraction in cholate  absence of digitonin (Figure 4); similarly, the convergence
NaCl (Figure 2C). To examine the possibility that digitonin that followed the addition of digitonin is consistent with a
protects against an otherwise irreversible loss, receptorrelative capacity near 1. These results indicate that the latency



5594 Biochemistry, Vol. 41, No. 17, 2002 Park et al.

T T T T T T T T T T T T T
60 8 100F .
o 48
g g 80r 4
= 2
g) 36 B 5 60 g
5 £
£ k]
Q244 . O aof .
= i
8 Q
o 12F B w3 201 E
w
or . oF .
1 1 1 1 1 1 1
0 30 60 30 120 150 180
200r 7 Time (min)
= 160F B
o
o)
£ 120 .
T
£
a
L 80r J
=
0
a
vy A40f b
oF i
-11 -10 -9 -8 -7 -6
log [[PH]1Quinuclidinyloenzilate]
1 1 1 L L 1
Ficure 3: Recovery of latent sites from Meceptors solubilized 0 20 40 60 80 100
in cholate-NaCl. Total binding was measured at graded concentra- Time (min)

tions of PH]JQNB either alone (upper curves) or in the presence of ! e o )

1 mM unlabeled NMS (baseline). Data presented in the same panelFIGURE4: Time course for the binding oftfijquinuclidinylbenzilate
were obtained in parallel. (A) Receptor solubilized in chotate ~ andN-[®H]methylscopolamine in cholatéNaCl. Receptor solubi-
NaCl was incubated with a saturating concentration of unlabeled lized in cholate-NaCl was incubated at 3% with a saturating
NMS (0.564M) for 45 min, and the ligand then was removed on ~concentration ofHJQNB (A, 13—36 nM) or PHINMS (B, 240~

a column of Sephadex G-560§. Receptor that had not been 530 nM). At the time indicated by the arrow, the reaction mixture
incubated with ligand was processed on Sephadex G-50 and usedvas supplemented with digitonin in buffer B to obtain a final
as a control ©). The eluant was collected in each case and concentration of 0.4%. Binding was assayed by means of aliquots
characterized for the binding GH]QNB. (B) Receptor solubilized (50 uL) removed from the reaction mixture at the times shown,
in cholate-NaCl was incubated with a saturating concentration of and values obtained after the addition of digitonin were adjusted
unlabeled NMS and processed on Sephadex G-50 as describedor the small reduction in the concentration of receptef%). Data

above. The eluant was supplemented with digitoipi@r with an from three different experiments are represented in each papel (
equal volume of buffer®) and assayed for the binding ¢H]- <, 0), and each point represents the mean of two determinations.
QNB. The data in each panel are representative of four such Nonspecific binding B.) was estimated in parallel assays at the
experiments. same concentration ofHJQNB or [BH]JNMS. Maximal specific

binding was defined as the mean of the last two points in each
experiment, and the individual values at each time were normalized

observed in cholateNaCl is reversible for both 3H]- to that value taken as 100

quinuclidinylbenzilate ané\-[3H]methylscopolamine, since
binding was regained when digitonin was added to receptors
preequilibrated with either radioligand. The shortfall in
capacity therefore was not a consequence of thermal
denaturation or other instability after solubilization in cho-
late—NaCl.

The stability evident in the time dependence of binding
at near-saturating levels ®-[3H]methylscopolamine was
found at all concentrations of the radioligand. Receptors
solubilized in cholate NaCl were incubated witN-[3H]-
methylscopolamine for the usual period of 45 min and a

I iod of 2 h, and the two bindi fil _ . . o . :
onger period o an © two Dinding proties are dissociation of H]quinuclidinylbenzilate. The difference

superimposable (Figure 5). ; e X X .
Both radiolabeled antagonists are supplied as a solution'aises the possibility that the differential capacity observed

in ethanol, and the final concentration of ethanol in assays In some de_terge_nt_s might be du_e,_wholly or in part, to the
containing N-[*H]methylscopolamine was -46% at the selective dissociation of one radioligand on the columns of
highest concentrations of the radioligand. Purified, M
receptors have been found to be unstable under some 23Chi Shing Sum and James W. Wells, unpublished observations.

conditions, either in the absence of ligand or at any
concentration ofN-[3H]methylscopolamine, when the reac-
tion mixture contains ethanol at concentrations greater than
about 1 vol % In cholate-NaCl, however, there was no
discernible difference in either the affinity or the capacity
for N-[*H]methylscopolamine when the ethanol was evapo-
rated to reduce its concentration in the reaction mixture to
less than 1% (v/v).

N-[*H]Methylscopolamine dissociates rapidly from cardiac
muscarinic receptors (e.g., ré¥), in contrast to the slow
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FIGURE 5: Stability in the binding oN-[3H]methylscopolamine to

receptor solubilized in cholateNaCl. Total binding was measured

at graded concentrations GHJNMS, either alone (upper curves)

or in the presence of 1 mM unlabeled NMS (baseline). The receptor

was incubated with the radioligand at 30 for either 45 min Q)

or 2 h ©). The line represents the best fit of eq 1 with single values

of ECsg, Ny, and Bmax common to both sets of data, and the

parametric values are as follows: log & —8.18+ 0.06,ny =

0.89 4 0.08, andBnax = 265+ 11 pM. There is no appreciable

decrease in the sum of squares with separate rather than single

values of EGg, ny, andBnay for the data obtained after 45 min and

2 h (P = 0.20). The results shown in the figure are representative

of two experiments. 04 06 08 1.0 1.2 14 16 18 20
Elution volume (mL)

Sephadex G-50 used in the binding assays. To probe for thisFIGURE 6:  Separation of free and bouhd[*H]methylscopolamine

. nd BH]quinuclidinylbenzilate on Sephadex G-50. Receptor solu-
and other effects related to the separation of free and boundgilized in cholate-NaCl was incubated with saturating concentra-

ligand, N-[*H]methylscopolamine andHJquinuclidinyloen-  tions of FHINMS (T, 145 nM) or PHJQNB (O, 174 nM), either
zilate were equilibrated with sacrolemmal extracts in cho- alone (upper curves) or in the presence of 1 mM unlabeled NMS
late—NaCl and monitored in the eluate from the column. (baseline). An aliquot (50L) was applied to a column of Sephadex

Elution profiles from two columns are illustrated in Figure ©-50 (A, 6.5 cm; B, 8.0 cm), and the eluate was monitored for
adioactivity. The peaks visible in the figure emerged at the void

6: one prepared at the standard length of 6.5 cm a!nd a Ionge{/olume and represent radioligand bound to the receptor. The free
column of 8.0 cm. The length of the column had little or N0 radioligand was retarded and eluted as a separate peak, the leading
effect on the area of the peak obtained with either radioli- edge of which is visible in the case of the shorter column. The
gand, suggesting that the apparent capacity NePH]- amounts of specifically bound radioligand in the void volume are

A ; as follows: 6.5 cm column (1.45 mL), 8.69 fmol GH]JNMS and
methylscopolamine is not reduced by leaching of the probe 17.7 fmol of FHJONB: 8.0 cm column (1.8 mL), 9.23 fmol off]-

from th_e receptor. Al§o, each Iigand_ was present at a near-yms and 19.0 fmol of JHJQNB. Routine assays were performed
saturating concentration, and the entire peak from the shortefith 6.5 cm columns, and the volume of the eluate collected for

column was contained in the volume of 1.45 mL collected counting is indicated by the arrow.
in the binding assays. The relative area of 0.49 is consistent
with the relative capacity estimated when the peak was were incubated for 4 or 6 h. Since complete or nearly
collected in one fraction at multiple concentrations of each complete inhibition was achieved at comparatively low
radioligand. In addition, there was no discernible difference concentrations di-methylscopolamine, the unlabeled ligand
in the relative capacity when the free and bound radioligands appears to inhibit at sites to which the radiolabeled analogue
were separated at 4C rather than at room temperature. cannot bind. Such an arrangement is inconsistent with the
Assessment of Differential Capacity in Terms of Schemenotion of distinct, independent, and noninterconvertible sites
1. If the system is at thermodynamic equilibrium, a difference represented by Scheme 1.
in the apparent capacity fofH]quinuclidinylbenzilate and The results of analyses in terms of Scheme 1 are
N-[*H]methylscopolamine points to a subpopulation of sites summarized in Table 2 for each extract of receptor; the
inaccessible to the latter. Such a possibility was investigatedcorresponding sums of squares are listed in Table 3, and the
further by examining the inhibitory effect of unlabeled fitted curves are shown by the lines in Figures 1 and 2. Each
N-methylscopolamine on the binding cH]quinuclidinyl- analysis was arranged such that all of the data represented
benzilate at near-saturating concentrations of the latter.in the left- and right-hand panels of Figures 1 and 2 shared
Binding was measured after incubation of the reaction a common value oF,, in accord with the presumption that
mixture for 2 h, and the data are illustrated in the right-hand there is no interconversion among the different states or
panels of Figure 1. The time dependence of the reaction wasforms of the receptor. Similarly, the affinity of quinuclidi-
examined in cholateNaCl, and there was no appreciable nylbenzilate for each state was estimated as the single value
difference in either the Hill coefficient or the inhibitory of Ky common to all data acquired witAH]quinuclidinyl-
potency (IGg) of N-methylscopolamine when the samples benzilate as the radioligand. In contrast, the affinity of

Total binding (M)
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Table 2: Affinities of Quinuclidinylbenzilate anN-Methylscopolamine Estimated Empirically in Terms of Scherhe 1

quinuclidinylbenzilate N-methylscopolamine
solubilized preparation L loEp1 log Kp2 log Ki1 log K2 FP
cholate-NacCl P (3) —9.97+0.12 —9.11+0.11 —8.47+ 0.06 —5.45+ 0.2& 0.49+ 0.02
A(4) —9.22+0.14 —7.34+0.13 ’ ’
Lubrol-PX P (3) —7.87+0.11 —7.54+0.21 —7.15+ 0.05 >—5.¢8
A(3) —7.41+ 013 —6.48+022  0-44+004
digitonin—cholate P (3) —9.38+ 0.03 —9.38+ 0.03 —8.72+ 0.02 >—6.7 0.05+ 0.01
A (3) —8.61+ 0.04 —8.61+ 0.04 ) ’
cholate-NaCl + digitonin P (3) —9.13+ 0.03 —9.13+ 0.03 —8.29+ 0.03 —6.28+ 0.49 012+ 0.03
A (3) —8.284+ 0.08' —8.284+ 0.08' ) )

2 The data illustrated in the paired left- and right-hand panels of Figures 1 and 2 were analyzed accordingric=e®) 29 obtain the fitted
curves shown in the figure and the parametric values listed in the table. QNB was present only as the radiokgdhd(th panels of Figures
1 and 2), while NMS was present as either the radioligane:(B, left-hand panels) or the unlabeled analogue=(lA, right-hand panels). The
number of experiments is shown in parentheses. For QNB, single valléswére common to all of the data shown in the right-hand panel and
to those data acquired at graded concentrationd-ifJNB in the left-hand panel; forPH]NMS, single values oK were common to all of the
data shown in the right-hand panel, and single valueKgpfvere common to those data acquired at graded concentratiofikl]ofMS in the
left-hand panel. A single value & was common to all of the data shown in both panels. Single values pivER¢ common to all data acquired
within the same experiment, and single values of NS were common to data acquired with the same radioligand in the same experiment. Differences
in the fitted values oKg andK,; for NMS constitute a discrepancy between the model and the tate fraction of sites exhibiting low affinity
for [*H]NMS. The quantity 1— F, approximates the relative capacity of the preparation ¥{NMS and PH]JQNB (cf. Table 1).¢ The value
exceeds the highest concentration of the radioligand but is defined by a shallow minimum in the weighted sum oféstanesiue ofkp, for
[BH]NMS is essentially undefined, and the parameter therefore was mapped to obtain the lower bound as identified by a significant increase in the
weighted sum of square® (< 0.05). At higher values oKp,, the parameter is without effect on the sum of squares or on the values of other
parameters; the latter were evaluated with the valuépgafor [BH]NMS set at 0.1 M&" The parameters are indistinguishable and therefore were
optimized as a single value.

Table 3: Comparison of Mechanistic Schemes for Binding to Solublized Recgptors

sum of squares

maximal labeling in cooperative systems

conditions cholate- Lubrol- digitonin— cholate-NaCl
model for NMS [*HIQNB [HINMS NaCl PX cholate  + digitonin
multiple classes of sites
(Scheme 1)
empirical Kp = Kaj 6660 6549 10560 9948
mechanistically consisteris = K; 2518 1142¢ 10870 11290
cooperativity (Scheme 2 and
similar models)

divalent receptor Kp=Ka, 2sitesfj~ 1) 1 site @2 > 10) 19960 11060 c c
b=g

trivalent receptor Ke=Ka, 2sitesf,~ 1,ps> 10) 1 site &, > 10) 19460 11240 c c
b=g

tetravalent receptér Kp=Ka, 2sitesf,~ 1,ps> 10) 1 site &, > 10) 18210 11080 c c
b=g

tetravalent receptér Ke=Ka, 4sitesfp~1) 2 sites & ~ 1,as > 10) 10126 6692 102109 9638
=g

hexavalent receptor Kp=Ka, 6sitesfj~ 1) 3siteséy, as~1,a4 > 10) 8657 6368 ¢ c
b=g

octavalent receptor Kp=Ka, 4sitesr—ps~1,ps> 10) 2sitesé ~ 1,a > 10) 8518 6582 ¢ c
P=g

octavalent receptor Kp=Ka, 8sitesf~ 1) 4 sitesg—as~ 1,as > 10) 7563 6336 ¢ c
=3

@ The data illustrated in Figures 1 and 2 were analyzed according to Schemn¥e 2) @nd various cooperative schemes. The constraints imposed
in each analysis and the sum of squares obtained from each fit are listed in the table. In the case of Scheme 1, the analysis was performed both
empirically and in a mechanistically consistent manner. In the empirical analysis, the dissociation constant of NMS was estimated separately for
the radioligand and the unlabeled analogue; otherwise, a single value was common to both forms of the ligand. In the case of cooperative schemes,
all parameters were assigned to enforce mechanistic consistency. The vatyesd# were fixed as required to establish the apparent capacity
of [®H]QNB relative to the true capacityR];) and to ensure that the relative apparent capacity*fjNMS and PH]JQNB was consistent with
the data® With three classes of sites (Schemenls= 3), the sum of squares is 19640 and 9517 for binding in cheld&Cl and Lubrol-PX,
respectively ¢ Not analyzed? Scheme 2¢ The results of these analyses are illustrated in Figuf¢*BlJNMS was assumed to label all sites at the
highest concentrations used in the experiments é.e:a4 ~ 1). 9 The fit was achieved with no constraint enp;, or ¢, which are highly correlated.
There is no appreciable increase in the sum of squares (10270) if the valaesreffixed at 1, thereby precluding noncompetitive interactions
between QNB and NMS; the corresponding valueg;ainda generally are near 1.

N-methylscopolamine for each state was estimated as twotionally identical, any difference in the corresponding values

parameters: a value &f derived from the binding dfi-[*H]- of K andKa; constitutes a discrepancy between the model
methylscopolamine alone (left-hand panel) and a value of and the data. The values B listed in Table 2 indicate the
Kaj derived from the inhibitory effect orfifi]quinuclidinyl- fraction of sites inaccessible t&-[*H]methylscopolamine.

benzilate (right-hand panel). Since the labeled and unlabeled Owing to the differences in apparent capacity, two classes
analogues oN-methylscopolamine are expected to be func- of sites are required to describe the system in chelbiCl
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and Lubrol-PX: one class that binds both radioligands and may undergo a small loss of boule[*H]methylscopolamine
a second that exhibits anomalously low affinity f{3H]- on Sephadex G-50 in the binding assays.
methylscopolamine. The affinity oN-[*H]methylscopol- It has been noted previously that nonradiolabeled con-
amine for the sites labeled only b§H]quinuclidinylbenzilate taminants present with the radioligand can reduce the
in Lubrol-PX is essentially undefined, and the value<gf estimates of both [Rland Kp by a factor that depends on
shown in Table 2 is the lower bound consistent with the data. the amount of the impurity and the relative affinity of the
Neither preparation required more than two classes of sitestwo ligands for the receptdrMoreover, past batches of
(P > 0.05). N-[®H]methylscopolamine have contained the synthetic pre-
The affinities listed folN-methylscopolamine in Table 2  cursor scopolamine in quantities sufficient to redBggy to
highlight the discrepancy between its binding as measuredabout 75% of that found witrfiH]quinuclidinylbenzilate 48).
directly and as inferred from its inhibitory effect on the The relative inhibitory potency df-methylscopolamine and
binding of PH]quinuclidinylbenzilate. In cholateNaCl, the scopolamine was 0.1& 0.04 (N = 4) in cholate-NaCl>
sites inaccessible t8-[*H]methylscopolamine imply a value ~ An excess of scopolamine ové[*H]methylscopolamine
of Kpz that exceeds the highest concentration of radioligand therefore is required if the differential capacity in chotate
used in the assays and is at least 70-fold greater than theNaCl is to be described in terms of Scheme 1. The lines in
value ofKa, inferred from the inhibition of JH]quinuclidi- Figure 7 represent the best fit of Scheme 1, formulated to
nylbenzilate. A similar if somewhat smaller discrepancy is accommodate an unlabeled contaminat8).(To describe
seen between the values #f, and Ka, for receptors the data represented in Figure 7A, the model requires a value
solubilized in Lubrol-PX. Smaller discrepancies also emerge of at least 3.7 for the ratio of scopolamine M[3H]-
at the sites labeled by both radioligands, where the value of methylscopolamine in that batch of the radioligand. In
Kp, defined by graded concentrations of the radioligand contrast, scopolamine was not detectable in the mass spectra
exceeds the corresponding value Kf; defined by the of N-[*H]methylscopolamine used in the present investiga-
inhibitory effect on fH]quinuclidinylbenzilate. tion. Also, the differential capacity increased from about 0.5
To confirm these anomalies in the binding Nfmeth- in cholate-NaCl to about 0.9 upon the addition of digitonin.
ylscopolamine, the analyses summarized in Table 2 wereThe same batch ofN-[*H]methylscopolamine was used
repeated with the parameters assigned strictly in accord withthroughout, however, and the relative inhibitory potency was
the model. Thus, the affinity dfi-methylscopolamine at each  essentially unchanged at 0.1#10.02 (N = 3).
class of sites was assumed to be the same for binding of the The mass spectra obtained fé+*H]methylscopolamine
radioligand alone and for the inhibition ofH]quinuclidi- indicated the presence of triethylamine, which is used to elute
nylbenzilate (i.e.,Kg = Kaj). This constraint was ac- the radioligand during purification on HPLC. Quaternary
companied in each case by an increase of 1.7-fold or moreammonium compounds are known to be muscarinic antago-
in the sum of squares (Table & < 0.00001). The nists @9). In assays with3H]quinuclidinylbenzilate, how-
constrained fit was improved when the degree of heterogene-ever, the value of th&, for triethylamine was found to

ity was increased from two classes of sites to thiee<( exceed 0.1 mM in cholateNaCl and in cholate NaCl plus
0.05), but it remained unsatisfactory relative to the fit digitonin (Scheme 1n = 1). Since the molar ratio of
obtained in the corresponding empirical analysis (Kg.7= triethylamine toN-methylscopolamine never exceeded 0.70

Kaj, n=3,P < 0.00001). There was no further improvement in the mass spectrum, it is not expected to have an
in the sum of squares with four or more classes of sifes ( appreciable effect on the binding parameters of the radioli-
> 0.05). It follows that Scheme 1 is inconsistent with the gand.
data regardless of the degree of heterogeneity assumed for To examine the possibility that a racemic mixture ef{
the receptor. and @)-[®*H]quinuclidinylbenzilate contributed to the in-
A different pattern emerged for receptors solubilized in crease in capacity observed upon the addition of digitonin
digitonin—cholate or in cholateNaCl supplemented later to receptors solubilized in cholaté&NaCl, the affinities of
with digitonin, where the relative capacity fd¥-[3H]- the two enantiomers were compared in assays Whi}-[
methylscopolamine andHl]quinuclidinylbenzilate was near  quinuclidinylbenzilate. The )-enantiomer was 403-fold
or equal to 1 (Table 1). In those preparations, comparatively more potent than theH)-enantiomer in cholateNaCl and
small differences in capacity can lead to discrepant values595-fold more potent in cholateNaCl plus digitonin. It
of Kpp, andKa, for N-methylscopolamine at a minor fraction therefore seems unlikely that the latent sites revealed by
of the sites labeled byH]quinuclidinylbenzilate (Table 2).
The shortfall represented only 5% of all sites in digitonin 4n terms of Scheme In(= 1), the apparent values of both the
cholate, however, and the effect on the sum of squares wascapacity ([R].y) and the dissociation constant of the radioligaeh )
negligible when the values &€y andKa; were assumed to ~ are fe?UC?dbb)I' tge factor fEfAKP/KAzj, vvlhereLA(r?pre?e]n}is t]f;e(nglaf
_ : ratio of unlabeled contaminant to radioligand (ife.= [A] /[P]) (48).
be egual (Table 3p = 0':!'3)' Scheme 1 there.fc_)re 'S 1tis assumed here that the estimates of IRBNdKp1 appare based on
consistent with the data obtained under those conditions, andhe specific radioactivity stated by the manufacturer, which accounts
binding appears to be fully competitive. The shortfall in only for the relative amounts of stable and unstable isotope in that
capacity represented 12% of all sites in chotetaCl plus ~ batch of radioligand (e.g:H and?H). .
diaitonin. and the correspondina difference betwkerand The relative inhibitory potencies stated in the text for NMS and
9 ' ponding ditiere 8 scopolamine (16 nmgICsoscd are the meansSEM) of individual
Kaj for N-methylscopolamine is significant (Table B,= values estimated from assays that included both unlabeled antagonists
0.00009). Since the difference in capacity was about 50% taken in parallel (cf. Figure 7B). The data were analyzed according to

) ; . " the equatiorBossa= (Bjj=0 — Bij—w){ICsd™/(ICsd™ + [L] ")} + Byj—e,
in cholate-NaCl, the residual difference after the addition and the mean values af, for NMS and scopolamine are as follows:

of digitonin may represent the incomplete recovery of sites i, cholate-NaCl, 0.91+ 0.10 and 1.30+ 0.08 (N = 4); in cholate-
from the latent or low-affinity state. Also, both preparations NacCl plus digitonin, 0.79t 0.02 and 1.15+ 0.04 N = 3).
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Ficure 7: Estimation of the level of scopolamine required to reconcile the discrepancies between Scheme 1 and the binding properties of
M, receptors solubilized in cholatdNaCl. (A) The data are the same as those shown in Figure 1A. (B) Total binding was measured at a
saturating concentration ofHJQNB and graded concentrations of unlabeled NM$ 6r scopolamine ¢). Each experiment included

assays with both unlabeled antagonists, taken in parallel, and the results of three separate experiments are represented in the figure. The
lines illustrate the best fit of Schemel € 1) to the data represented in both panels taken together. The model was formulated as described
previously (i.e., eqs 3 and 4 in ré8), with scopolamine, NMS, and QNB designated as ligands 1, 2, and 3, respectively. The total concentration
of scopolamine necessary to account for the differential capacityfjNMS and PH]JQNB in panel A was estimated relative to that of
[BHINMS (i.e., f; = [L4]/[L2]y). Single values of [R]were common to all data from the same experiment, and a single valizevals

common to all of the data obtained at graded concentration$4pfiMS. The fitted value off; is 5.1+ 0.7, and the estimates of affinity

are as follows: lodg{;; = —7.364+ 0.05 (scopolamine), lof,; = —8.16+ 0.04 (NMS), and lodKz; = —9.57 £ 0.04 (QNB). Individual
estimates oBypsqWere normalized to the mean value of {Rjr all of the data included in the analysis (i.e., {R] 249 + 25 pM, N = 6),

and the corresponding value Bf; is plotted on they-axis. The mean value of log §}.for the adjustment in panel B is7.49+ 0.01.

digitonin were due to an optically impure radioligand. Scheme 2 provides a good approximation of the binding
Moreover, since both forms oftijquinuclidinylbenzilate are  properties of receptors extracted in chotaiaCl or Lubrol-
expected to be tritiated, a racemate is not expected to yieldPX, as illustrated by the fitted curves in Figure 8. The cor-
spurious estimates @max® responding parametric values are listed in the accompanying
Assessment of Differential Capacity in Terms of Schemelegend. Some parameters are highly correlated or otherwise
2. The possibility of cooperative interactions was examined undefined by the present data, and those values were fixed
in terms of Scheme 2, in which the low relative capacity for within acceptable bounds identified by mapping. All param-
N-[*H]methylscopolamine in cholateNaCl and Lubrol-PX eters were assigned to enforce mechanistic consistency. The
can be attributed to a high degree of negative cooperativity model therefore can account both for the bindindNeffH]-
between two successive equivalents of the radioligand. If methylscopolamine and for the inhibitory effect of unlabeled
the value ofp; is sufficiently large, the macroscopic dis- N-methylscopolamine, in contrast to the inconsistencies that
sociation constant for thgh equivalent ofN-[3H]methyl- emerge from analyses in terms of Scheme 1.
scopolamine will exceed the highest concentration used in The apparent capacity fi-[*H]methylscopolamine was
the assays (i.e{j/(n — j + 1}I_,pKp > [Plna). about 50% of that for 3H]quinuclidinylbenzilate in both
Binding therefore will be precluded, both to tfte site and  jetergents (Table 1). It was assumed in each analysis that
to additional sites provided that the effectgis not offset there was little or no cooperativity in the binding GH|-
by small values ofy (j < k = n). The inhibitory effect of ¢ inyclidinylbenzilate (i.e., 0.k p; < 10), which therefore
N-methylscopolamine will derive in part from competition |apejeq all sites of the tetravalent receptor under the
for the vacant receptor and in part from cooperativity between . qitions of the assays. Under those circumstances, the
the UnlabEI-Ed |Igand andalfﬂ]quinUClidinylbenZ”ate. The maximal blndlng 0fN-[3H]methyISC0pO|amine is the result
latter route is represented in Scheme 2 by those states thafy |ie or no cooperativity between the first and second
include the receptor and both ligands. equivalents (i.e., log, = 0.2 or—0.2) and strong negative
cooperativity between the second and third equivalents (i.e.,
6 When the radiolabeled probe is a racemate (i€),@d Ry)), total log as > 1). The inhibitory effect of unlabeletl-methyl-

specific binding to identical and mutually independent sites (R) in a . . . .
system at equilibrium is described by a rectangular hyperbola as SCOPolamine at the sites labeled only BiJguinuclidinyl-

follows: Bs,= [PR] + [P»R] = [R{P}/(Kapp + [P]), where [R] = benzilate is a consequence of cooperative interactions
[R] + [P)R] + [PR], [P] = [P)] + [Pe], Kapp= K)Key/(f)Ks) between the two ligands (i.eg, = 1), and an acceptable fit

+ fyKy), foy = [PwlP] (i-e., foy + fuy = 1), andK) = [Pw][R)/ ' i is i ' ibi
[PR]. The estimate of capacily, therefore, is independent of the cannot be achleved if the analysis is constrained to prohibit
racemic nature of the radioligand (i.8max = [R]:). The quantities such effects (i.eg = 1).

[Pl and [R+)] denote the free concentrations of the two enantiomers,  The results illustrated in Figure 8 are based on the

which are assumed here to equal the total concentrations. While some . | . hich all he si
depletion may occur at lower concentrations of ligand, it will become assumption of a tetravalent receptor in which all of the sites

negligible as the receptor becomes saturated. are accessible tdfljquinuclidinylbenzilate. This turns out
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Ficure 8: Binding to M, receptors solubilized in cholatdNaCl and Lubrol-PX, described in terms of Scheme 2. Sarcolemmal membranes
were solubilized in cholateNaCl (A, B) or Lubrol-PX (C, D). (A, C) Total binding was measured at graded concentratiofkljG3\IB

(O, ©, O) and BHINMS (4, <, +), either alone (upper curves) or in the presence of 1 mM unlabeled NMS (baseline). (B, D) Total
binding was measured at a near-saturating concentraticiifNB and graded concentrations of unlabeled NMS. The data are the same
as those shown in Figure 1. The lines represent the best fits of eq 3c (i.e.heg 8) to the pooled data from the seven experiments
represented in panels A and B and, in a separate analysis, to the pooled data from the six experiments represented in panels C and D.
[(H]QNB was taken as ligand P, and botH][NMS and unlabeled NMS were taken throughout as ligand A. All parameters were assigned
to enforce mechanistic consistency, and single valugssoKa, p;, g, andc; therefore were common to all of the relevant data. Data
acquired at graded concentrations #fiJONB are irrelevant tK,, &, andg;; similarly, those at graded concentrations #fjNMS are
irrelevant toKp, p;, andg;. Single values of [Rlwere common to all data acquired within the same experiment. The fitted values for binding
in cholate-NaCl (A, B) are as follows: lodp = —9.08+ 0.10, logp, = —0.60+ 0.16, logp, = 0.87+ 0.21, logK, = —8.26 £ 0.08,

log a, = 0.20+ 0.18, logaz = 1.63+ 0.16, logc, = —3.04+ 0.24, logc; = 8.93+ 5.53, and logc, = —4.96+ 4.98. The values of log

p2 and logps are highly correlated, and the latter was fixed at zero to stabilize the convergence. The valua,@$ legsentially undefined

and was fixed arbitrarily at zero. The values of Idglog c,, and logc, are incompletely defined by the data and were fixed at 8. The fitted
values for binding in Lubrol-PX (C, D) are loge = —7.95+ 0.07, logp, = 0.80+ 0.44, logps = —1.12+ 0.83, logps = 0.63+ 0.73,

log Ka = —6.83+ 0.06, loga, = —0.19+ 0.16, logc, = —1.01+ 0.19, logc; = log ¢; = 1.98+ 0.38. The values of log,, log ¢, and

log ¢, are incompletely defined and were fixed at 0.7, as determined by mapping. The valueagfiag fixed at 1, as determined by
mapping; that of logyu was essentially undefined and fixed at zero. The mean values ofigBd to obtain the adjusted valuesBaf are

69 £+ 19 pM (A, B; N = 7) and 95+ 14 pM (C, D;N = 6). Further details are described in the legend to Figure 1.

to be the simplest cooperative arrangement consistent with The values listed in Table 3 indicate that a tetravalent
the data, the occurrence of undefined parameters notwith-receptor in which two of the four sites are accessible to
standing. Various other possibilities are listed in Table 3, N-[3H]methylscopolamine can provide a fit comparable to
together with the corresponding sums of squares for the datathat obtained empirically in terms of Scheme 1. While the
represented in Figure 8. The only restriction was the di- and trivalent alternatives can describe the binding of the
requirement that the apparent capacity ff>H]methyl- radioligands alone, neither can reconcile the behavior of
scopolamine be 50% of that foiH]quinuclidinylbenzilate. labeled and unlabeldd-methylscopolamine. Moreover, the
Consistency with the data can be assessed with reference tincrease in the apparent capacity féidJquinuclidinylben-
Scheme 1, where the excellent but empirical fit illustrates zilate when extracts in cholatdNaCl are supplemented with
what might be expected of the true model; the poor but digitonin suggests that up to 50% of the sites can be latent
mechanistically consistent fit represents the minimal level for that radioligand. If that latency derives from negative
of agreement to be expected of any alternative to Scheme 1.cooperativity, a tetramer is no longer sufficient to describe
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the data; rather, at least six and perhaps as many as eighéxtracts in cholateNaCl were supplemented with digitonin
interacting sites are required, suggesting that the receptor iseither before or after incubation with the radioligand. It
larger than a tetramer. therefore appears that the system was at equilibrium in the
With receptor extracted in digitonircholate, a mecha-  binding assays, that there were no irreversible effects, and
nistically consistent fit is possible with Scheme 1, as that the different states of affinity implied by a differential
described above (Table 3). An essentially equivalent fit is capacity and latent sites are interconvertible. The failure of
obtained in terms of Scheme 2, in which the competitive Scheme 1 highlights the noncompetitive nature of the
behavior and similar capacities derive from values near 1 interaction betweerfH]quinuclidinylbenzilate andN-meth-
for the cooperativity factorp;, g, and particularlyc; (Table ylscopolamine, which appears to inhibit at sites to which it
3). The detergent therefore appears to regulate cooperativitycannot bind. It follows that the multiple states of affinity
within the receptor, and cooperative effects are largely absentrevealed by the two radioligands may derive from induced

from extracts in digitonir-cholate. heterogeneity caused, either directly or indirectly, by cluster-
ing of the sites in oligomeric arrays.
DISCUSSION Within an oligomeric cluster, a difference in the apparent

capacity forN-[3H]methylscopolamine andfi]quinuclidi-

Muscarinic receptors can exhibit a striking heterogeneity ,ihensijate could arise from cooperative effects, asymmetry,
toward antagonists in detergent-solubilized extracts from . 5 ~ombination of the two. If the system is strictly

porcine atria. Since the apparent capacity Kef*Hlmeth- . erative (e.g., Scheme 2), full occupancy is precluded

ylscopolamine was only about 50% of that féH[quinu- by a high degree of negative cooperativity between two
clidinylbenzilate in cholateNaCl and Lubrol-PX, a large successive equivalents of antagonist (ipe> 10); that is,

subpopulation of sites appears to be of anomalously weakine macroscopic dissociation constant for fieequivalent
affinity for N-methylscopolamine under those conditions. NO ¢ the radioligand exceeds the highest concentration used.
such anomaly occurred ;’N'th extracts in digitoarholate,  gjnce each complex is functionally symmetric, the micro-
where the capacity foN-[*H]methylscopolamine andi]- scopic affinity is the same for all vacant sites at less than

qwr?uchdmylbenznate was essentlally_the same. full occupancy. If the system is strictly asymmetric [e.g.,
Sites that apparently were latent with respecNeH]- Scheme 1F; = 1/n (48)], constraints within the oligomer
methylscopolamine were recovered when digitonin was jmpose a large difference on the dissociation constants of

added to preparations extracted in chotefaCl. Moreover, individual sites (i.e.Kg/Kp¢_1) > 10); thus, the corresponding
supplementary digitonin not only eliminated the difference value of K5 exceeds the highest concentration of the
in capacity betweerN-[*H]methylscopolamine andif]- radioligand. Since each site functions independently, the
quinuclidinylbenzilate but also increased the absolute capac-affinity of one is unaffected by occupancy of another.
ity for both radioligands. Latency therefore is not unique to Between these extremes are systems in which microscopi-
N-[*H]methylscopolamine, and it may be that no radioligand ca|ly dissimilar sites also undergo cooperative transitions.
can bind to all of the receptors with characteristic muscarinic |n each case, the possible magnitude of any difference in
affinity under some conditions. This introduces a degree of apparent capacity would depend on the number of sites
uncertainty as to the true capacity under any condition.  within the cluster and upon the oligomeric homogeneity of
A shortfall in the maximal binding ofN-[*H]methyl- the preparation; that is, there may be a unique oligomeric
scopolamine has been noted previously in a variety of form (e.g., a tetramer) or a mixture of forms (e.g., dimers
circumstances (see réB and references cited therein). The and tetramers).
effect typically has been rationalized in terms of Scheme 1 The data in Figure 1A,C can be described in terms of
per se or formally equivalent models. The higher capacity cooperative effects or asymmetry and therefore are mecha-
for [*H]quinuclidinylbenzilate often is attributed to its nistically ambiguous. Cooperativity is favored, however, by
lipophilicity, which would allow selective access to sites the evidence for concomitant binding of two different ligands.
localized behind a hydrophobic barrier. Aldg;[*H]meth- The interaction between unlabellemethylscopolamine and
ylscopolamine might differentiate among distinct and non- [3H]quinuclidinylbenzilate is manifestly inconsistent with
interconverting forms of the receptor, perhaps arising from Scheme 1 (Table 2), while the agreement with Scheme 2
differences in posttranslational processing or representingimplies a cooperative effect of one ligand on the binding of
different subtypes. Neither possibility can account for the the other. If the inhibition ofJH]quinuclidinylbenzilate by
present data, however, owing to the inability of Scheme 1 unlabeledN-methylscopolamine is a manifestation of coop-
to reconcile the binding oN-[*H]methylscopolamine with  erativity between the two ligands, negative cooperativity may
the inhibitory effect of unlabelel-methylscopolamine on  determine the level of maximal binding observed at graded
the binding of fH]quinuclidinylbenzilate. The possibility of  concentrations of either radioligand taken alone.
multiple isoforms also is precluded by the evidence that  SinceN-[3H]methylscopolamine labeled about 50% of the
muscarinic receptors from porcine atria are wholly or sjtes recognized byifi]quinuclidinylbenzilate in cholate
predominantly of the Msubtype $0, 51). NaCl, a divalent receptor is sufficient for cooperativity to
Binding of N-[3H]methylscopolamine andH]quinuclidi- account for the data presented in Figure 1A. When the data
nylbenzilate to cholateNaCl-solubilized receptors attained from Figure 1A are combined with those from Figure 1B,
a maximum and thereafter was independent of time (Figureshowever, an adequate description of both cannot be obtained
4 and 5). Also, the binding ofif]quinuclidinylbenzilate was  with only two or three interacting sites (Table 3). The
not affected by transient incubation of the receptors with receptor must be at least tetravalent (i.e., Scheme 2) if the
N-methylscopolamine. Both the absolute and the relative agreement is to approach that obtained empirically in terms
capacities foN-[*H]Jmethylscopolamine were increased when of Scheme 1 (cf. Figures 1 and 8). A comparable fit requires
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six or eight interacting sites (Table 3). It follows that the in the binding of agonists to purified muscarinic receptors
receptor may exist in clusters comprising as many as eightfrom brain 63—65) and heart 3, 39, 66).
subunits. Four interacting sites also are required for the The evidence for cooperativity in the binding of agonists
pooled data on receptors solubilized in Lubrol-PX (Figure and antagonists has implications for the mechanism of
1C,D) if cooperativity is to yield a sum of squares compa- signaling in G protein-mediated systems. It suggests that the
rable to that obtained from the empirical analysis in terms basic functional unit is a heterooligomeric array comprising
of Scheme 1 (Table 3). two or more equivalents of receptor on one hand and G
Previous reports of cooperative binding to G protein- protein on the other. Within that complex, multiple states of
coupled receptors include the early observation that the affinity could arise from cooperative interactions between
dissociation of {)-[®*H]alprenolol fromf-adrenergic recep-  successive equivalents of agonist or antagonist binding to
tors was faster when initiated by an unlabeled ligand than the receptor or between successive equivalents of guanyl
by dilution (562, 53). In studies conducted at equilibrium, Hill  nucleotide binding to the G protein; similarly, the allosteric
coefficients greater than 1 have raised the possibility of interactions between agonists and guanyl nucleotides could
positive cooperativity in the binding of some ligands to arise from effects of one ligand on the degree of cooperativity
cardiac muscarinic and cortical histaminergic recept8® ( in the binding of the other3Q, 40, 46). Such an arrangement
54—56). Also, cooperative interactions have been inferred offers an alternative to the view that agonists and guanyl
from the combined effects of two or more ligands on binding nucleotides act to shift a ligand-regulated equilibrium
to muscarinic receptors from rat adenohypophysg and between free receptors and G proteins on one hand and a
to histaminergic receptors from rat and guinea pig cortex transient RG complex on the other. It has been shown
(58—61); the same data were inconsistent with the notion previously that Scheme 2 can describe the nucleotide-
that the ligands compete for noninteracting sites. sensitive binding of agonists to muscarinic receptors labeled
More recent studies have demonstrated that allostericby N-[*H]methylscopolamine in ventricular membranes from
effects can emerge when pharmacologically distinct receptorshamster heart4(). Models with fewer than four interacting
are coexpressed, and the heteromeric nature of the putativesites were inadequate if the radioligand was assumed to label
complex has been confirmed by coimmunoprecipitation. all sites at the apparently saturating concentrations used in
With heterooligomers formed by and«-opioid receptors,  the experiments (i.ep ~ 1 for all j). The parametric values

the apparent affinity of th@-selective agonistofPerf,p- inferred in terms of Scheme 2 were consistent with the
Pertlenkephalin was at least 50-fold higher in the presence observation that guanyl nucleotides decrease the apparent
of thex-selective agonist U69593 and vice ver28)( With capacity for radiolabeled agonists with little or no effect on

heterooligomers of the dopamine, @Bnd the somatostatin  their affinity (e.g., refs67—69).
SSTR5 receptors, the affinity of somatostatin-14 was in-  Issues that arise from the suggestion of cooperative effects
creased 30-fold in the presence of thgdgonist quinpirole include the oligomeric stability of the supposed arrays, the
and decreased 5-fold in the presence of theabtagonist number of interacting sites, and the complement of oligo-
sulpiride @4). Ligands specific for one receptor therefore meric forms. It has been assumed, both here and previously
appear to affect those specific for another in a cooperative (39, 40), that there is only one multivalent form of the
manner. receptor in any particular preparation. If the oligomer and
The present results were obtained with a single muscarinicits cooperative properties are relevant to signaling, the
subtype, and similar effects have been reported for the defined nature of multimeric systems such as hemoglobin,
binding of FH]spiperone and®H]raclopride to dopamine P aspartate transcarbamoylase, bacteriorhodopsin, and the
receptors expressed in CHO celB2). In the absence of  nicotinic receptor suggests that the muscarinic receptor exists
sodium ions, H]raclopride labeled about one-half of the functionally as a single quaternary species. Other forms may
sites recognized byH]spiperone; moreover, the binding of be present, however, and a mixture of different oligomers
[®H]spiperone was inhibited fully by unlabeled raclopride may behave in a manner that can be described in terms of a
at near-saturating concentrations of the radioligand. The tetramer alone.
differential capacity and noncompetitive effect were rational- A mixture of monovalent and tetravalent receptors was
ized in terms of negative cooperativity, and it was suggestedrequired if cooperativity was to account for the binding
that a divalent receptor could account for the data. properties of M muscarinic receptors in membranes from
Evidence for cooperativity also has emerged from studies hamster heart4Q). The monovalent or noncooperative form
on cardiac muscarinic receptors that copurify with G proteins. represented-510% of all sites. A homogeneous population
In the presence of GMP-PNP, binding of the antago#i$}- of tetravalent receptors was sufficient to account for the
AF-DX 384 was found to exhibit a bell-shaped dependence properties of purified M receptors from porcine atri&9),
on the concentration of the agonist oxotremorine-38)( although it seems in retrospect that effects rationalized in
The nucleotide-sensitive effect of agonists on the binding terms of cooperativity arose in part froi-[3H]methyl-
of radiolabeled antagonists to muscarinic receptors generallyscopolamine contaminated with scopolamidg)( With the
mirrors the agonist-sensitive effect of GDP on the binding present data from extracts in cholatdaCl (i.e., Figure
of [3°S]GTPyS to receptor-linked G proteing4, 46), and 1A,B), the fit of Scheme 2 is only marginally better when a
the binding profile of GDP also was found to be bell-shaped small monovalent population representing 4% of the labeled
under some conditiongl). If the system is at equilibrium,  sites is included in the analysi® (= 0.01). The binding
such a bell-shaped dependence is indicative of positive properties are therefore consistent with the suggestion that
cooperativity between the radiolabeled and unlabeled ligands.the receptor occurs primarily as an oligomer, at least in
Cooperative effects imply that multiple states of affinity are myocardial preparations. Studies in mammalian cells have
intrinsic to the receptor, and heterogeneity has been identifiedshown that mutant receptors inhibit the surface expression
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of the wild-type PAF recepto28), V2 vasopressin receptor  been suggested that cooperativity accounts at least in part
(70), and B> dopamine receptor7(). Those observations for light-dependent effects on the relative amounts of
suggest that oligomerization is a prerequisite for trafficking different M intermediates within the photocyclés). Those
of the receptor to the cell surface and that any monomerseffects were eliminated by Triton X-100 at concentrations
are retained in intracellular compartments. that did not disrupt the trimeric structureég), and they were

Studies orc-mye and FLAG-tagged muscarinic receptors regained upon the addition of specific lipid&7f. Also, the
expressed irf5P cells have confirmed that the NMubtype photocycle of rhodopsin was arrested at the meta | interme-
can exist as oligomerd). The differentially tagged receptors diate in digitonin but continued to the meta Il intermediate
were shown to coimmunoprecipitate when coexpressed andin n-dodecyl 5-p-maltoside 8). The meta Il state of
solubilized in digitonin-cholate, Lubrol-PX, omn-dodecyl rhodopsin corresponds to the M form of bacteriorhodopsin
f-pD-maltoside. No coimmunoprecipitation occurred with (79). Data from FTIR difference spectroscopy suggest that
coexpressed receptors solubilized in chofataCl, but the rhodopsin undergoes a change in specific ligielceptor
lack of an effect was attributed to the low efficiency of interactions as a result of conformational changes induced
immunoprecipitation observed with the antimycantibody by activation 80). In addition, the downstream interaction
in that detergent. That interpretation has been confirmed in between transducin and its effector cGMP phosphodiesterase
more recent studies, where the two epitopes were coimmuno-has been shown to depend on the nature of the lipid
precipitated from extracts in cholat&laCl using antibodies ~ environment 81).
from a different supplief. The efficiency of immunopre- In a comparison of muscarinic receptors in cortical and
cipitation in digitonin-cholate was high for receptors atrial membranes from pig, the antagonist pirenzepine bound
extracted from coinfected cells relative to those from cells 34-fold more tightly to the former than to the latted2).
expressing only the-myctagged form, suggesting that the Such a difference is typical of pirenzepine and generally is
oligomer is trimeric or larger. Also, the failure to effect any attributed to the preponderance of kkceptors in the heart
change in the level of coimmunoprecipitation indicated that on one hand and the comparatively high level qfrieteptors
the receptor retained its oligomeric integrity under the in the cortex on the otheB8). Comparable specificity has
conditions of the binding assays, in accord with the assump-been found when each subtype is expressed individually in
tions underlying Scheme 2. CHO or SB cells 84—86). The difference in affinity was

The present results indicate that the properties of solubi- lost, however, when the cortical and atrial membranes from
lized M, receptors depend in part on the detergent. The pig were solubilized and purified in digitonin; moreover, it
overall affinity of the receptor for eitheN-[*H]methyl- was recovered when the receptors were reinserted in the
scopolamine or *H]quinuclidinylbenzilate was similar in  original membranes or reconstituted in lipid vesicl8g)(
digitonin—cholate and cholateNaCl but much weaker in A similar reduction in the selectivity of pirenzepine was
Lubrol-PX (Table 1). Also, the differential capacity and found with digitonin-solubilized receptors from rat he®T)(
related noncompetitive effects observed in chetiNaCl and where the affinity approximated that measured in membranes
Lubrol-PX were not found in digitonircholate, where the  or solubilized preparations from cerbral cortéa).
two ligands appear to compete directly for all of the sites.  Recent studies on the IgE receptor have suggested that
In terms of Scheme 2, receptors in chotaéaCl or Lubrol- rafts and raft-like domains play an important role in
PX on one hand and in digitonircholate on the other differ  transmembrane signaling via that syste88)( The impor-
primarily in the values ofs andc;. The supposed oligomer  tance of such microdomains in the mechanism of G protein-
therefore appears to exist in two or more states that differ in mediated signaling is unknown, butlvhuscarinic receptors,
their cooperative properties and possibly in the degree of G proteins, and adenylate cyclase all have been shown to
asymmetry among the constituent sites. Since digitonin canbe enriched in raft-like domain89—91). It follows that the
recover those sites that are latent upon extraction in chelate |ipid composition of microdomains may play a role in
NaCl, the effects of detergents appear to be reversible. Itsignaling through those systems, perhaps by modulating the
follows that the oligomers can interconvert, at least under cooperative properties of the receptor.
some conditions, and that the detergent regulates their
distribution among the different states. ACKNOWLEDGMENT
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