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ABSTRACT: At least four allosteric sites have been found to mediate the dose-
dependent effects of gallamine on the binding of [*H]quinuclidinylbenzilate
(QNB) and N—[3H]methylsc0polamine (NMS) to M, muscarinic receptors in
membranes and solubilized preparations from porcine atria, CHO cells, and Sf9
cells. The rate of dissociation of [*H]QNB was affected in a bell-shaped manner
with at least one Hill coefficient (ny;) greater than 1, indicating that at least three
allosteric sites are involved. The level of binding of [*H]QNB was decreased in a
biphasic manner, revealing at least two allosteric sites; binding of [*H]NMS was
affected in a triphasic, serpentine manner, revealing at least three sites, and values
of ny >1 pointed to at least four sites. Several lines of evidence indicate that all
effects of gallamine were allosteric in nature and could be observed at
equilibrium. The rates of equilibration and dissociation suggest that the receptor
was predominately oligomeric, and the heterogeneity revealed by gallamine can
be attributed to differences in its affinity for the constituent protomers of a tetramer. Those differences appear to arise from inter-
and intramolecular cooperativity between gallamine and the radioligand.

Muscarinic cholinergic receptors contain two topograph- muscarinic and formyl peptide receptors expressed in CHO
ically distinct sites: an orthosteric site that binds agonists cells.”*° In contrast, much evidence suggests that most if not all
and regulates signaling and an allosteric site that binds GPCRs exist and function as oligomers within complexes that
modulators such as gallamine and alcuronium." The orthosteric comprise multiple copies not only of the receptor but also of
site is located within the cluster of seven transmembrane the G protein and perhaps the effector.!* ™13 Although the
helices, as in other G protein-coupled receptors of family A, and oligomer of receptors often is termed a dimer, the common
it is highly conserved among the five muscarinic subtypes.” The methods of detection seldom distinguish between dimers and
allosteric site is located at the surface between extracellular larger oligomers (e.g, refs 14 and 15). More discerning
loops 2 and 3;% it is less conserved than the orthosteric site, and methods have identified species that are at least trimers'¢™'® or
allosteric ligands therefore tend to exhibit greater selectivity tetramers. 224

among the different subtypes.3 The two sites are linked such GPCRs of family A also exhibit a characteristic, guanylyl
that binding of a ligand to one affects binding to the other nucleotide-sensitive dispersion of affinities in the binding of
through a process of heterotropic cooperativity. Such effects agonists. In the case of the M, muscarinic receptor, those
and the comparative selectivity of the allosteric site have effects can be described quantitatively in terms of cooperative

encouraged studies of allosteric ligands as a novel mode of 19,22
targeted therapeutic intervention.* The prevalence of allosteric
sites within the broader family of GPCRs is unclear, but the
purinergic, chemokine, dopaminergic, and serotonergic recep-
tors all have been reported to bind and respond to allosteric
ligands in a manner analogous to that of muscarinic receptors
and gallamine."

GPCRs traditionally have been thought to exist and function

interactions among the four orthosteric sites of a tetramer.
Because the breadth of the dispersion is a measure of
efficacy,”*® such agreement implies that cooperativity is
involved in the mechanism whereby the receptor recognizes
the agonist and relays the signal to downstream effectors.
Cooperativity among four protomers of the M, receptor also
can account for noncompetitive effects in the binding of the
antagonists N-methylscopolamine and quinuclidinylbenzi-

as monomers.” Some GPCRs have been shown to activate G late. 222728

proteins when reconstituted as monomers in size-selective

nanodisks,®™® and the fluorescence intensities of particles Received: January 9, 2012
identified by total internal reflection fluorescence microscopy Revised:  May 1, 2012
have suggested that monomers are the predominant form of M, Published: May 2, 2012
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The gallamine-specific site on the M, receptor is the most
studied allosteric site of any GPCR,” yet the implications of an
oligomer for heterotropic effects generally have been
disregarded. If the oligomeric nature of the system were sensed
by an allosteric ligand, two forms of heterotropic cooperativity
would be envisaged: intramolecular cooperativity between
allosteric and orthosteric ligands on the same protomer®>°
and intermolecular cooperativity between ligands on different
protomers. A tetrameric receptor would possess a total of eight
sites, four orthosteric and four allosteric, and potentially could
host 16 different heterotropic interactions. The number of
interactions is increased further by the possibility of
homotropic cooperativity between orthosteric sites, allosteric
sites, or both.

This investigation was prompted by two reports in which an
allosteric ligand appeared to recognize at least two sites at the
M, receptor. In the first, the Hill coefficient was shown to
exceed 1 for the effect of tacrine on the rate of dissociation of
N-[*H]methylscopolamine and on its binding at thermody-
namic equilibrium.31 In the second, the rate of dissociation of
[*H]quinuclidinylbenzilate was increased and decreased in a
bell-shaped manner at graded concentrations of gallamine.**
We have reproduced the complex effect of gallamine on the
dissociation of [*H]quinuclidinylbenzilate and show that more
than two sites are involved. We also show that gallamine affects
the binding of N-[*H]methylscopamine in a triphasic,
serpentine manner indicative of at least four sites. Essentially
the same patterns have been found with the M, receptor from
different sources, both in membranes and after extraction in
digitonin and cholate.

The data can be rationalized in terms of a receptor that is at
least tetrameric. Within that complex, a mix of homotropic and
heterotropic interactions determines the binding of gallamine
and its allosteric effects at orthosteric sites on the same and
neighboring protomers. This interpretation recognizes the
oligomeric nature of the receptor, in contrast to the common
view in which all effects of gallamine are ascribed to one or
more sites on a single protomer. The results illustrate the scope
for cooperativity within oligomers of GPCRs and argue for a
reassessment of heterotropic interactions in those that possess
an allosteric site."*3*

B EXPERIMENTAL PROCEDURES

Ligands, Detergents, and Other Materials. N-[*H]-
Methylscopolamine was obtained as the chloride salt from
PerkinElmer (lots 3406081 and 3474009, 83.5 Ci/mmol; lots
3436143, 3499213, and 3538031, 81.0 Ci/mmol) and as the
bromide salt from Amersham Biosciences (batch B-32, 84.0 Ci/
mmol; batches B-35 and B-36, 81.0 Ci/mmol; batch B-38, 80
Ci/mmol). Mass spectra provided by the manufacturer
indicated that the samples were devoid of contaminating
scopolamine. (—)-[*H]Quinuclidinylbenzilate was purchased
from PerkinElmer (lot 3363717, 37.0 Ci/mmol; lot 3467373,
39 Ci/mmol; lot 3499844, 42.0 Ci/mmol) and Amersham
(batch B-49, 49.0 Ci/mmol; batch B-50, 41 Ci/mmol). Both
radioligands were supplied as a solution in ethanol, which was
removed by evaporation prior to use. Atropine sulfate (batches
69HO0545 and 88H0122) and gallamine triethiodide (batches
115K1554 and 033K1443) were obtained from Sigma-Aldrich.

The protease inhibitors bacitracin, leupeptin, pepstatin A,
and benzamidine were obtained from Sigma-Aldrich, and
Complete Protease Inhibitor Cocktail tablets were from Roche.
Protein was estimated by means of bicinchoninic acid using the
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BCA protein assay kit from Pierce, with bovine serum albumin
from Sigma as the standard. Digitonin used to solubilize the
receptor was purchased from Wako Chemicals USA at a purity
near 100%; that used to prepare and elute the columns of
Sephadex G-50 in the binding assays was from Calbiochem.
Sodium cholate was purchased from Sigma-Aldrich at a purity
of at least 99%. HEPES was obtained as the free base from
Boehringer Mannheim, and EDTA was obtained as the
disodium salt from Sigma-Aldrich. Other chemicals were
obtained as described below or from sources identified
previously.**

Polypropylene columns used in the binding assays were
obtained from Kontes (Disposaflex, 0.8 cm X 6.5 cm) and were
packed with Sephadex G-50 from Sigma-Aldrich. Fiberglass
filters used in the binding assays were from Whatman
Schleicher and Schuell (No. 32).

Muscarinic Receptor from Porcine Atria. The M,
receptor is the predominant muscarinic subtype in porcine
atria, from which it was prepared as described previously.*®
Briefly, atria were collected immediately after slaughter, taking
care to avoid the sinus and atrioventricular nodes. The tissue
was washed twice with ice-cold PBS [20 mM KH,PO, and 150
mM NaCl (NaOH to pH 7.40)] and homogenized in buffer A
[20 mM imidazole, 1 mM EDTA, 0.1 mM PMSF, and 0.02%
NaN, (HCI to pH 7.60)] supplemented with benzamidine (1
mM), pepstatin A (20 ug/mL), leupeptin (0.2 pg/mL), and
bacitracin (200 pg/mL). The resulting homogenate was
fractionated by centrifugation on a sucrose density gradient
(13 to 28%) to obtain the sarcolemmal fraction, which then was
centrifuged for 45 min at 4 °C and 100000g. The pellet was
resuspended in buffer A or buffer B [20 mM HEPES, 1 mM
EDTA, and 0.1 mM PMSF (NaOH to pH 7.40)] and assayed
for binding at a saturating concentration of [*H]-
quinuclidinylbenzilate. Samples in buffer A were centrifuged
for 45 min at 4 °C and 100000g, and the pellets were stored at
—75 °C until they were required for further treatment as
described below. Samples in buffer B were divided into aliquots
and centrifuged for 10 min at 4 °C and 18000g, and the pellets
were stored at —75 °C until they were required for binding
assays.

Atrial membranes were depleted of cholesterol by means of
methyl-p-cyclodextrin.>® The sarcolemmal fraction from
sucrose density gradients was thawed and resuspended in
buffer A, to which methyl-f-cyclodextrin was added at a final
concentration of 100 g/L. The final concentration of total
protein was 1.5 g/L. The suspension was shaken for 3 h at
room temperature and centrifuged for 45 min at 4 °C and
100000g, and the resulting pellets were stored at —75 °C until
they were required for binding assays. The amount of
cholesterol in native and cholesterol-depleted membranes was
quantified using a cholesterol assay kit from BioVision.>®

To solubilize the receptor from porcine atria, the
sarcolemmal fraction from sucrose density gradients was
thawed and resuspended in buffer A supplemented with
digitonin (0.36%) and cholate (0.08%). The concentration of
protein was 5.5 g/L. The mixture was incubated for 10 min at
24 °C and centrifuged for 45 min at 4 °C and 100000g, yielding
a pellet that was resuspended in buffer A supplemented with
digitonin (0.8%) and cholate (0.08%). The mixture then was
shaken for 10 min at room temperature, diluted to 0.4%
digitonin with an equal volume of buffer A, and centrifuged for
4S5 min at 4 °C and 100000g. The supernatant containing the
solubilized receptor was divided into aliquots that were stored
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at =75 °C until they were required for bindin% assays. Further
details have been described previously.””*%3%

M, Muscarinic Receptor from CHO and Sf9 Cells.
CHO cells stably expressing the human M, receptor were
maintained at 37 °C, 5% CO,, and 100% humidity in F-12
medium (Sigma-Aldrich) supplemented with fetal bovine
serum (5%), penicillin (100 units/mL), and streptomycin
(100 pg/mL). The cells were harvested and homogenized in
ice-cold 5 mM phosphate buffer [1 mM KH,PO, and 4 mM
Na,HPO, (pH 7.4)] with three pulses (15 s) of a Bio
Homogenizer (Biospec Products, Inc., Bartlesville, OK), and
the mixture was centrifuged for 30 min at 4 °C and 50000g.
The pellet was resuspended in ice-cold 5 mM phosphate buffer,
divided into aliquots, and stored at —70 °C. Further details
have been described previously.*®

Sf9 cells coexpressing human M, receptors tagged at the N-
terminus with either the c-Myc or the FLAG epitope were
prepared as described previously.*® The cells were cultured at
27 °C in Ex-Cell 400 insect medium (JRH Biosciences)
containing fetal bovine serum (2%), Fungizone (1%), and
gentamycin (0.1%) (Life Technologies, Gibco-BRL) and grown
to confluence at a density of 2 X 10° cells/mL. When in the log
phase of growth, the cells were co-infected with equivalent
titers of the two baculoviruses at a total multiplicity of infection
of 5 plaque-forming units per cell. They were harvested 48 h
after infection, collected by centrifugation for 15 min at 4 °C
and 1000g, and stored at —75 °C.

Harvested Sf9 cells were homogenized and washed twice in
buffer D [20 mM KH,PO,, 20 mM NaCl, 1 mM EDTA, 0.1
mM PMSF, and Complete Protease Inhibitor Cocktail tablets
(NaOH to pH 7.4)] by centrifugation for 45 min at 4 °C and
100000g. The receptor was extracted from the washed
membranes in digitonin (0.86%) and cholate (0.17%) as
described previously.** The solubilized product was divided
into aliquots and stored at —75 °C. To prepare samples for
binding assays, washed membranes were resuspended in buffer
B, divided into aliquots, and centrifuged for 10 min at 4 °C and
18000g. The resulting pellets were stored at =75 °C.

Binding Assays. Assays were performed in buffer B except
where stated otherwise. Magnesium-free buffers with com-
paratively low ionic strengths are optimal for detecting the
allosteric effects of gallamine at the M, receptor.*’ For studies
of detergent-solubilized extracts, buffer B was supplemented
with 0.1% digitonin and 0.02% cholate. Ligands to be mixed
with the receptor were dissolved in buffer B or another buffer as
required for the assay.

The rate of dissociation of a radioligand from membrane-
bound M, receptor was measured by two-point assays as
described previously.””> Membranes were suspended in a buffer
solution at a protein concentration of 2—5 yg/mL, and aliquots
of the mixture (1 mL) were incubated with N-[*H]-
methylscopolamine for 30 min at 24 °C or with [*H]-
quinuclidinylbenzilate for 60 min at 37 °C. Net dissociation of
the radioligand was initiated by the addition of atropine (3 uM
in a final volume of 2 mL), either alone or together with
gallamine at the required concentration. After further
incubation for the specified time, the reaction was terminated
by filtration of the sample through fiberglass filters pretreated
with a solution of polyethylenimine (0.1%) in water. The filters
then were washed twice with 5 mL of ice-cold 40 mM
phosphate buffer [§ mM KH,PO, and 32 mM Na,HPO, (pH
7.4)] and assayed for radioactivity as described below.
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To measure the rate of dissociation of N-[3H]-
methylscopolamine or [*H]quinuclidinylbenzilate from solubi-
lized M, receptor, an aliquot of the radioligand dissolved in
buffer B was placed in a polypropylene microcentrifuge tube (2
mL) and mixed with the receptor in a 50:3 (v/v) ratio. The
radioligand was present at a final concentration near its
equilibrium dissociation constant unless otherwise indicated
[N-[*H]methylscopolamine, K, = 10 nM; [*H]-
quinuclidinylbenzilate, K = 1 nM (Figure S3A and Table S1
of the Supporting Information)]. The reaction mixture was
incubated for 45 min (N-[*H]methylscopolamine) or 2 h
(P*H]quinuclidinylbenzilate), and three aliquots (S0 uL each)
were removed to determine the level of initial binding (i.e., t =
0). Net dissociation of the radioligand then was initiated by the
addition of atropine at a final concentration of 3 uM; dilution
of the receptor at this step was negligible (<0.02%). The
concentration of atropine was sufficient to block reassociation
at all orthosteric sites (Figure S3B and Table S1 of the
Supporting Information) without affecting binding to the
allosteric site.** Following the addition of atropine, aliquots of
the reaction mixture (S0 pL) were removed in duplicate at
times up to 3 min and in triplicate thereafter. Bound
radioligand was separated by applying each aliquot to a column
of Sephadex G-50 Fine (0.8 cm X 6.5 cm) pre-equilibrated with
buffer C [20 mM HEPES and 1 mM EDTA (NaOH to pH
7.40)] supplemented with digitonin (0.017%). Further details
regarding the separation have been described previously.**

Various preparations and conditions were examined for the
dose-dependent effect of gallamine on the binding of N-
[*H]methylscopolamine or [*H]quinuclidinylbenzilate at se-
lected radioligand concentrations. Some studies involved a
comparison of several binding profiles obtained at different
times over a period of incubation during which there was a
time-dependent loss of receptor at lower gallamine concen-
trations. In such cases, the profiles were acquired in groups of
two or three measured at different times to track the
relationship over time between one profile and another.

For studies of the receptor in membranes from porcine atria,
Sf9 cells, or CHO cells, frozen samples were thawed and
resuspended in the required buffer solution by means of a
Potter-Elvehjem tissue homogenizer. The final total protein
concentration was 2—S5 ug/mL. Aliquots of the homogenate (1
mL) then were mixed with the radioligand alone, the
radioligand with gallamine, or the radioligand with atropine
according to one of two protocols that differed in the order of
mixing. In the first protocol, N-[*H]methylscopolamine and
gallamine were premixed at the required concentration of the
latter; the receptor then was added to the ligands (20 xL), and
the mixture was incubated for the specified time at 25 °C prior
to the measurement of binding. In the second, N-[*H]-
methylscopolamine (10 L) was added to the receptor alone
and incubated for 30 min at 25 °C; gallamine (10 L) then was
added at the required concentration, and incubation was
continued at 25 °C for the specified time prior to the
measurement of binding. The reaction was terminated when
the sample was passed through a fiberglass filter mounted on a
Brandel cell harvester. Nonspecific binding was taken
throughout as that in the presence of atropine (3 uM), which
was premixed with N-[*H]methylscopolamine prior to the
addition of receptor. Other details have been described
previously.*

For studies of the solubilized receptor from porcine atria or
Sf9 cells, aliquots of the extract (3 uL) were added to
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polypropylene microcentrifuge tubes (0.5 mL) containing the
required ligands dissolved in buffer B (S0 pL), namely, the
radioligand alone, gallamine alone, the radioligand with
gallamine, or the radioligand with atropine. The receptor and
ligands were mixed according to the two protocols described
above except that incubation was conducted at 30 °C
throughout. In a third protocol, the receptor was mixed first
with gallamine and incubated for 2 h at 30 °C; an aliquot of the
radioligand then was added, and incubation was continued for
the specified time. To terminate the reaction, an aliquot of the
mixture (50 pL) was applied to a column of Sephadex G-50
and processed as described above. Assays were performed in
triplicate, and nonspecific binding was taken throughout as that
in the presence of atropine (30 uM).

To measure the level of radioactivity, each sample was
counted twice for 5 min by liquid scintillation spectrometry
(Beckman LS7800, Beckman LS6500, or Packard 2100TR).
The background was subtracted, and the rate of disintegration
(disintegrations per minute) was determined from the counting
efficiency as estimated by means of quenched standards.
Individual estimates of disintegrations per minute from
replicate samples counted twice were averaged to obtain the
mean and standard error used in subsequent analyses.

Analysis of Data. The net dissociation of N-[*H]-
methylscopolamine or [*H]quinuclidinylbenzilate over time
was analyzed in terms of a single exponential according to eq 1

Bobsd = (Bt=0 - (1)

where B is the total binding of the radioligand at time t, kg
is the rate constant, and B,_; and B,_,, represent the initial and
asymptotic levels of binding, respectively. The fits were not
improved by the addition of a second exponential (P > 0.05).

Time courses at one or more concentrations of gallamine
were accompanied in the same experiment by a control from
which the allosteric ligand had been omitted. The data from all
traces were analyzed in concert with a single value of B, a
constraint that had no appreciable effect on the sum of squares
(P > 0.05). Each individual time course within the analysis was
assigned separate values of kg and B,_. The value of k4 in
the absence of gallamine was designated k,, and each value of
ke in the presence of gallamine was normalized with respect
to ky from the same experiment, yielding the ratio kg,./k, for
subsequent analyses.

Binding at graded concentrations of N-[*H]-
methylscopolamine or [*H]quinuclidinylbenzilate was analyzed
in terms of eq 2

Bt—> oo)e_kObSdt + B

t— 0

([P, - B,)"
K+ (7], - B,)"

Bobsd =

NS([P], - B,)

@)
where B, represents the maximal specific binding of the
radioligand (P) and B,y and By, represent the total and
specific binding, respectively, at the total concentration [P],.
The parameter K is the concentration of unbound radioligand
that corresponds to half-maximal specific binding, and ny is the
Hill coefficient. NS is the fraction of unbound radioligand that
appears as nonspecific binding. Equatlon 2 was solved
numerically as described previously.**

The inhibitory effect of atropine on the specific binding of N-
[*H]methylscopolamine was analyzed according to Scheme 1,
in which a radioligand (P) and an unlabeled ligand (A)

compete for a uniform population of mutually independent
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Scheme 1
[AVK,

PR [PVK,

sites. The parameters Kp and K, represent the equilibrium
dissociation constants of P and A, respectively.

Scheme 1 was formulated as the equation B,y = [P][R]/
[[P] + Kp(1 + [A]/K4)] + NS[P], where [A] and [P] are the
free concentrations of the two ligands and [R], is the total
concentration of the receptor. When binding led to appreciable
depletion, the values of [A] and [P] were computed
numerlcallzt from the total concentrations as described
previously.

Dose-dependent effects of gallamine (G) on the rate of
dissociation of N-[*H]methylscopolamine or [*H]-
quinuclidinylbenzilate (kyp.a/ky), or on the level of total
binding at a specified time (B,q), Were analyzed empirically
in terms of eq 3.

n FK”HU)
=~ Yig)-e) z "H@ + K

(©)
The variable Y4 represents the value of kg,.q/ky or Bypq at the
total concentration [G], of the allosteric ligand, and the
parameters Y[g)-o and Y[g)_.o, represent the value of Yy, in the
absence of gallamine and at saturating concentrations,
respectively. The gallamine-sensitive component of Y is
described as a sum of n Hill terms. The difference Y(gj-o
Yig]-o is the net change effected by gallamine. F, is the
fractional contribution of term j (i.e., z] 1F = 1). nH(]) is the
corresponding Hill coefficient. K; is the concentration of
gallamine that yields a half—maximal signal at fraction j.

Most analyses in terms of eq 3 involved 6—12 sets of data
acquired under different conditions with respect to the time of
incubation or the concentration of the radioligand. In such
cases, each set of data was assigned a separate value of Y[g)
and Y[ Data from two or more experiments conducted
under the same conditions were assigned single values of K;, F,,
and ny;). The fitted values of ny(;) obtained in this manner
often were similar from one set of conditions to the next. Single
values of ny() therefore were assigned to all of the data
whenever the reduction in parameters could be achieved
without a significant increase in the sum of squares (P > 0.0S).
Such constraints on K; or F, generally were not tolerated (P<
0.05). Further detalls regardlng the assignment of shared
parameters are described elsewhere as required.

In some preparations, prolonged incubation of the receptor
with N-[*H]methylscopolamine and gallamine resulted in a
time-dependent loss of sites at lower concentrations of the
allosteric ligand. Some analyses in terms of eq 3 included data
pooled from experiments in which the magnitude of the
decrease varied from one curve to another. Such losses emerged
as a decrease in the fitted value of Y[gj., and were
accommodated further by the assignment of separate values
of ny ;) to data acquired under different conditions. Also, the
fitted or mapped value of F; was adjusted upward according to
eq 4

Yobed =

o Yoo + (Y[G]

Y =U,stable
Pé _ P},,max [G]=0,stabl

4)

[G]=0,unstable
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Figure 1. Effect of gallamine on the rate of dissociation of N-[*H]methylscopolamine and [*H]quinuclidinylbenzilate. [*H]QNB (empty symbols) or
[*H]NMS (filled symbols) was incubated with the M, receptor in sarcolemmal membranes from porcine atria (A), membranes from Sf9 cells (B),
detergent-solubilized extracts from porcine sarcolemma (C), or membranes from CHO cells (D). The normalized rate of dissociation (k.q/k,) was
measured at graded concentrations of gallamine, and values at the same concentration were averaged to obtain the means (+the standard error of the
mean) plotted on the y-axis. The lines depict the best fit of eq 3 (n = 1, [’H]NMS; n = 2, [’(H]QNB), and the parametric values are listed in Tables 1
(A—C) and 2 (D). The concentrations of the radioligand in panels A—C were as follows: 1.0 nM (A and B) and 10 nM [*H]NMS (C) and 0.20 nM
(A and B) and 1.0 nM [*'H]QNB (C). The concentrations of [*’H]QNB in panel D were 0.02 (O), 0.04 (), 0.20 (A), 1.0 (V), 2.0 (<), and 4.0

nM (5%).

where Y[g)-ostple a0d Y[G)0unstable TEPTEsent the values of Y5
for binding to the receptor before and after the loss of sites,
respectively, and the constant F; ., represents the value of F; at
equilibrium and was determined as described below.

Scaling and Presentation of Data. Results of analyses
involving multiple sets of data from replicated experiments have
been presented with reference to a single fitted curve. To obtain
the values plotted on the y-axis, estimates of observed binding
(Y,psa) or specific binding (Y;,) were adjusted according to the
equation Y = Y[f(X,a)/ f(x,‘,a)j).27 The function f represents the
fitted model. Vectors x; and a represent the independent
variables at point i and the fitted parameters for the set of data
under consideration, respectively; X; and @ are the correspond-
ing vectors in which values that differ from experiment to
experiment have been replaced by the means for all
experiments included in the analysis.

In the case of eq 3 and gallamine, individual estimates of Y},
were decreased by the value obtained for nonspecific binding in
the same experiment (Y,), yielding the corresponding
estimates of specific binding (i.e., Yy, = Yopeq — Y,.). The latter
then were normalized as described above to the mean values of
Ygje0 — Yns and Y[, — Y, The resulting values of V" at the
same x; were averaged to obtain the mean and standard error
for each point plotted in the figure. When the receptor was
stable under all conditions represented in the analysis, the mean
value of Y[gj.o — Y,,; was taken to be 100 throughout, and that
of Yg]oeo — Yy, Was taken as the corresponding fraction of 100.
When there was a time-dependent loss of sites, the mean value
of Y[gj.o — Y,s was reduced accordingly. To determine the
magnitude of the reduction, experiments were conducted such
that assays after different periods of incubation were performed
in parallel. The value of Y[g) at any time therefore could be
compared with that prior to the onset of instability. In such
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cases, the mean value of Y[g}_,o, — Y,; was taken as a percentage
of Yoo — Y, prior to the onset of instability.

Statistical Procedures. All equations were fit to the data
by nonlinear regression.*> Equilibrium constants and potencies
were optimized throughout on a logarithmic scale, and rate
constants were optimized on a linear scale. The effects of
various constraints on the weighted sum of squares were
assessed by means of the F statistic. Weighting of the data and
other statistical procedures were performed as described
previously.'***

Weighted residuals were of comparable magnitude within
each set of data, and the individual sets of data in global
analyses generally made comparable contributions to the total
weighted sum of squares. The fits therefore were not
dominated by the data from one experiment or group of
experiments. Mean parametric values calculated from inde-
pendent estimates are presented together with the standard
error. For parametric values derived from a single analysis of
one or more sets of data, the errors were estimated from the
diagonal elements of the covariance matrix at the minimum in
the sum of squares.

B RESULTS

Binding of Orthosteric Antagonists. The specific
binding of N-[*H]methylscopolamine and [*H]-
quinuclidinylbenzilate to the M, receptor in preparations
from porcine atria, Sf9 cells, and CHO cells revealed a single
class of sites, as indicated by Hill coefficients indistinguishable
from 1 (P > 0.05) (eq 2). The affinities were similar or the
same with membranes from all three sources and 40—60-fold
weaker in digitonin-solubilized extracts (Table S1 of the
Supporting Information). The pattern obtained with N-
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Table 1. Parametric Values for the Effect of Gallamine on the Rate of Dissociation of N—[3H]Methylsc0polamine and
[*H]Quinuclidinylbenzilate”

radioligand [P]° kobsa/ko
preparation  (nM) log K log K> N1y (2 Fy F, [G]=0 [G]—>wx
[HINMS
atria, M(3)* 1.0 —6.56=0.07 1.04+£0.13 1.00 f 0.99+0.01 0.07+0.05
SOAO M@ 1.0 -6.74+0.03 1.18£0.11 1.00 f 1.01+0.01 0.08+0.02
atria, S (6)¢ 10 —5.95+0.04 1.02 +0.08 1.00 f 1.00+0.02 0.01+0.01
[HIQNB

atria, M (2)h 0.02 -5.94+0.19 —4.10+0.09 } 127037 135+ 025 —0.99 1.99+0.23 0.95+0.04 0.15+0.08
atria, M (5)” 020 -5.82+0.16 —4.07+0.07 ’ ’ ’ i —0.98 1.98+0.20 1.00+0.03 0.23+0.06
SO M@ 020 -599+0.31 -435+030 097+0.30 0.80+0.14 -1.51 2.51+0.82 1.02+0.04 0.00+0.00
atria, $(3)Y 1.0 —6.04+0.15 —4.83+0.13 1.85+0.15" 136+028 —1.12 212039 0.99+0.03 0.080.04

“Estimates of ky,./ko at graded concentrations of gallamine were obtained for receptor in membranes (M) and solubilized extracts (S) from porcine
atria and Sf9 cells. The data were analyzed in terms of eq 3 (1 = 1 or 2) to obtain the parametric values listed in the table and the fitted curves shown
in Figure 1. Values in parentheses indicate the total number of experiments; each experiment included measurements at four or more concentrations
of gallamine and a control in the absence of gallamine. Flgure 1A. “Figure 1B. Flgure 1C. “The concentration of the radioligand (P = [[*H]NMS]
or [[°’H]QNB])."A single class of sites is sufficient to describe the data (i.e.,, n = 1). #There is no significant difference in the sum of squares with
single rather than separate values of ny;) for data acquired at the two different concentrations of [PH]QNB (P = 0.55). "The value significantly
exceeds 1 (P = 0.04).

Table 2. Parametric Values for the Effect of Gallamine on the Rate of Dissociation of [*H]Quinuclidinylbenzilate from the M,
Receptor in CHO Membranes at Different Radioligand Concentrations®

[HJQNB’ kapsalko
(I‘IM) (%) lOg K[ IOg Kz I’IH“) "H(Z) F] Fz [G] =0 [G]—’w
0.02 48 (8) ~0.52 152+£0.10 1.00£0.03 0.09 % 0.06
0.04 65(4) ~0.64 1.64+013 1.04+0.04 0062 0.07
02 90 | B 078 178+0.12 1.01+003 008%0.06
10 989 ( >0*007 ~411£0.05 1542031 1072011 _\\06 50650114 1.00+003 0.10=0.06
20 99(4) “1.02 2.02£0.16 097+0.05 0
40 9903 “121 2214021 1.00£005 0.16+0.09

“The data represented in Figure 1D were pooled and analyzed in terms of eq 3 (n = 2) to obtain the fitted parametric values listed in the table and
the fitted curves shown in the figure. Single values of log K, log K, fiyy(;), and niyy(;y were common to all of the data. There was no significant
difference in the sum of squares over that obtained with separate values of each parameter for the data at each concentration of [*’H]QNB (P = 0.8).
The number of independent experiments is shown in parentheses. “The level of occupancy was calculated as [P]/([P] + K), where [P] is the
concentration of [*H]QNB. The value of K was taken to be 0.022 nM (Table S1 of the Supporting Information). “The asymptotic value of kop./ko
as [G] — oo is indistinguishable from zero and was fixed accordingly.

[*H]methylscopolamine in extracts from porcine sarcolemma is that the former dissociate at least 3-fold faster than the latter
illustrated in Figure S3A of the Supporting Information. (Figure SS and Table S2 of the Supporting Information).

Hill coeficients also were indistinguishable from 1 for the The observed rate constant for the dissociation of either
inhibition of N-[*H]methylscopolamine at graded concen- radioligand (k,p,q) varied ~1.4-fold among experiments
trations of atropine (P > 0.05) (Figure S3B of the Supporting conducted on different occasions but otherwise under identical
Information). The affinity of atropine was ~0.4 nM for the conditions. For example, the range of values obtained for N-
receptor in membranes and ~30 nM for that in extracts (Table [*H]methylscopolamine was 0.179—0247 min~' with the

receptor extracted from porcine atria (n = 6) and 0.054—
0.059 min~" with the receptor extracted from Sf9 cells (n = 4).
The range obtained for [*H]quinuclidinylbenzilate was 0.013—
0.018 min~" with the receptor extracted from porcine atria (n =
5). To compare the results from different experiments, values of
kopsa measured in the presence of gallamine were expressed
relative to that measured in its absence (k,) in the same
experiment (i.e., kgpea/ko)."

The dissociation of N-[*H]methylscopolamine was slowed at
oV ; oot i ] all concentrations of gallamine and in all preparations of the
Kinetics of Dissociation. A single exponential was receptor (e.g, Figure 1 and Figure S4B of the Supporting
sufficient to describe the net dissociation of N-[*H]- Information). The Hill coefficient for the decrease in k,4/k,
methylscopolamine and [*H]quinuclidinylbenzilate under all was indistinguishable from 1 throughout (Table 1) (p > 0.05),

S1 of the Supporting Information), as estimated in terms of
Scheme 1. On the basis of these values, atropine was used at a
concentration of 3 yM to block the reassociation of N-
[*H]methylscopolamine and [*H]quinuclidinylbenzilate in
studies of their rates of dissociation from orthosteric sites.
Specific binding of the radioligand in assays at graded
concentrations of gallamine was taken as that portion of total
binding inhibited by 3 yM atropine in the case of membranes
and 30 pM atropine in the case of extracts.

conditions with or without gallamine. Typical data are suggesting a single class of allosteric sites. In contrast, the
illustrated in Figure S4 of the Supporting Information for the dissociation of [*H]quinuclidinylbenzilate was accelerated by
receptor extracted from porcine atria, and similar results have gallamine at lower concentrations (k,u.q/ko > 1) and slowed at
been reported previously for the membrane-bound receptor.*® higher concentrations (kopa/ko < 1) to yield a bell-shaped
The monoexponential nature of the process when an allosteric profile (e.g, Figure 1 and Figure S4A of the Supporting
ligand and an orthosteric probe are both present requires only Information). Essentially the same pattern was observed under
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Figure 2. Emergence of the effect of gallamine on the binding of N-[*H]methylscopolamine to the solubilized M, receptor from porcine atria.
Gallamine and [*H]NMS (10 nM) were mixed simultaneously with aliquots of the extract, and total binding was measured after incubation of the
reaction mixture at either 30 (M) or 37 °C (O) for different times: 3 (A), 6 (B), 9 (C), 15 (D), 21 (E), and 30 h (F). Total binding also was
measured after incubation of the reaction mixture for 1 week at 4 °C (B, inset). The solid lines depict the best fit of eq 3 (n = 3) to all data acquired
at the same temperature, and the parametric values are listed in Table 3. The fitted curves in panels B—E are reproduced as the broken lines in panels
A (30 °C) and F (37 °C). The asymptotic values of eq 3 at each time of incubation are compared in the insets of panels C (30 °C) and D (37 °C)
(Y(g)— o hatched bars; Y[¢)_o, solid bars). Details regarding the normalization of the data are described in Experimental Procedures.

various conditions with respect to the concentration of the
orthosteric probe (Figure 1D and Table 2), ionic composition
(Figure S6B and Table S4 of the Supporting Information),
DTT (Figure S7 and Table SS of the Supporting Information),
and the level of cholesterol (Figure S8 and Table S6 of the
Supporting Information).

The bell-shaped profile obtained for the effect of gallamine
on the dissociation of [*H]quinuclidinylbenzilate could be
described as a sum of two Hill terms (eq 3; n = 2). The Hill
coeflicient associated with each term tended to exceed 1 in
atrial preparations (Table 1), and there was a significant
increase in the sum of squares when both values of nyy ;) were
fixed at 1 rather than optimized (P < 0.05). It follows that at
least one term of eq 3 is associated with two or more sites for
gallamine, suggesting that there are at least three sites overall.
The increase in the sum of squares generally was small when
the value of only ny(;y or ny) was fixed at 1 (P > 0.05). It
therefore is not clear in such cases whether apparent
cooperativity in the binding of gallamine pertains to the
processes that hasten dissociation, slow dissociation, or both.

In the absence of an allosteric ligand, the rate of dissociation
of [*H]quinuclidinylbenzilate from membrane-bound receptors
was independent of the level of occupancy attained by the
radioligand (Table S3 of the Supporting Information). In the
presence of gallamine, a higher occupancy of the receptor in
CHO membranes led to faster dissociation and a corresponding
increase in the amplitude of the peak at ~5 uM gallamine

4524

(Figure 1D). The increase could be attributed wholly to an
increase in the fitted value of F, (eq 3), from 1.5 at 0.02 nM
[*H]quinuclidinylbenzilate to 2.2 at 4 nM (Table 2). There was
little or no effect of occupancy on the value of ny; or K; at
either class of sites, and both parameters could be shared
among all of the data without an appreciable change in the sum
of squares (P = 0.8) (Table 2). If the effect of [*H]-
quinuclidinylbenzilate on F, is described by a single hyperbolic
term (Figure S9 of the Supporting Information), the estimated
potency of the radioligand is 0.31 nM (log ECgy = —9.51). In
contrast to CHO membranes, the dissociation of [*H]-
quinuclidinylbenzilate from the receptor in native and
cholesterol-depleted sarcolemmal membranes was independent
of the concentration of the radioligand irrespective of gallamine
(Figure S8 and Table S6 of the Supporting Information).
Treatment of $f9 membranes with DTT increased the rate of
dissociation of [*H]quinuclidinylbenzilate almost 3-fold in the
absence of an allosteric ligand (Table S3 of the Supporting
Information), and the maximal effect of gallamine on kg/k,
was reduced through a decrease in the relative apparent affinity
for the two classes of sites (ie, K,/K;) and a concomitant
decrease in F, (Figure S7 and Table S5 of the Supporting
Information). A change in the ionic composition of the buffer
also affected the effect of gallamine on the dissociation of both
N-[*H]methylscopolamine and [*H]quinuclidinylbenzilate, at
least with the receptor in membranes from CHO cells (Figure
S6 and Table S4 of the Supporting Information). Such effects
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Figure 3. Emergence of the effect of gallamine on the binding of N-[*H]methylscopolamine to the solubilized M, receptor from Sf9 cells. Gallamine
and [*'H]NMS (10 nM) were mixed simultaneously with aliquots of the extract, and total binding was measured after incubation of the reaction
mixture at 30 °C for 6 (A), 9 (B), 15 (C), and 21 h (D). The solid lines depict the best fit of eq 3 (1 = 3) to the data represented in all panels taken
together, and the parametric values are listed in Table 3. The fitted curves in panels B—D are reproduced as the broken lines in panel A; that from
panel D is reproduced as the broken line in panel C. The asymptotic values of eq 3 at each time of incubation are compared in the inset of panel B
(Y()—o hatched bars; Y[g)_. o, solid bars). The net dissociation of [’H]NMS from the receptor in extracts from Sf9 cells (M) and porcine atria (O)
at 30 °C is shown in the inset of panel D. The lines represent the best fits of eq 1, and the mean parametric values from all such experiments are as
follows: for Sf9 cells, k = 0.053 + 0.002 min~" (1 = 4); for porcine atria, k = 0.17 + 0.01 min™" (n = 6).

were comparatively small, however, and they did not alter the
bell-shaped nature of the pattern observed with [*H]-
quinuclidinylbenzilate.

Equilibration of N-[3H]Methylscopolamine and Gall-
amine with the Solubilized M, Receptor. The kinetics of
dissociation reveal at least two classes of sites for gallamine
(e.g., Figure 1D). Saturation required concentrations exceeding
100 uM, which markedly slowed the dissociation of N-
[*H]methylscopolamine. At a concentration of 100 uM, for
example, gallamine reduced the value of ky,y ~60-fold, from
1.8 X 107" to 3.2 X 107> min™", in extracts from porcine atria
(Figure 1C); that in turn increased the time required for
equilibration from ~0.33 to >18 h (i.e, 5t;/,). In light of this,
the dose-dependent effect of gallamine on the binding of N-
[*H]methylscopolamine was measured after periods of
incubation that varied from 3 to 30 h. The longer times
greatly exceed the periods of 2—3 h that have been typical of
previous studies involving gallamine (e.g., refs 48 and 49).

Binding patterns measured after the simultaneous addition of
gallamine and N-[*H]methylscopolamine were essentially the
same, irrespective of temperature, with the receptor extracted
from sarcolemmal membranes (4, 30, and 37 °C) and from Sf9
cells (30 °C). Development of the pattern over time is
illustrated in Figures 2 (atrial extracts) and 3 (Sf9 extracts),
where ~50% of the sites were occupied by the radioligand.
After shorter periods of incubation, the effect of gallamine was
biphasic downward (Figure 3A); after a more prolonged
incubation, the curves became triphasic because of the
appearance of a peak at 100 yM gallamine. The emergence
of the serpentine pattern was accompanied by an increase in the
asymptotic level of binding at saturating concentrations of
gallamine and, in atrial extracts, a decrease in the level of

binding at lower concentrations. The pattern developed more
rapidly at higher temperatures (Figure 2). It also developed
sooner in extracts from atria than in extracts from Sf9 cells (cf.
Figures 2D and 3C), at least at 30 °C, in accord with the
observation that the net dissociation of N-[*H]-
methylscopolamine was faster in the former (Figure 3D, inset).
The data were described empirically in terms of eq 3 with
three terms: one for the decrease in the level of bound N-
[*H]methylscopolamine at low concentrations of gallamine
(1-1000 nM) (j = 1), a second for the increase at intermediate
concentrations (1—100 uM) (j = 2), and a third for the
decrease at the highest concentrations (0.1—10 mM) (j = 3).
The magnitude of each term is given by the corresponding
value of F; (Figure S10 of the Supporting Information), which
is positive for a gallamine-dependent decrease in binding and
negative for an increase. The value of F; therefore represents a
theoretical upper limit on the gallamine-sensitive binding of N-
[*H]methylscopolamine under the conditions of the assay; in
practice, it would be achieved only if the net effect of K; and K,
were not offset by the decrease associated with Kj.
Preliminary analyses indicated that time and other variables
affected the values of F; while having little or no effect on K; or
ny(j). Estimates of K, ny), and F; tend to be correlated,
however, and data acquired at different times of incubation but
under otherwise identical conditions were combined to reduce
the total number of parameters. With extracts from porcine
atria (Figure 2) and Sf9 cells (Figure 3), there is a substantial
increase in the weighted sum of squares when data acquired
after different times of incubation are assigned single rather
than separate values of F, and F; (P < 0.001). There is a similar
increase when both K; and ny;) are assigned a single value for
each j (P < 0.002) but not when either K; or nyyj) is constrained
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Table 3. Parametric Values for the Effect of Temperature and Time of Incubation on the Binding of N-[*H]Methylscopolamine
and Gallamine to the Solubilized M, Receptor from Porcine Atria and Sf9 Cells®

time log K; log K, log K5 Ay np2) Ny 3) F, F, F3

extract from porcine atria at 4 °C (Figure 2B, inset)
7d(2) —694+0.14 -544+0.07 -5.12+0.12 2.75+£2.49" 1.59+0.19° 0.75+0.07 022 -1.52+0.12 2.30¢
extract from porcine atria at 30 °C (Figures 2A—E)

3h(5) —6.29+0.08 -4.39+028 -3.67+0.27 0.60 -0.33+0.33 0.73+0.33
6h(5) -6.60+0.17 -444+0.08 —4.18+0.19 1L11£017 040 -1.66+0.97 2.26+1.03
9h(6) —6.48+0.17 -443+0.07 —4.18+0.17 ’ . 1.49+0.07° 1.10+£0.06 041 —232+1.10 292+ 1.16
I5Sh(8) —6.78+024 -4.15+0.05 -3.94+0.05 0.39 -3.38+0.04 47
21h(2) -621+024 -421+0.05 -3.87+0.06 1.00° 0.57 —6.52+0.11 6.95¢
extract from porcine atria at 37 °C (Figures 2B-F)
6h(4) -645+0.18 —4.17+0.11 -3.93+0.50 } 095+ 017 046 —325+8.54 3.79+8.59
9h(6) —6.66+0.15 -4.06+0.10 -3.79+0.10 ’ ’ 1224008 1.160.05 0.42 -3.42+0.05 44
15h(6) -629+0.17 —3.96+0.08 —3.62+0.08 1.00° ’ ’ ' ’ 0.38 —3.77+0.06 4.39°
21h(2) -425+0.17 -3.97+0.14 -3.48+0.45 1.00° 031 -3.79+21.3 5.10°¢
extract from Sf9 cells at 30 °C (Figure 3)
6h(3) -626+022 -426+0.16 —4.19+0.18 036 —0.98+0.97 1.62+1.02
9h(5) —5.81+020 -4.60+0.21 -3.81+0.15 b 0.53 —0.39+0.20 0.86+0.20
15h(5) -598+0.17 —-4.56+0.14 -3.56+0.09 1.06 021 1820497 1.25£0.09 0.58 —0.49+0.15 0.91+0.13
21h@4) -5.69+026 -4.59+0.11 -3.36+0.21 0.56 —0.56+0.18 1

“The data represented in Figures 2 and 3 were analyzed in terms of eq 3 (n = 3) to obtain the parametric values listed here. Data from the same
preparation at the same temperature were analyzed in concert. Single values of nyy(,) and nyy(3) were shared by all of the data irrespective of the time
of incubation, as indicated by the braces. A single value of 1y;(;) was shared by all data obtained while the receptor remained stable; when there was a
time-dependent loss of binding, the value was fixed at 1. The constraints on ny(; had no significant effect on the sum of squares (P > 0.9). Single
values of log K; were common to data acquired after the same period of incubation. The number of independent experiments is shown in
parentheses. “The value significantly exceeds 1 (P < 0.01). “The value is indistinguishable from 1 (P = 0.90) and was fixed accordingly during
successive iterations of the fitting procedure. “The value is defined by a shallow minimum in the sum of squares, as determined by mapping, and was
fixed accordingly. “The value was fixed to compensate for the time-dependent decrease in Y[gj.o — Y[g]- at low concentrations of gallamine, based
on the assumption that the intrinsic maximum was the same as that after the attainment of equilibrium but before the onset of instability (i.e., after
15 h at 30 °C and after 9 h at 37 °C).

separately (P > 0.05); in the latter case, effects on the sum of amplitude was increased further by a small increase in Kj, from
squares and the values of other parameters are smaller with the 0.15 mM after 9 h to 0.44 mM after 21 h (Table 3).
constraint on ny;. With extracts from porcine atria, the pattern is complicated
These comparisons suggest that the Hill coeflicients were by the time-dependent loss of the receptor that occurred at
insensitive to the time of incubation, and similar results were lower concentrations of gallamine. The level of binding of N-
obtained with other preparations described below. Pooled data [*H]methylscopolamine in the absence of gallamine was
therefore were analyzed with common values of ny ;) except maximal after incubation for 3 h at 30 °C, remained unchanged
where indicated otherwise. After the onset of instability, the until ~15 h, and then decreased to ~60% of the initial value
value of ny(;) was indistinguishable from 1 (P > 0.05) and was after 21 h (Figure 2C, inset). A concomitant increase in the
fixed accordingly. The fitted curves obtained with these level of binding at saturating concentrations of gallamine was
constraints are compared with the data in the different panels complete after incubation for 15 h (Figure 2C, inset). A similar
of Figures 2 and 3. Those obtained after different periods of pattern was observed at 37 °C (Figure 2), but the loss of the
incubation are superimposed in panels A (30 °C) and F (37 receptor in the absence of gallamine occurred sooner than at 30
°C) of Figure 2 and in panel A of Figure 3 (30 °C). The °C (Figure 2D and inset). The loss of receptor therefore
corresponding parametric values are listed in Table 3. contributes to a decrease in the quantity Y;g)o — Y[g)- e Which
In terms of eq 3, the emergence of the peak at ~100 yM in turn affects the corresponding values of F,
gallamine is due to a time-dependent increase in the number of To examine further the nature of the instability in atrial
sites (F,) associated with K, and a concomitant increase in the extracts, aliquots of the same sample were incubated in parallel
value of Kj. The trend is clearest with receptor from Sf9 cells, for 9 or 21 h at 37 °C, thereby permitting data acquired at
which was stable under all conditions (Figure 3). The binding different times to be compared in absolute units (Figure S11 of
of N-[*H]methylscopolamine in the absence of gallamine was the Supporting Information). Whereas the level of binding at
maximal after incubation for 6 h and remained unchanged for at concentrations of gallamine below ~1 yM decreased over time,
least 15 h thereafter (i.e., Y[ in the inset of Figure 3B). The as seen in the fitted value of Y[, (Figure 2D, inset), the loss
asymptotic level of binding at saturating concentrations of became progressively smaller at higher concentrations and was
gallamine increased over time, with most of the change prevented at concentrations at or above 100 uM. Both the
occurring within the first 9 h (i.e,, Y[g)_ o in the inset of Figure amplitude of the peak at ~150 uM gallamine and the value of
3B). It follows that net gallamine-sensitive binding (i.e., Y[g)o Yigjoe Wwere unchanged between 9 and 21 h. Gallamine
— Y[G)— o) Was essentially unchanged between 9 and 21 h. Over therefore stabilized the receptor when present at concentrations
the same period, the value of F, decreased from —0.39 to —0.56 sufficient to occupy the sites of intermediate affinity (K, ~ 71
with comparatively little change in F; (Table 3). The growth of uM), and under those conditions, the system appeared to attain
the peak therefore emerges largely as an increase in the intrinsic equilibrium within 9 h.
maximum represented by F;, that is, from an increase in the Values of F, and F; tended to be correlated in analyses such
number of sites potentially accessible to the radioligand. The as those depicted in Figures 2 and 3, leading to a shallow
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Figure 4. Effect of the concentration of N-[*H]methylscopolamine on the binding of gallamine to the solubilized M, receptor from Sf9 cells.
Gallamine and [*H]NMS were mixed simultaneously with the solubilized extract, and total binding was measured after equilibration of the reaction
mixture for 21 h at 30 °C. The concentrations of [*H]NMS and the corresponding levels of occupancy in the absence of gallamine were as follows:
(A) 200 nM and 94% (®), 112 nM and 90% (A ), 19.1 nM and 61% (M); (B) 10.1 nM and 46% (¥), 6.31 nM and 35% (%), and 1.55 nM and 12%
(®), respectively. The solid lines depict the best fit of eq 3 (n = 3) to all of the data represented in panels A and B taken together, and the parametric
values are listed in Table 4. The fitted curves in panel B are reproduced as the broken lines in panel A. The data and fitted curves obtained at three
concentrations of [’ H]NMS are reproduced in panel C [112 (A), 19.1 (O), and 10.1 nM (V)], normalized to the value of Y[g)_o of 100. The fitted
values of log K; obtained at each concentration of [*H]NMS are shown in panel D [(O) log K}, (O) log K, and (<) log K]. In each case, the slope
of the line is indistinguishable from 0 (P > 0.4); the value of log K; at 200 nM [*H]NMS was omitted from the calculation.

Table 4. Parametric Values for the Effect of N-[*H]Methylscopolamine on the Binding of Gallamine to the Solubilized M,
Receptor from Sf9 Cells”

PHINMS?
(nM) (%) log K, log K> log K5 A1y ny) ng3) F, F, F;
1.55 11.7(2) —6.54+0.44 -449+0.25 -3.12+0.27 0.56 —0.56+0.25 1.22+0.25
6.31 345(4) —6.58+0.09 —4.37+0.06 —3.46+0.04 0.51 —0.51+0.03 1°
10.1 455(6) —5.83+0.12 —-4.55+0.06 —3.37+0.03 1.29+020 2.31+044° 1.10£0.05 046 —0.46+0.06 1¢
19.1 614(2) —6.15+0.11 —4.41+0.08 —3.45+0.04 040 -0.40+0.04 1¢
112 90.3(4) —6.57+0.16 —4.54+0.13 -3.34+0.03 0.16 —0.16+0.02 1¢
200 943 (2) —6.53+£2.65 —4.65+0.02 —-1.75+1.03 0.40+0.40 2.28+0.34° 1 0.10 0.76+0.17 0.14 +0.10

“The data represented in Figure 4 were analyzed in terms of eq 3 (n = 3) to obtain the parametric values listed here. All of the data acquired at <112
nM [*H]NMS were analyzed in concert, with single values of ny() as indicated by the brace. Single values of log K; were common to data acquired at
the same concentration of [*H]NMS. The constraints on ny() had no significant effect on the sum of squares (P > 0.42). The number of
independent experiments is shown in parentheses. “The concentration of [PH]NMS is the mean from all experiments represented in the analysis
(standard error of the mean/p < 0.47). The corresponding level of occupancy was calculated as [P]/([P] + K), with the value of K taken to be 10
nM (Table S1 of the Supporting Information). “The value significantly exceeds 1 (P < 0.00001). “The value is indistinguishable from 1 (P = 0.61)
and was fixed accordingly. “The value was mapped to reveal a shallow minimum near 1 in the sum of squares and was fixed accordingly.

minimum in the sum of squares with respect to either Serpentine effects point to at least three sites for gallamine.
parameter. The minimum was confirmed by mapping the For binding at 30 or 37 °C, the values of both ny ;) and nyy )
sum of squares with respect to the value of F;, which then was can be fixed at 1 without an appreciable increase in the sum of
fixed accordingly in subsequent analyses. With the receptor squares over that from the fits represented in Table 3 (P >
from Sf9 cells, the value of 1 obtained after incubation for 21 h 0.05); accordingly, a single site can account for the effect of
at 30 °C suggests that the intrinsic maximum was equal to the gallamine in each case. In contrast, the value of ny(,)
level of binding in the absence of gallamine (Table 3 and Figure significantly exceeded 1 under all conditions (P < 0.001),
S10 of the Supporting Information). With the receptor from suggesting the involvement of at least two sites. It follows that
porcine atria, a value of 4 was obtained after incubation for 15 h at least four sites are required to account for the data
at 30 °C (Table 3), that is, prior to the onset of instability but represented in Figures 2 and 3.

after equilibrium had been attained. Because F; exceeded 1, The binding of gallamine was compared at different
intermediate concentrations of gallamine were capable in concentrations of N-[*H]methylscopolamine in extracts from
principle of inducing a level of binding greater than that Sf9 cells at 30 °C (Figure 4). The samples were incubated for
attained in its absence (i.e, a net increase in the level of 21 h, which was sufficient for the attainment of equilibrium, and
binding). A small overshoot was observed experimentally after occupancy by the radioligand in the absence of gallamine
incubation for 21 h at 37 °C (Figure 2E). ranged from 12% at 1.6 nM N-[*H]methylscopolamine to 94%
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Figure S. Effect of the concentration of N-[*’H]methylscopolamine and the time of incubation on the binding of gallamine to the M, receptor in
mammalian membranes. Gallamine and [*H]NMS were mixed simultaneously with membranes from porcine atria (A—C) or CHO cells (D—F), and
total binding was measured after incubation of the reaction mixture at 24 °C for different times as follows: porcine atria for 3h (A), 48 h (B), and S
days (C) and CHO cells for 3 h (D), 16 h (E), and 48 h (F). The concentrations of [PH]NMS and the corresponding levels of occupancy in the
absence of gallamine were as follows: 0.1 nM and 51.7% (@), 0.3 nM and 76.4% (M), 1 nM and 91.5% (@), and 3 nM and 97% (%), respectively.
The lines represent the best fits of eq 3 (n = 2 or 3) to the data, and the parametric values are listed in Table S7 of the Supporting Information. The
asymptotic values of eq 3 at each time of incubation are compared in the insets of panels A (atrial membranes) and D (CHO membranes) (Yg)-,
longer bars; Y[¢)_,c, shorter bars). The concentration of [*’H]NMS was as follows, from left to right: white bars, 0.1 nM; black bars, 0.3 nM; hatched

bars, 1 nM; and checkered bars, 3 nM.

at 200 nM (Table 4). Assays in which samples were incubated
in parallel for 3 and 21 h confirmed that the receptor was stable
at each level of occupancy for the duration of the assay. A
serpentine pattern was obtained at all radioligand concen-
trations except 200 nM (Figure 4).

Data acquired at concentrations of N-[*H]-
methylscopolamine from 1.55 to 112 nM were analyzed
simultaneously in the manner described above. There was no
appreciable increase in the sum of squares with single values of
ny() for all of the data rather than with separate values for the
data at each concentration of the radioligand (P = 0.42). There
also was no appreciable increase when the common values of
both nyy(;) and ny(;) were fixed at 1 rather than optimized (P =
0.09). In contrast, the value of ny,) was found to be
significantly greater than 1 (P < 0.00001) but indistinguishable
from 2 (P 0.46). At least four gallamine-specific sites
therefore appear to be involved at all concentrations of N-
[*H]methylscopolamine.

Increased occupancy by N-[*H]methylscopolamine was
accompanied by a decrease in the relative amount of binding
affected by gallamine via the allosteric sites corresponding to K;
and K,, as indicated by the decrease in F; and —F, (Table 4).
The effect is illustrated in Figure 4C, where selected curves
from panels A and B have been normalized to the level of
binding in the absence of gallamine taken to be 100. The
concentration of N-[*H]methylscopolamine had no appreciable
effect on the values of K; (Table 4), as illustrated in Figure 4D.
A different pattern emerged at the highest concentration of N-
[*H]methylscopolamine, where the binding profile is triphasic
downward. The values of K, and K, are in agreement with
those at lower concentrations of the ligand, whereas that of K;
is ~40-fold higher (Table 4 and Figure 4D).
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Equilibration of N-[*H]Methylscopolamine and Gall-
amine with the Membrane-Bound M, Receptor. The
receptor in membranes from porcine sarcolemma and trans-
fected CHO cells resembled that in solubilized preparations
(Figure S). The effect of gallamine after incubation for 3 h at 24
°C was biphasic downward, and the fraction of sites exhibiting
low affinity increased with the concentration of N-[*H]-
methylscopolamine (Figure SAD). Incubation for 48 h
(porcine atria) or 16 h (CHO cells) resulted in a peak at
200 yM gallamine, the amplitude of which increased with the
concentration of N-[*H]methylscopolamine (Figure SB,E).
Essentially the same pattern was obtained after incubation for
S days (Figure SC) or 48 h (Figure SF). The lines in Figure §
represent best fits of eq 3, and the parametric values are listed
in Table S7 of the Supporting Information.

Prolonged incubation led to a loss of binding at low
concentrations of gallamine, as seen in the decrease in Yo
over time (Figure SA,D, insets). The loss was faster with atrial
membranes than with membranes from CHO cells. In both
cases, it was slowed by N-[*H]methylscopolamine and
prevented by the further inclusion of gallamine at concen-
trations above 10 yM. The amplitude of the peak at 200 M
gallamine was established within 48 h (porcine atria) or 16 h
(CHO cells) and remained unchanged thereafter. The system
therefore appeared to attain equilibrium with respect to binding
of the ligands, and gallamine prevented a loss of sites that
otherwise occurred in its absence.

The value of K; tended to increase with the concentration of
the radioligand (Table S7 and Figure S12 of the Supporting
Information), but the changes were smaller than expected for
competition with N-[*H]methylscopolamine at the orthosteric
site (Figure S12 of the Supporting Information). The values of
fy(z) and nyy(;) were indistinguishable from 1 throughout and
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Figure 6. Effect of the order of mixing on the equilibration of gallamine and N-[*H]methylscopolamine with the solubilized M, receptor from
porcine atria. Aliquots of the extract were premixed with [*H]NMS at a concentration of 10 nM (O) or with gallamine at the concentrations shown
on the abscissa (M), and the mixture was incubated for 2 h at 30 °C. The second ligand then was added, and total binding was measured after further
incubation at 30 °C for 6 (A), 9 (B), 15 (C), 21 (D), and 30 h (E). The lines depict the best fit of eq 3 (1 = 2 or 3) to the data represented in panels
A-D taken together or to the data represented in panel E, and the parametric values are listed in Table 5. Details regarding the normalization of the
data are described in Experimental Procedures. The estimates of log K, obtained for different orders of mixing are compared in panel F [(%)
simultaneous addition of gallamine and [*H]NMS, (M) prior addition of gallamine, and (O) prior addition of [PH]NMS]. Values shown for the
simultaneous addition of gallamine and [*H]NMS are from Table 3; those for sequential addition are from Table 5.

were fixed accordingly; in contrast, the value of 14,y was near 1
after 3 h but significantly greater after longer times (Table S7 of
the Supporting Information). Higher values of ny(1) tended to
accompany the loss of sites that occurred in the absence of
gallamine, suggesting that they arose in part as an artifact of the
protection afforded by the allosteric ligand. In the case of CHO
membranes, however, higher values of ny(;) occurred when
there was little or no loss of sites: for example, a value of 2.41
was observed after 16 h at 3 nM N-[*H]methylscopolamine
(Figure SE and Table S7 of the Supporting Information). At
least two sites therefore appear to underlie the interaction
identified as K;.

Cholesterol has been identified as a determinant of
homotropic cooperativity among orthosteric sites within
oligomers of the M, receptor.”> To probe for an effect on
the allosteric interaction between gallamine and N-[*H]-
methylscopolamine, the level in sarcolemmal membranes was
reduced 25-fold, from 2.3 to 0.093 g of cholesterol/g of total
protein. Binding to cholesterol-depleted membranes resembled
binding to native membranes (Figure S13 of the Supporting
Information), as did the fitted parametric values from eq 3
(Table S8 of the Supporting Information). The effect of
gallamine was biphasic downward after 3 h at 24 °C and
serpentine after 48 h. Also, the fractional contribution of the
low-affinity component measured at 3 h and the amplitude of
the emergent peak measured after 48 h increased with the
concentration of the radioligand (Figure S13 of the Supporting
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Information). Cholesterol therefore does not appear to be
implicated in the effect of gallamine on the binding of N-
[*H]methylscopolamine to the membrane-bound receptor.

The serpentine pattern observed in buffer B also was
observed at a higher ionic strength in Dulbecco’s phosphate-
buffered saline containing calcium and magnesium (Figure S14
of the Supporting Information). The receptor in membranes
from CHO cells displayed a small peak at 0.5—2 mM gallamine
after incubation for 3 h at 24 °C, and the amplitude increased
over time to level off by 48 h. The Hill coefficient was near 1 at
each class of sites, and the values of log K; were similar or
somewhat larger than those obtained in buffer B (Table S9 of
the Supporting Information). It follows that the serpentine
effect common to all preparations in buffer B is not a
consequence of the low ionic strength or the absence of
divalent metal ions.

Premixing of the Solubilized Receptor with N-[3H]-
Methylscopolamine or Gallamine. When the receptor
extracted from porcine atria was premixed with gallamine, a
serpentine pattern developed within 6 h of the addition of N-
[*H]methylscopolamine and remained essentially the same
after 15 h; incubation for 21 h resulted in a loss of binding at
low concentrations of gallamine with no change in the
amplitude of the peak at 100 uM gallamine (Figure 6). The
overall pattern therefore was independent of the order of
mixing, but equilibration was more rapid when the allosteric
ligand was added prior to N-[*H]methylscopolamine (cf.
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Table 5. Parametric Values for the Effect of the Order of Mixing on the Equilibration of Gallamine and N-
[®*H]Methylscopolamine with the Solubilized M, Receptor from Porcine Atria®

time” log K; log K, log K; A1y ny) nyE) Fi F, F;3
after premixing the receptor and gallamine
6h(2) —6.13+£0.63 —-447+027 -4.12+0.24 1° 042 -3.42+0.31 4°
h(2) -6.55+0. -432+025 -4.02+0.24 1° . -3.33+0.11 4°
12 h 23; —g.gi + 8;2 —4;9 + g.zi —3.86 + 8.22 € 102014 095£0.09 8;? —gig + 8.09 4
21h(2) -693+0.84 -392+0.25 -3.53+0.22 1° 038 —427+0.11 4.89
after premixing the receptor and ["HINMS
6h(2) —626+020 -4.38=0.17 — — — h i
9h(2) -6.49+021 -444+0.18 — 0.88+0.17 150 0.16¢ — — h i
I5h(3) —6.66+0.10 —4.16+0.09 — — —_ h i
21h(3) -7.55+0.15 -4.03+0.03 -1.48+159 1 286+020 — — —
30h(3) —6.22+043 —4.67+032 —147+1.52 1 1 1 — — —

“The data represented in Figure 6 were analyzed in terms of eq 3 (n = 2 or 3) to obtain the parametric values listed here. Data obtained following the
same order of mixing were analyzed in concert; those obtained after different Eeriods of incubation shared single values of ny; where indicated by
the braces. The number of independent experiments is shown in parentheses. “Time of incubation after addition of the second ligand. “The value is
not well-defined and was fixed at 1; there is no appreciable effect on the sum of squares (P > 0.9). “The value is indistinguishable from 1 (P = 0.51)
and was fixed accordingly because of the time-dependent decrease in the level of binding at low concentrations of gallamine. “The value is defined by
a shallow minimum in the sum of squares, as defined by mapping, and was fixed accordingly. JThe value was adjusted to compensate for the time-
dependent decrease in the level of binding at low concentrations of gallamine. $The value significantly exceeds 1 (P = 0.0009). "Because of the small
difference between Y[gj_o and Y[gj_«, the value of F, is comparatively large. Two classes of sites (n = 2).
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Figure 7. Effect of the order of mixing on the equilibration of gallamine and N-[*H]methylscopolamine with the M, receptor in membranes from
porcine atria and Sf9 cells. Membranes from Sf9 cells (A and B) or porcine atria (D and E) were mixed simultaneously with gallamine and
[*H]NMS (0.3 nM) (filled symbols) or first with [*H]NMS (0.3 nM) and then with gallamine after incubation of the initial mixture for 30 min at 24
°C (empty symbols). Total binding was measured after further incubation at 24 °C for 3h (O and @) and 16 h (A and A) (Aand D) or 48 h (O
and M) and S days (rightward-pointing triangles) (B and E). The lines depict the best fit of eq 3 (n = 2 or 3) to data obtained after simultaneous
mixing (solid lines) or after premixing with [*H]NMS (broken lines), and the parametric values are listed in Table S11 of the Supporting
Information. The asymptotic values of eq 3 for each time of incubation after simultaneous mixing are compared in the insets of panels B (Sf9 cells)
and E (atria) (Y[g)_¢ hatched bars; Y¢)_ o, solid bars). The fitted values of log K; from Table S11 of the Supporting Information are shown in
panels C (Sf9 cells) and F (atria) for log K; (O and M) and log K, (O and @) after simultaneous mixing (Ml and @) and premixing with [*’H]NMS

(O and O).

Figures 2 and 6). Whereas binding became independent of time
within 6 h of addition of the radioligand to premixed samples
(Figure 6), at least 1S h was required after simultaneous
addition (Figure 2). A similar result was obtained with the
receptor extracted from Sf9 cells (Figure S15 and Table S10 of
the Supporting Information).

Premixing the atrial receptor with N-[*H]methylscopolamine
led initially to a U-shaped binding profile that lacked the third,
descending limb of the patterns obtained under other
conditions (Figure 6A—C). Incubation for 21 h resulted in a
small inhibitory effect at the highest concentration of gallamine,
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and the resulting serpentine-like pattern became more
pronounced after 30 h (Figure 6D,E). The protection afforded
by gallamine at shorter times was lost or diminished after ~21
h, and incubation for 30 h saw a marked loss of binding at all
concentrations of the allosteric ligand (Figure 6E). The
eventual appearance of a third inflection in samples premixed
with N-[*H]methylscopolamine suggests that the pattern was
tending toward that obtained after simultaneous addition or
premixing with gallamine. Convergence could not be observed,
however, because of the loss of the receptor upon prolonged
incubation.

dx.doi.org/10.1021/bi3000287 | Biochemistry 2012, 51, 4518—4540
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Table 6.

The estimates of K, and K, for gallamine were largely
unaffected by the order of mixing in extracts from atria or Sf9
cells, although they varied over time in both preparations
(Figure 6F, Table S, and Figure S1SC and Table S10 of the
Supporting Information). The value of K; was undefined for
the atrial receptor premixed with N-[*H]methylscopolamine,
but the values were similar after premixing with gallamine and
after the simultaneous addition of both ligands (Figure 6F).
The similarities in K, and K, suggest that the two limbs of the
U-shaped profiles obtained upon preincubation with N-
[*H]methylscopolamine arose from the same underlying
interactions as the corresponding inflections of the serpentine
curves obtained under other conditions. Similar agreement also
was found among the estimates of ny;), which generally were
near or equal to 1 for the sites of highest and lowest affinity
[i.e., g1y and nyy(y)] (Table S and Table S10 of the Supporting
Information). The value of fiy(z) was near 1 in the case of the
atrial receptor premixed with gallamine (Table S) and
otherwise exceeded 1 (Table S and Table S10 of the
Supporting Information). The order of mixing had no effect
on the stability of the receptor from porcine atria (Figure 6).

Premixing of the Membrane-Bound Receptor with N-
[*HIMethylscopolamine. Simultaneous addition of gallamine
and N-[*H]methylscopolamine to the receptor in Sf9
membranes led to a serpentine profile with a peak at 0.1-0.5
mM gallamine (Figure 7A,B). The peak matured within 48 h
and remained unchanged for at least S days, while the level of
binding at low concentrations of gallamine decreased by 60%
over the same period (Figure 7B, inset). The ligands therefore
appeared to equilibrate with the receptor within 48 h, and a
time-dependent loss of sites was prevented by gallamine.
Premixing with N-[*H]methylscopolamine led to a U-shaped
pattern, and the asymptotic levels of binding at low and high
concentrations of gallamine decreased over time. Similar results
were obtained with the receptor from porcine atria, although
the peak that developed at 0.2—0.6 mM gallamine was small
(Figure 7D,E).

At lower concentrations of gallamine (<10 yM), the level of
binding of N-[*H]methylscopolamine decreased at approx-
imately the same rate irrespective of the order of mixing in
either preparation (Figure 7). At higher concentrations (>10
uM), the level of binding decreased over time when N-
[*H]methylscopolamine was added prior to gallamine and
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increased when the two ligands were added together. The two
binding profiles therefore appeared to converge. After
incubation for 5 days, the level of binding at or below 0.3
mM gallamine was similar or the same irrespective of the order
of mixing (Figure 7B,E). It follows that the decrease in the level
of binding at higher concentrations of gallamine in samples
premixed with N-[*H]methylscopolamine was not due to a loss
of receptor; rather, it appeared to derive from a process that
was rate-limited by the dissociation of N-[*H]-
methylscopolamine in the presence of the allosteric ligand.
Samples preincubated with the radioligand therefore were
approaching a state of equilibrium that was attained within 48 h
when the two ligands were added together.

The order of mixing also had no effect on the estimated
values of K; and K,, which increased as the time of incubation
was extended from 3 to 48 h (Figure 7C,F and Table S11 of the
Supporting Information). There was no further change after
incubation for 5 days, suggesting that the underlying
interactions had attained equilibrium within 48 h. Similarities
in the estimates of K, and K, suggest that the U-shaped
patterns observed after premixing with N-[*H]-
methylscopolamine are a kinetic effect: that is, the descending
limb corresponding to K; was not observed because of the
failure of the radioligand to dissociate on the time scale of the
assay.

Most Hill coefficients were not well-defined by the data and
therefore were constrained during the analyses. Such
constraints had no appreciable effect on the sum of squares
(P > 0.05) or the values of other parameters. Following the
simultaneous addition of N-[*H]methylscopolamine and gall-
amine, the values of nyy ;) and nyys) for the receptor in Sf9
membranes were fixed at those obtained after extraction in
digitonin and cholate (cf. Table 3 and Table S11 of the
Supporting Information). The corresponding values for the
receptor in atrial membranes were fixed at 1 (Table S11 of the
Supporting Information). Prolonged incubation of either
preparation led to an increase in the value of ny(;) from near
1 to 3—4, at least partly as a consequence of instability and the
protection afforded by gallamine. When the receptor was
premixed with N-[*H]methylscopolamine, the values of ;)
and ;) tended to exceed 1 in both preparations.

Equilibration of [3H]Quinuclidinylbenzilate and Gall-
amine with the Solubilized M, Receptor. The binding of

dx.doi.org/10.1021/bi3000287 | Biochemistry 2012, 51, 4518—4540
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Table 6. Parametric Values for the Effect of [*H]Quinuclidinylbenzilate and the Time of Incubation of the Binding of Gallamine

to the Solubilized M, Receptor from Sf9 Cells”

[PH]QNB?
mM) (%) time log K; log K> A(log K)° T 1) F, F,
389 54  6h(2) -5.68+0.05 —4.20+0.05 1.48
389 54 12h(2) -5.74+0.07 -3.72+0.06  2.02 1232002 0992005 041 0592002
38954 30h () L 5054006 3854005 210
389 54 40h(4) : : : : :
24 87 6h(2) -5.18+025 -3.74+0.02 144
224 87 12h(Q2) -524+026 -3.45+0.05 1.79 .00 1194001 015 0.8520.01
224 87 30h(4) -6.34+0.17 -3.55+0.05  2.79
224 87 40h(4) : : > : :

“The data represented in Figure 8 were analyzed in terms of eq 3 (n = 2) to obtain the parametric values listed here. Data obtained at the same
concentration of [*H]QNB were analyzed in concert. Within each analysis, data obtained after all periods of incubation shared single values of ryy);
data obtained after incubation for 30 and 40 h also shared single values of log K. The constralnts on ny;) and log K; had no appreciable effect on the
sum of squares (P > 0.05). The number of independent experiments is shown i m parentheses. “The concentration of [*H]QNB is the mean from all
experiments represented in the analysis (3.89 + 0.27 nM, 22.4 + 1.22 nM). The correspondlng level of occupancy was calculated as [P]/([P] + K),

with the value of K taken to be 3.3 nM (Table S1 of the Supporting Information). “Log K, —

1.

log K. “The value is not well-defined and was fixed at

[*H]quinuclidinylbenzilate to the receptor extracted from Sf9
membranes was inhibited by gallamine in a biphasic manner
(Figure 8). The measurements were taken after incubation of
the reaction mixture for different times at two concentrations of
[*H]quinuclidinylbenzilate (i.e., 3.9 and 22 nM), and the data
were analyzed in terms of eq 3 (n = 2) to obtain the lines
shown in Figure 8 and the parametric values listed in Table 6.
At each concentration of the radioligand, an increase in the
time of incubation from 6 to 30 h was accompanied by a
decrease in K; and an increase in K,. There was no further
change after incubation for 40 h, suggesting that 30 h was
sufficient for the attainment of equilibrium. The fitted value of
F, was independent of time at either concentration of
[*H]quinuclidinylbenzilate, and the values of ny() were
indistinguishable from 1 throughout (P > 0.05).

A 5.8-fold increase in the concentration of [*H]-
quinuclidinylbenzilate decreased the value of K; at equilibrium
by 2.5-fold, an effect that cannot be competitive. Similarly, the
2-fold increase in K, at the sites of lower affinity is
disproportionately small for a competitive effect, which would
be expected to yield a 3.5-fold increase on the basis of the
affinity of the radioligand [ie, Ky = 3.4 nM (Table S1 of the
Supporting Information)]. At each concentration of [*H]-
quinuclidinylbenzilate, the value of F, agreed closely with the
percentage occupancy of the receptor by the radioligand in the
absence of gallamine (i.e., 0.59 and 54% occupancy at 3.9 nM,
0.85 and 87% occupancy at 22 nM). The receptor was stable
for up to 40 h at the higher concentration of [*H]-
quinuclidinylbenzilate, whereas incubation beyond 12 h
resulted in a 13% loss of sites at the lower concentration.

B DISCUSSION

Multiple Allosteric Sites. Gallamine has revealed a striking
heterogeneity in its allosteric effects at the M, muscarinic
receptor. Four sites appear to be involved. The rate at which
[*H]quinuclidinylbenzilate dissociated from the orthosteric site
was modulated in a bell-shaped manner, revealing at least two
classes of allosteric sites, and Hill coeflicients greater than 1
point to at least three classes overall. In assays at or
approaching equilibrium, the level of binding of [*H]-
quinuclidinylbenzilate was decreased in a biphasic manner
that also indicates two or more classes of allosteric sites. The
corresponding effect on the binding of N-[*H]-
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methylscopolamine was triphasic and serpentine, which points
to at least three classes of sites, and a fourth class is suggested
by Hill coefficients greater than 1. Essentially the same pattern
was obtained irrespective of temperature and in five
preparations of receptor: extracts from porcine atria (4, 30,
and 37 °C), extracts from baculovirus-infected Sf9 cells (30
°C), and homogenates of porcine atria, Sf9 cells, and CHO
cells (24 °C).

The existence of two or more allosteric sites also can be
inferred from variations in the time required for binding to
attain equilibrium, which depended upon the sequence in
which gallamine and N-[*H]methylscopolamine were added to
the receptor. The order of mixing determines the initial
conditions for subsequent equilibration of the system. In the
case of a monomeric receptor with one allosteric and one
orthosteric site, shown in Scheme 2, those conditions are
defined by the levels of ligand-free receptor (R), the gallamine—
receptor complex (AR), and the radioligand—receptor complex

To examine the determinants of equilibration in Scheme 2,
we computed the time course for each species of receptor for
mixtures with different initial compositions. The rate constants
used in the simulations are typical of those measured for

Scheme 2. Heterotropic Cooperativity within a Monomeric
Receptor”
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“A receptor (R) binds an allosteric ligand (A) and an orthosteric
ligand (L) at topographically distinct sites to form a binary complex
with either ligand (AR and RL) or a ternary complex with both (ARL).
The first- and second-order rate constants for the binding of A and L
to the vacant receptor are k,, and k., respectively; those for binding
to a ligand-occupied receptor are k,,; and k., respectively. Details
regarding the simulations in terms of Scheme 2 are described in the
Supporting Information (pp S-2—S-4).
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gallamine and N-[*H]methylscopolamine at the M, receptor
(Table S12 of the Supporting Information). With the model
taken as shown, total bound radioligand (i.e., RL plus ARL) was
found to equilibrate at a rate that is the same irrespective of the
initial conditions and hence of the order of mixing (Figure S16
of the Supporting Information). With a variant in which
formation and dissociation of the ternary complex occur
exclusively via RL (i.e, k, 0 = 0 and k_;, = 0), the rate of
equilibration is sensitive to the initial conditions in a manner
that depends upon the concentration of the allosteric ligand. At
lower concentrations of A, the prior addition of either ligand
causes equilibration to be slower than when both are added
together (Figure S17 and Table S13 of the Supporting
Information); at higher concentrations of A, equilibration is
hastened by the prior addition of L and slowed by the prior
addition of A (Table S13 of the Supporting Information). Such
a restricted model has been found to describe the interaction
between N-[*H]methylscopolamine and alcuronium at the M,
receptor, where association and dissociation of the former were
blocked by the latter.>

The simulations demonstrate that Scheme 2 cannot account
for our results. Equilibration with the M, receptor was fastest
when gallamine was added prior to N-[*H]methylscopolamine,
somewhat slower when both ligands were added together, and
much slower when N-[*H]methylscopolamine was added prior
to gallamine. In contrast, the system in Scheme 2 attains
equilibrium at a rate that is independent of the initial conditions
when the ternary complex is accessible via AR and RL. When
access via AR is denied, the differences predicted by the model
are at variance with those observed experimentally. The failure
of Scheme 2 implies a need for additional reaction pathways
and therefore additional sites.

Several lines of evidence indicate that the heterogeneity
detected by gallamine is evident at thermodynamic equilibrium.
In extracts from Sf9 cells, the biphasic inhibitory effect on the
binding of [*H]quinuclidinylbenzilate at 30 °C was visible after
incubation of the reaction mixture for 6 h and became
independent of time after 30 h. Similarly, the serpentine effect
on the binding of N-[*H]methylscopolamine emerged over
time and stabilized after a period that depended upon the
preparation and the conditions of the assay. Extracts from
porcine atria and CHO cells underwent a time-dependent loss
of sites at low concentrations of gallamine, which precluded the
attainment of equilibrium under those conditions. There was
no loss at higher concentrations, however, and the process of
equilibration could be monitored until the amplitude of the
peak at ~0.1 mM gallamine became independent of time. The
serpentine effect also was independent of the order in which
gallamine and N-[*H]methylscopolamine were mixed with the
receptor. The pattern obtained when gallamine was added prior
to N-[*H]methylscopolamine was virtually identical to that
when the two ligands were added together, while pretreatment
with the radioligand led initially to a U-shaped pattern that
became serpentine in nature over time.

All effects of gallamine were allosteric. With N-[*H]-
methylscopolamine, the first descending limb of the serpentine
binding profile [—log K, = 6.2—6.8 (Table 3)] occurred at
concentrations similar to those that effected the decrease in the
rate of dissociation [log K; = —5.95 (Table 1)]. The latter
interaction is clearly allosteric, and the similarity suggests that
the same sites mediate both effects. Comparable agreement is
seen with [*H]quinuclidinylbenzilate, where the potencies
measured for the biphasic inhibitory effect of gallamine at
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equilibrium [log K; & —6.1, and log K, ~ —3.7 (Table 6)]
recall those inferred from its bell-shaped effect on the rate of
dissociation (log K; ~ —6.0, and log K, ~ —4.3). In assays at
equilibrium, the noncompetitive nature of the effect at each
class of sites is confirmed by the disproportionately small or
negligible change in the apparent affinity of gallamine as the
concentration of N-[*H]methylscopolamine or [*H]-
quinuclidinylbenzilate was varied over a range that bracketed
its equilibrium dissociation constant (i.e., 0.14K,—19K}, and
1.5Kp—8.9Kp, respectively). Finally, the level of binding of
either radioligand at saturating concentrations of gallamine
exceeded the level of nonspecific binding as defined by a
saturating concentration of atropine, indicating the formation of
a ternary complex that comprises the receptor, gallamine, and
the radioligand.

The heterogeneity described here has been largely absent
from previous reports, in which gallamine generally has been
found to interact with a single allosteric site (e.g., ref 30). The
discrepancy can be attributed variously to the choice of
radioligand, the nature of the preparation, the range of
concentrations used to define the binding profile, and a failure
to attain thermodynamic equilibrium.

In most investigations, the orthosteric radioligand has been
N-[*H]methylscopolamine. Its rate of dissociation is decreased
by gallamine in a monophasic manner with a Hill coefficient
near 1 (Figure 1), and one allosteric site therefore has been
sufficient to account for the data (e.g., ref S1). Studies of the
dose dependence of binding per se typically have been
performed on membrane-bound receptors at low levels of
occupancy by the radioligand and after comparatively short
periods of incubation. Such conditions reveal only the sites of
highest affinity for gallamine (K;), and the serpentine nature of
the binding pattern is obscured. The sites of intermediate and
lowest affinity (K, and Kj, respectively) require prolonged
incubation and higher levels of occupancy, exceeding 50% of
the orthosteric sites in the case of atrial and CHO membranes
(Figure 5). When the level of occupancy by N-[*H]-
methylscopolamine has exceeded 50%, however, the time of
incubation has been less than 9 h;**** when the time of
incubation has exceeded 18 h, the level of occupancy has been
less than 50%.%**° Also, the highest concentration of gallamine
rarely has exceeded 10 yM, which encompasses K; but is ~10-
fold less than K. The serpentine pattern can be detected more
readily where it emerges sooner and at lower concentrations of
N-[*H]methylscopolamine, as in the case of solubilized extracts,
Sf9 membranes, and possibly membranes from NI1E-115
neuroblastoma cells.®®

It has been noted previously that the effect of an allosteric
ligand can depend upon the choice of orthosteric probe (e.g.,
refs 53 and 57). This is consistent with the reciprocal nature of
heterotropic interactions, and it is illustrated here by differences
in the binding patterns obtained with N-[*H]-
methylscopolamine and [*H]quinuclidinylbenzilate as the
system approached equilibrium. An interdependence between
the orthosteric and allosteric ligand also is observed in the rate
of dissociation at different concentrations of [3H]-
quinuclidinylbenzilate, which differed only in the presence of
gallamine (Figure 1D). By this measure, the affinity of
[*H]quinuclidinylbenzilate was reduced 14-fold, from 0.022
nM for the vacant receptor (Table S1 of the Supporting
Information) to 0.31 nM at saturating concentrations of
gallamine (Figure S9 of the Supporting Information).
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Origin of Heterogeneity. Muscarinic receptors were
exclusively or predominantly of the M, subtype in all
preparations, including those from porcine atria.>® It follows
that the heterogeneity revealed in the binding of gallamine was
induced in an otherwise homogeneous population of sites. G
proteins can induce multiple states of affinity for agonists at M,
muscarinic and other G protein-coupled receptors,**”® but
they appear not to be implicated in those reported here for
gallamine. Preparations from porcine atria and Sf9 cells gave
essentially the same results, and there is little or no effect of
endogenous G proteins on the binding properties of GPCRs
expressed in Sf9 cells.®"®> Also, the bell-shaped effect of
gallamine on the dissociation of [*H]quinuclidinylbenzilate has
been described previously for M, receptors in CHO
membranes, where it was not affected by treatment with
pertussis toxin.>

Heterogeneity independent of a G protein or other third
party could arise from interactions among receptors within an
oligomer. With one allosteric site per protomer, the four sites
recognized by gallamine point to an array that is tetrameric or
larger. Such an oligomer may be intrinsically asymmetric, with
protomers having different affinities in the absence of any
ligand, but that alone seems insufficient. Gallamine differed in
its effects on the binding of N-[*H]methylscopolamine and
[*H]quinuclidinylbenzilate, and the pattern varied with the
concentration of the radioligand in each case. These
observations suggest that the observed heterogeneity derives
in part from differences in the magnitude of heterotropic
cooperativity between different pairs of protomers. Preexisting
or intrinsic asymmetry also cannot account for Hill coefficients
of >1, which imply a degree of positive homotropic
cooperativity between successive equivalents of gallamine. It
follows that multiple values of K; may arise from a blend of
asymmetry, homotropic cooperativity in the binding of
gallamine, and heterotropic cooperativity between gallamine
and the radioligand.

All interactions between orthosteric and allosteric sites
appear to occur within an oligomer of the same size under all
conditions. The bell-shaped effect of gallamine on the rate of
dissociation of [*H]quinuclidinylbenzilate and the serpentine
effect on the binding of N-[*H]methylscopolamine were
broadly similar with receptors from different sources, both in
membranes and in solubilized preparations. With the
membrane-bound receptor, the effect on the dissociation of
[*H]quinuclidinylbenzilate was essentially insensitive to the
level of cholesterol, treatment with DTT, or small differences in
ionic strength; similarly, the effect on the binding of N-
[*H]methylscopolamine was insensitive to ionic strength or the
level of cholesterol. The conservation of such effects under
disparate conditions suggests that they are native to the
receptor and not an artifactual consequence of any particular
treatment or set of conditions. The inherent nature of M,
receptors to form oligomers has been demonstrated by the
spontaneous formation of tetramers when purified monomers
are reconstituted into phospholipid vesicles.”” The ability of
oligomers to survive extraction has been demonstrated by co-
immunoprecipitation and cross-linking of receptors solubilized
from native membranes and from reconstituted prepara-
tions.'®**

There appear to have been few if any monomers, at least with
the receptor extracted from Sf9 membranes. In that case, the
dissociation of N-[*H]methylscopolamine in the absence of
gallamine was monoexponential with a rate constant of 0.06 +
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0.001 min~". There was no evidence of a slower process with a
rate constant of 0.036 + 0.001 min"!, which is the value
reported for the dissociation of N-[*H]methylscopolamine
from monomers of the M, receptor purified from Sf9
membranes.*” The apparent absence of monomers is consistent
with the observation that M, receptors extracted from Sf9
membranes in cholate and NaCl migrated exclusively as
oligomers following treatment with the cross-linking reagent
BS®*

An allosteric site on each of four linked protomers is
consistent with pharmacological, biochemical, and biophysical
evidence that M, receptors exist predominantly or exclusively
as tetramers, both in membranes and in solubilized extracts
from various sources. The guanylyl nucleotide-sensitive
heterogeneity revealed by agonists at the orthosteric site of
cardiac muscarinic receptors can be described quantitatively in
terms of cooperative interactions within an array that is
tetrameric or larger.'” Essentially the same properties are
recovered when purified monomers of the M, receptor are
reassembled as tetramers in phospholipid vesicles.”> Muscarinic
receptors purified from porcine atria have been found to
migrate in part with the electrophoretic mobility expected of a
tetramer,”® and three differently tagged M, receptors have been
copurified from triply infected Sf9 cells in quantities sufficient
to suggest that the complex is larger than a trimer.'® Finally, a
model-based analysis of FRET efficiencies between eGFP and
eYFP has suggested that fluorophore-tagged M, receptors exist
primarily as tetramers when coexpressed in CHO cells.**

Nature of Heterogeneity within a Tetramer. Two
observations offer some insight into how biphasic and
serpentine binding profiles might emerge from linked sites
within a tetramer. First, higher levels of occupancy by
[*H]quinuclidinylbenzilate or N-[*H]methylscopolamine were
accompanied by a decrease in the apparent fraction of labeled
sites exhibiting the highest affinity for gallamine (ie., K; in eq
3) and a concomitant increase in the fraction or fractions
exhibiting lower affinity (i.e, K, and K3). Second, monomers of
the M, receptor purified from Sf9 cells have been shown to
bind gallamine with an affinity of 75 uM (log K = —4.12), as
inferred from its effect on the rate of dissociation of N-
[*H]methylscopolamine.* That value exceeds our values of K,
from similar experiments by at least 60-fold (Table 1). It also
exceeds our value of K; from the serpentine effect by 50-fold
and our value of K, by ~3-fold (Table 3), suggesting that K,
arises from heterotropic cooperativity between sites on the
same protomer.

A model that rationalizes these observations in the context of
cooperativity within a tetramer is illustrated in Figure 9. The
apparent affinity of a ligand for the allosteric site on one
protomer is determined by the overall liganded status and
configuration of the complex. It is highest when the orthosteric
sites of the same and neighboring protomers are vacant, and it
is weakest when the orthosteric site of the same protomer is
occupied. The heterogeneity derives from a combination of
heterotropic cooperativity between allosteric and orthosteric
sites and homotropic cooperativity at either or both. At the
level of a pairwise interaction, net heterotropic cooperativity
depends upon whether the participating sites are located on the
same or different protomers and whether the latter are
immediate neighbors or more distant.

In the case of N-[*H]methylscopolamine, binding of the
radioligand to one of the four orthosteric sites creates at least
three classes of allosteric sites and three modes of heterotropic
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Figure 9. Heterogeneity induced by N-[*H]methylscopolamine
among the allosteric sites of an oligomer. Binding of [*H]NMS to a
tetramer configured as a square or a rhombus gives rise to a
conformational asymmetry characterized by three classes of protomer:
those occupied by [PH]NMS (red to yellow), those adjacent to
protomers occupied by [PHJNMS (yellow), and those diagonally
opposite protomers occupied by [*H]NMS (light yellow). Gallamine
binds with the highest apparent affinity to the allosteric site of an
otherwise vacant protomer that is most distant from a single protomer
occupied by [*'H]NMS (i.e, log K;). It binds with the lowest apparent
affinity to the allosteric site of a protomer in which the local
orthosteric site is occupied by [’H]NMS (i.e., log K;).

cooperativity. The highest apparent affinity for gallamine (K;)
derives from protomers diagonally opposite the labeled
protomer, and intermolecular negative cooperativity accounts
for the first, downward inflection in the serpentine binding
profile. The intermediate affinity (K,) derives from protomers
adjacent to the labeled protomer, and intermolecular positive
cooperativity or attenuated negative cooperativity accounts for
the upward transition. Allosteric sites on labeled protomers are
of weakest affinity, and intramolecular negative cooperativity
accounts for the final descending limb of the binding profile
(Ks).

The model depicted in Figure 9 suggests an explanation for
the progressive decrease in F; as the concentration of N-
[*H]methylscopolamine was increased from 1.6 to 112 nM
(Figure 4 and Table 4). Higher concentrations of the
radioligand would decrease the prevalence of allosteric sites
on vacant protomers, thereby decreasing the likelihood of
intermolecular heterotropic cooperativity (F;) and increasing
that of intramolecular heterotropic cooperativity (F;). As
occupancy by the radioligand approached saturation (i.e.
94.3% at 200 nM), however, the serpentine nature of the effect
was lost. Gallamine became strictly inhibitory, albeit in a
triphasic manner, and 76% of the decrease in binding was
associated with the sites of intermediate affinity (F,). Although
such an effect is further evidence of the cooperative nature of
events within the oligomer, an understanding of how it arises is
likely to require an explicit mechanistic description of the
system.

At least one inflection of the serpentine profile displayed by
gallamine was characterized by a Hill coefficient greater than 1,
which has implications for the organization of the structure in
Figure 9. In the case of solubilized preparations at 30 °C, the
value of 1.5-1.8 obtained for ny(,) points to positive
homotropic cooperativity between the allosteric sites of two
protomers adjacent to the single protomer bearing a radioligand
(Table 3). In the case of homogenates, the high values of n;)
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suggest that positive cooperativity occurs between a site
opposite the labeled protomer and an adjacent site (Table S7
of the Supporting Information). Such a shift in the cooperative
effect from the first and second equivalents of gallamine (K;) to
the second and third equivalents (K,) implies that the tetramer
does not function as a dimer of dimers.

In the case of [*H]quinuclidinylbenzilate, the biphasic nature
of the binding profile suggests that the affinity of gallamine for
an allosteric site is largely independent of its location on a
protomer adjacent to or diagonally opposite a labeled
protomer; rather, the relationship between the value of F,
defined by gallamine and the fraction of sites occupied by
[*H]quinuclidinylbenzilate suggests that the affinity for the
allosteric ligand is determined simply by the absence or
presence of the radioligand. Protomers with a vacant
orthosteric site have a higher affinity for gallamine, and those
in which the orthosteric site is occupied by the radioligand have
a lower affinity.

To examine the plausibility of a model such as that in Figure
9, we simulated the effects of interactions between allosteric
and orthosteric ligands in terms of Scheme 3. The species

Scheme 3. Homo- and Heterotropic Cooperativity within a
Dimeric Receptor®
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“Each protomer of a dimeric receptor (R) contains one allosteric site
and one orthosteric site, each of which may be vacant (O) or occupied
by the relevant ligand (A or L). The state of occupancy is indicated by
a superscript (allosteric site) and a subscript (orthosteric site) in which
the first and second positions denote protomers 1 and 2, respectively.
The first- and second-order rate constants for the binding of A and L
to the vacant receptor are k,, and k,, respectively. Rate constants for
the binding of additional ligands are determined by the values of k.,
and k,; and the relevant cooperativity factors (). The cooperativity
factor associated with each species of receptor is identified by a
superscript and a subscript that denotes the state of occupancy as
described above. Two such factors are illustrated here (i.e., afg and
afP). Further details are described in the Supporting Information (pp
$-4-5-8).

shown as R has two allosteric and two orthosteric sites and
therefore can be taken to represent a dimer, each protomer of
which has one site for each ligand. A dimer is simpler than the
tetramer required by our data, but it also is more tractable.
Whereas the mathematical representation of Scheme 3
comprises 16 differential equations and 64 first- and second-
order rate constants, the corresponding description of a
tetramer comprises 256 differential equations and 2048 rate
constants. It is of interest to note that Scheme 3 also could be
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Figure 10. Effect of time and the concentration of an orthosteric probe on allosteric interactions within a dimeric receptor. The points were
simulated according to Scheme 3 and depict total specific binding of an orthosteric ligand in the presence of an allosteric ligand at graded
concentrations of the latter. There is no binding at time zero (i.e,, R3g = 100% of the receptor in Scheme 3), and the simulations therefore depict an
arrangement in which the two ligands are mixed simultaneously with the receptor. The amount of each species of receptor was computed with the
parametric values listed in Table S14 of the Supporting Information to obtain the value of total bound L plotted on the ordinate (i, RSP + RES +
2R + RAD + ... + 2RM). Further details are described in the Supporting Information. (A) Total binding 5 min after mixing (¥), 15 min after
mixing (@), and at equilibrium (O). The apparent level of occupancy by L in the absence of A at equilibrium is 38.7% ([L] = 316 nM). (B) Total
binding at equilibrium for different levels of occupancy by L in the absence of A: 38.7% when [L] = 316 nM (O), 52.9% when [L] = 562 nM (O),
and 66.7% when [L] = 1000 nM (A). The lines in each panel depict the best fits of eq 3 (n = 2) to the simulated data, and the parametric values are

listed in Table S1S of the Supporting Information.

taken to represent the four orthosteric sites of a heterotetramer
comprising two protomers of one GPCR and two of another.

The distribution of receptors among the 16 different species
of Scheme 3 was simulated with respect to the concentration of
the allosteric ligand (A) at different times and at different
concentrations of the orthosteric probe (L). The rate constants
were set to yield effects that resemble those obtained
experimentally with gallamine and N-[*H]methylscopolamine
at the M, receptor. Ligand A was assumed to slow both the
association and the dissociation of ligand L, but in a
disproportionate manner that was achieved by partitioning
the cooperativity factor (a) between the two rate constants.
Heterotropic cooperativity between L and A was the sole
determinant of heterogeneity revealed by ligand A, which
otherwise bound to all allosteric sites with the same affinity.
Further details regarding the simulations are described in the
Supporting Information (Figure S2 and Table S14).

Defined in this manner, Scheme 3 yields the bell-shaped
pattern illustrated in Figure 10. An increase in the time of the
reaction is accompanied by an increase in the amplitude of the
peak at intermediate concentrations of ligand A (i, 1—10
nM), in the asymptotic level of binding at saturating
concentrations of A, and in the values of K; and K, (Figure
10A and Table S15 of the Supporting Information). The Hill
coeflicient for either inflection is near or equal to 1 throughout
(Table S1S of the Supporting Information). With the system at
equilibrium, an increase in occupancy at the orthosteric site is
accompanied by a decrease in the relative amplitude of the peak
at intermediate concentrations of ligand A and an increase in
the asymptotic level of binding at saturating concentrations
(Figure 10B and Table S15 of the Supporting Information). A
3-fold increase in the concentration of L, from 0.32 to 1.0 uM,
is accompanied by a 1.7-fold decrease in the value of K; and a
comparatively small, 2.3-fold increase in that of K, (Table S15
of the Supporting Information).

The results in Figure 10 indicate that Scheme 3 can mimic
the effects of gallamine on N-[*H]methylscopolamine,
confirming that the model presented in Figure 9 is plausible.
The bell-shaped profile obtained by simulation is analogous to
the peak in the serpentine binding profile, and both were
affected in a similar manner by variations in the time of

incubation and the level of occupancy by the radioligand. In
preparations of the M, receptor, the amplitude of the peak
increased over time (e.g, Figures 3 and S) and varied with
occupancy (e.g, Figures 4 and S); at times approaching
equilibrium, the potencies corresponding to the rising and
descending limbs were essentially independent of the radio-
ligand (e.g, Figure 4D and Table 4) or were affected in a
noncompetitive manner (Figure SI12 and Table S7 of the
Supporting Information). The Hill coefficient of 1 obtained for
simulated data irrespective of time suggests that the higher
values found experimentally were not a kinetic artifact but
rather arose from cooperative interactions.

The simulations presented in Figure 10 illustrate how the
peak in the serpentine effect of gallamine might arise from
heterotropic cooperativity between the allosteric and orthos-
teric ligands. In the case of Scheme 3, the increase in the level
of bound L at lower concentrations of A derives from positive
intermolecular cooperativity between A and L (i, ad; = agt
= 0.0032); the decrease in the level of bound L at higher
concentrations of A derives from the net negative effect of
inter- and intramolecular cooperativity between A and L (i.e,

2ats = adfaldl = 3.2). These changes are tracked on the
ordinate in the values of F; and F, (Table SIS of the
Supporting Information), respectively, which are a measure of
the distribution of L-bearing dimers among the different states.

The increase in the level of binding occurs at concentrations
of A that reflect its affinity for L-free protomers associated with
L-bearing protomers (ie, abfK, or afoK,); the decrease
occurs at concentrations that reflect its affinity for L-bearing
protomers (i.e, A0o00K, or aStadoK,). The rate constant
for the dissociation of A from any species of receptor in Scheme
3 is at least 6.5-fold greater than that for the dissociation of L;
similarly, the rate constant for the association of A is at least
100-fold greater than that for the association of L. The allosteric
ligand therefore equilibrates rapidly with a mixture of L-bearing
species that is established slowly over the course of the
experiment, and the measured values of K; provide a snapshot
of the heterogeneity existing at the time of the assay.

It seems likely that such a rapid equilibration of gallamine at
a high-affinity allosteric site distant from an occupied
orthosteric site explains the consistent pattern that has emerged
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from previous studies. In most cases, myocardial membranes
have been incubated with N-[*H]methylscopolamine for <3 h
at comparatively low concentrations of gallamine. When
sarcolemmal membranes were incubated for 3 h at 24 °C in
this investigation (Figure SA), the value of log K; for gallamine
increased from —7.27 at 0.1 nM N-[*H]methylscopolamine to
—6.55 at 3 nM (Table S7 of the Supporting Information). If the
failure to reach equilibrium and the measurements above 0.1
mM gallamine are disregarded, the data are described well by
Scheme 2 with a cooperativity factor of ~70 (i.e, 1/a) (Figure
S18 and Table S16 of the Supporting Information). A similar
value of 46 has been reported previously for the allosteric
interaction between N-[*H]methylscopolamine and gallamine
at similarly restricted concentrations of gallalmine.63

Broader Implications of Oligomers for Allosteric
Regulation and Signaling. Effects similar to those described
here for gallamine have been reported for other modulators and
argue similarly for two or more allosteric sites. The effect of
KT5720 on the rate of dissociation of N-[*H]-
methylscopolamine was bell-shaped with M, receptors in
CHO membranes,®* and that of obidoxime was b?hasic
downward with M, receptors in myocardial membranes.”> The
allosteric ligands tacrine, Duo-3, KT5823, and Go7874 have
been found to inhibit the specific binding of N-[*H]-
methylscopolamine with Hill coefficients of >1 with various
subtypes of the muscarinic receptor.****” Gallamine has been
shown to affect the affinities of agonists for the M, receptor
without affecting efficacy, implying that at least two orthosteric
sites are modulated by the allosteric ligand.*®

Such effects of allosteric modulators typically have been
rationalized in terms of two or more sites on a monomer. In the
case of the D, dopamine receptor and the M, muscarinic
receptor, it has been suggested that the allosteric ligand binds
promiscuously to the orthosteric and allosteric sites in a
cooperative manner, thereby giving rise to Hill coefficients of
>1 in some studies.®*”7° It also has been suggested that a
monomer of the M, receptor contains two topographically
distinct allosteric sites in addition to the orthosteric site.** In
both cases, however, an interpretation based on monomers falls
short when probed directly using the radiolabeled allosteric
ligand [*H]dimethyl-W84.°” More complex behavior also has
been rationalized in terms of kinetically determined effects in a
system not at equilibrium, although the rate constants were not
constrained in accord with the expectations of microscopic
reversibility.>

Alcuronium is the prototypic positive allosteric modulator of
muscarinic receptors,”’ and its bell-shaped effect on the binding
of N-[*H]methylscopolamine recalls the serpentine effect of
gallamine in this investigation. In contrast, both ligands
modulate the binding of [*H]quinuclidinylbenzilate in a strictly
inhibitory manner; the effect is monophasic in the case of
alcuronium” and biphasic in the case of gallamine. The
differences suggest that positive heterotropic cooperativity
occurs only with N-[*H]methylscopolamine, in contrast to the
prevailing view that such effects are unique to alcuronium." It
has been suggested that the distance between the quaternary
amino group and the para carbon atom of the phenyl ring in N-
[*H]methylscopolamine is a determinant of positive hetero-
tropic cooperativity in the interaction with gallamine.”” If
heterotropic effects can be intermolecular as well as intra-
molecular, their direction as positive or negative also is likely to
depend upon how the structure of the orthosteric probe affects
interactions among the constituent protomers of the oligomer.
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Cooperativity within a tetramer can account for apparent
heterogeneity and related noncompetitive effects seen in the
nucleotide-sensitive binding of agonists (e.g, refs 26 and 73)
and in the binding of quinuclidinylbenzilate and N-methyl-
scopolamine under some conditions.***”** All such effects
involve cooperativity among orthosteric sites, which is
necessarily intermolecular in nature. Our results suggest that
heterotropic interactions between allosteric and orthosteric
sites can be both intra- and intermolecular; they also suggest
that neighboring allosteric sites can engage in intermolecular
homotropic cooperativity. A picture therefore emerges of a
tetrameric receptor with a total of eight orthosteric and
allosteric sites, all of which function in a linked manner.
Moreover, the serpentine effect of gallamine in this
investigation resembles that reported previously for the
allosteric effect of adenylyl nucleotides on the binding of
[**S]GTPyS to G proteins linked to muscarinic receptors in
myocardial membranes.”* These observations reinforce the
notion of a signaling complex comprising multiple copies of the
receptor and G protein (e.g., refs 28, 75, and 76).
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