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ABSTRACT

A series of ligands that allosterically modulate the binding of
classical ligands to muscarinic receptors was evaluated at wild-
type and chimeric receptors. All of the ligands studied had
highest affinity toward the M, subtype and lowest affinity to-
ward the Mg subtype. The chimeric receptors were mostly M,
sequence; the amount of M, sequence ranged from about 6 to
just under 30%. Alcuronium and TMB-8 had much higher af-
finity for the chimeric receptor that included the M, second
outer loop of the receptor plus flanking regions of TM4 and TM5
than for any of the other chimeric receptors (the affinities of
which remained similar to that of the Mg subtype). However,
this chimera retained the negative cooperativity between alcu-
ronium and the classical antagonist N-methylscopolamine that

is characteristic of M (these ligands are positively cooperative
at M,). Verapamil, tetrahydroaminoacridine, and d-tubocurarine
were also sensitive to that chimeric substitution, although ve-
rapamil and tetrahydroaminoacridine had even higher affinity
for a chimera with M, sequence in TM7. None of these ligands
shared gallamine’s sensitivity to a region of the third outer loop,
but studies in which obidoxime reversed the allosteric effects of
gallamine and other ligands suggested that they nevertheless
compete for a common site. In summary, although the present
data are consistent with previous studies that have suggested
that allosteric ligands bind to the outermost regions of musca-
rinic receptors, it appears that different allosteric ligands may
derive subtype selectivity from different regions of the receptor.

The five subtypes of muscarinic receptors belong to the
largest superfamily of transmembrane signaling receptors,
the G protein-coupled receptors (GPCRs), and comprise the
most highly conserved of the biogenic amine GPCR families.
As in the superfamily as a whole, the conservation is espe-
cially great in the transmembrane regions (TM) (Jones et al.,
1992). It is likely that acetylcholine and competitive agonists
and antagonists bind within a pocket formed by the trans-
membrane regions at the level of a crucial aspartic acid
residue in TM3 (Curtis et al., 1989; Fraser et al., 1989). The
high degree of conservation around this binding site may be
responsible for the difficulty in developing competitive mus-
carinic agonists and antagonists that are highly subtype-
selective.

There is a second ligand-binding site on muscarinic recep-
tors. A wide array of compounds has been identified, each of
which is capable of modulating the binding of classical li-
gands to all five muscarinic subtypes (Lee and El-Fakahany,
1991; Ellis, 1997; Christopoulos et al., 1998). These modula-
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tors are believed to bind to more extracellular regions of the
receptors than do classical ligands, and it is speculated that
the lesser degree of conservation in these regions will permit
correspondingly greater subtype selectivity. Allosteric mod-
ulation can also present another degree of selectivity by
virtue of potential subtype-specific cooperativities (Birdsall
et al., 1997). In addition to these possibilities for subtype
selectivity, allosteric modulators have a number of theoreti-
cal therapeutic advantages over directly acting agonists or
antagonists. First, they are capable of enhancing or inhibit-
ing the action of the endogenous agonist to a fixed and finite
degree at saturating concentrations of modulator. That is,
the effect can become independent of concentration, largely
avoiding the problems of activating or inhibiting the system
too profoundly, which might otherwise occur because of over-
dosing or through kinetic variations in available drug levels
(Ehlert, 1986). Second, allosteric drugs have a unique poten-
tial to preserve the physiological spatiotemporal patterning
of signal input. For systemically acting hormones, this is not
so important, but for the enhancement of central nervous
system chemical neurotransmission it may be a crucial ad-
vantage. A modulator that merely enhances the affinity of an

ABBREVIATIONS: GPCR, G protein-coupled receptor; TM, transmembrane region of the receptor; GABA, y-aminobutyric acid; NMS, N-
methylscopolamine; PB, sodium-potassium phosphate buffer, pH 7.4; BBSS, balanced buffered salt solution; QNB, quinuclidinyl benzilate; CR,
chimeric receptor; THA, tetrahydroaminoacridine; k.., apparent rate constant; k., true rate constant.
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endogenous transmitter will essentially amplify the natural
signal when and where the transmitter is released. By con-
trast, a direct agonist will activate all receptors for as long as
it is present, or until it desensitizes the receptor (which
presents another problem). Drugs that prolong the duration
of action of the transmitter by inhibiting re-uptake or metab-
olism will necessarily alter temporal patterning and may
promote spatial spreading of the signal, as well. The advan-
tages of allosterically acting drugs are well illustrated by the
safety and efficacy of benzodiazepines that enhance the af-
finity of GABA for the GABA, (ion channel) receptor; there
are no therapeutic applications for directly acting GABA
agonists.

At present, acetylcholine is the only transmitter for which

a complete family of GPCRs is sensitive to ligand-ligand
interactions, but there is a growing number of reports of
allosteric modulation at other GPCRs, including the A; aden-
osine (Bruns and Fergus, 1990), «; adrenergic (Waugh et al.,
1999), a, adrenergic (Leppik et al., 1998), and D, dopamine
(Hoare and Strange, 1996) receptors. However, the musca-
rinic receptor family remains by far the most intensively
studied GPCR system for the allosteric interactions of small
molecules, from both pharmacological and molecular per-
spectives. Thus, muscarinic receptors should be considered a
model system for the study of allosteric modulation at
GPCRs, in addition to the potential utility of such modulators
at muscarinic receptors themselves. Selective muscarinic
regulation could be useful in researching or treating a num-
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ber of physiological or pathological conditions (Caulfield and
Birdsall, 1998). In particular, levels of acetylcholine are dra-
matically reduced in Alzheimer’s disease and, as mentioned
above, a selective allosteric enhancer seems to be ideally
suited to ameliorating transmitter depletion in the central
nervous system.

Knowledge of which structural features of ligands and
receptors interact with each other is fundamental to under-
standing how receptor function is regulated and what regu-
lation is possible. Gallamine was the first allosteric musca-
rinic ligand to be described and has been evaluated in
mutagenic studies of the muscarinic allosteric site (Lee et al.,
1992; Ellis et al., 1993; Leppik et al., 1994; Matsui et al.,
1995). We have reported that two regions of the receptor
contain epitopes that contribute to gallamine’s selectivity
(Gnagey et al., 1999). In the present study we have investi-
gated a variety of allosteric modulators, which present quite
different structural features. One of these ligands, alcuro-
nium, is of special interest because it exerts positive cooper-
ativity with the antagonist NMS and because some ligands
with closely related structures are positively cooperative
with acetylcholine. We found that the affinities of the differ-
ent compounds appear to be mainly sensitive to two regions
of the receptor: 1) the second outer loop and adjacent regions
of TM4 and TM5; and 2) TM7.

Experimental Procedures

Materials

Atropine, verapamil, THA, TMB-8, d-tubocurarine, polyethylenei-
mine (60,000 mol. wt., average), and gallamine were obtained from
Sigma (St. Louis, MO). Methoctramine was obtained from RBI/
Sigma (Natick, MA). Obidoxime was obtained from Schweizerhall
(South Plainfield, NJ). Alcuronium was obtained from Roche Labo-
ratories (Nutley, NJ). UH-AH 37 was a kind gift of Karl Thomae
(Biberach, Germany). Labeled N-methylscopolamine chloride
(PHINMS; 84.5 Ci/mmol) and quininuclidinyl benzilate ([*H]QNB;
52 Ci/mmol) were obtained from Perkin Elmer Life Sciences
(Boston, MA).

Receptors

Wild-Type Receptors. Except when compared directly with chi-
meric receptors, human wild-type receptors were stably expressed in
Chinese hamster ovary cells. Cells were grown to 80% confluency,
and membranes were prepared as described below for chimeric re-
ceptors.

Chimeric Receptors. The M,/M; chimeric muscarinic receptor
genes used in this study have been investigated previously in allo-
steric studies (Ellis et al., 1993; Ellis and Seidenberg, 1999). The
M,/M; chimeric receptor gene was generously provided by Dr. Mark
Brann. Schematic diagrams of the chimeric receptors are shown in
Fig. 5. The exact sequence compositions are as follows: CR1: hM,
1-69, hM, 77-532; CR2: hM; 1-76, hM,, 70-155, hM, 163-532; CR3:
hM; 1-162, hM, 156-300, hM; 336-532; CR4: hM; 1-445, hM,
391-421, hM; 477-532; CR5: hM, 1-155, hM; 163-532; CR6: hM,
1-69, hM, 77-445, hM, 391-466; CR7: hM, 1-207, rM; 252-491,
hM,, 389-466. Plasmids containing the various gene constructs were
transfected into COS-7 cells by calcium phosphate precipitation.
Cells were harvested 72 h after transfection by scraping into 5 mM
sodium-potassium phosphate buffer, pH 7.4 (PB), homogenizing, and
collecting the membranes at 50,000¢ for 20 min. The membranes
were resuspended in 5 mM PB and stored as aliquots at —70°C.
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Fig. 2. Potencies with which alcuronium and TMB-8 slow the rates of
dissociation of [FHINMS from wild-type muscarinic receptors. The recep-
tors were prelabeled with [PHINMS, which was then allowed to dissociate
in the absence or presence of the indicated allosteric modulator. The ratio
of the rate of dissociation in the presence of each concentration of mod-
ulator (&) to the rate of dissociation of [PHINMS alone (k,) is plotted on
the y-axis. The curves are the best fits to the simple allosteric model for
dissociation data (see Experimental Procedures). Experiments in panels A
and B were conducted in 5 mM PB, whereas the experiment in panel C
was conducted in BBSS. The data shown are from representative exper-
iments (summary data are presented in Fig. 3).
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Binding Assays

Dissociation Assays. Assays were conducted at 25°C ([*'HINMS)
or 37°C ([*’HIQNB), in either 5 mM PB or a balanced buffered salt
solution (BBSS; composition, in mM: NaCl, 136; KCl, 5; CaCl,, 2;
MgS0,, 1; Na,HPO,, 1; Na-HEPES, 10; pH 7.4). Membranes (approx
30 pg of protein in 1 ml) were prelabeled with 1 nM [*HJNMS or 0.2
nM [*H]QNB for 30 min. Dissociation of the labeled ligand was
initiated by the addition of 3 uM atropine, with or without the
indicated concentration of allosteric ligand, and the incubation was
allowed to continue for up to about 2 to 3 times the half-time for the
dissociation of the labeled ligand from the receptor in the absence of
allosteric modulator (Matsui et al., 1995; Kostenis and Mohr, 1996).
The incubation was terminated by filtration through S&S 32 glass
fiber filters (Schleicher and Schuell, Keene, NH) that had been
pretreated with 0.1% polyethyleneimine, followed by two rinses with
40 mM PB (0°C). Nonspecific binding was determined by the inclu-
sion of 3 uM atropine during the prelabeling period.

Dissociation assays were used extensively because they guarantee
that allosteric effects are being measured. The dissociation of the
specific binding of [PHINMS from each of the receptors has previ-
ously been shown to be first-order and complete in the absence of
allosteric ligands (Ellis et al., 1993). It is difficult to unambiguously
confirm these criteria at very high concentrations of most allosteric
ligands because of the degree to which they slow the kinetics, but we
have not observed any deviations with any of the ligands we have
tested, in agreement with other studies (Matsui et al., 1995). The
data from dissociation assays were treated in the following manner.
The apparent rate constant (k) for the dissociation of the labeled
ligand was determined in the presence of each concentration of
allosteric modulator and divided by the true rate constant (%),
determined in the presence of 3 uM atropine only; thus, a resulting
number of less than one indicates a slowing of the dissociation of the
labeled ligand. The concentrations of modulators used in these stud-
ies are expected to lead to rapid equilibration with the allosteric site.

9

Under these conditions, the concentration-dependent effects of an
allosteric ligand on the dissociation of the labeled ligand should be
proportional to the occupancy of the allosteric site, as previous stud-
ies have confirmed (Ellis and Seidenberg, 1992; Ellis, 1997). There-
fore, data from these experiments were fitted to the following equa-
tion:

Foe A (1)
ko A+ K,y

where A is the concentration of the allosteric modulator, m is the
maximal reduction in the rate constant that can be exerted by the
modulator, and K, is the apparent equilibrium dissociation con-
stant (for the interaction between the modulator and the NMS-
bound or QNB-bound form of the receptor). When allosteric modu-
lators were studied in combination (Figs. 6 and 9), a more general
form of eq. 1 was employed (Ellis and Seidenberg, 1992):

Eons miA, moA,

ke LT A TR0+ AJK,)) A+ K0+ AJK) P

where the parameters are as defined above, except that K, has
been replaced by K for clarity and the subscripts refer to the two
different allosteric modulators present in the assay. Curve-fitting
was carried out with the Scientist (MicroMath, Salt Lake City, UT)
and MLAB (Civilized Software, Bethesda, MD) programs.

Equilibrium Assays. Membranes (approximately 30 ug of pro-
tein) were incubated with [’H]NMS and the indicated concentrations
of alcuronium at 25°C in BBSS for 3 h. Nonspecific binding was
determined by the inclusion of 3 uM atropine in the assay. The
incubation was terminated by filtration, which was conducted as
described above for dissociation assays. Data from these assays were
expressed as the percentage of the specific binding of [PHINMS in the
absence of alcuronium and then plotted.
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Fig. 3. Summary data for dissociation
experiments carried out with wild-
type receptors in Chinese hamster
ovary cell membranes. Data from in-
dividual experiments carried out in 5
mM PB were fitted to the same model
used in Fig. 2 (see Experimental Pro-
cedures) and the means = S.E.M. of
the pK,,, values obtained from the
curve-fitting are plotted for each mod-
ulator and subtype. Where error bars
are not visible, they are smaller than
the symbols. Data represent three to
six experiments. Data for gallamine
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Results

The rates of dissociation of [PHINMS from the wild-type
and chimeric receptors in the absence of allosteric ligands
(ko) have been reported previously (Ellis et al., 1993; Gnagey
et al., 1999). These half-times range from about 5 min at M,
to about 80 min at Mj, and from about 4 min at CR6 to about
180 min at CR2, in 5 mM PB. Dissociation was faster in
BBSS by about 2-fold. The half-time for the dissociation of
[PHIQNB from the M, receptor was about 60 min, as reported
previously (Ellis et al., 1991). The structures of the com-
pounds investigated in these studies are presented in Fig. 1.
Both TMB-8 and alcuronium markedly slow the dissociation
of [PHINMS from all five subtypes of muscarinic receptors
(Fig. 2). In hypotonic phosphate buffer, both modulators have
much higher affinity for the M, subtype than for the M,
subtype. At M,, TMB-8 exerts half-maximal effects at low
micromolar concentrations, whereas alcuronium exerts half-
maximal effects in the low nanomolar range. The subtype
selectivity of TMB-8 is M, > M; = M, > M; = M;. In the
physiological buffer BBSS, alcuronium displays lower affini-
ties, but the relative order of potency is preserved (M, >
M, =~ M, > M,; =~ M;; Fig. 20).

Figure 3 presents summary data for the potencies of nine
allosteric modulators in slowing the rate of dissociation of
[PHINMS from the muscarinic receptor subtypes (in 5 mM
PB). All nine have the highest affinity for M, and the lowest
affinity for the My subtype. The ratios of these affinities
range from about 10-fold for methoctramine, UH-AH 37, and
obidoxime, to more than 1000-fold for alcuronium. The pat-
terns of intermediate affinity also vary. Gallamine’s subtype
selectivities are similar to those described above for TMB-8
and alcuronium: M, > M, ~ M; > My ~ M;. On the other
hand, in the case of d-tubocurarine, the affinities of M;, M,
and M, cluster fairly close to that of My; in the case of THA,
they cluster near the affinity of M,.

The structural bases for the allosteric selectivities of these
modulators were investigated using Mo/M, chimeric recep-
tors. TMB-8 slowed the dissociation of [FHINMS from all of
the chimeric constructs (Fig. 4). All but one of the chimeras
exhibited similar affinities to that of the M, subtype. CR3,
which contained a segment of M, sequence that includes the
extracellular half of TM4, the second outer loop, all of TM5,
and a portion of the third intracellular loop, had nearly as
high affinity for TMB-8 as did the M, subtype (schematic
diagrams of the chimeric receptors are presented in Fig. 5).
Alcuronium exhibited a very similar pattern, with CR3 again
showing dramatically higher affinity than any of the other
chimeric receptors. As in the studies of wild-type receptors,
the affinity of alcuronium was much greater in 5 mM PB
than in BBSS, but the relative difference between CR3 and
the other chimeras was not altered (Fig. 4, B and C).

Summary data for the potencies with which TMB-8, alcu-
ronium, and six other allosteric ligands alter the rate of
dissociation of [PHINMS from the chimeric receptors are
shown in Fig. 5. Most of the ligands exhibit considerable
sensitivity to the sequence in CR3. The two exceptions are
gallamine and UH-AH 37, which have been reported on pre-
viously (Ellis et al., 1993; Ellis and Seidenberg, 1999). Alcu-
ronium, TMB-8, and d-tubocurarine have highest affinity for
CR3, compared with the other chimeras. On the other hand,
verapamil, UH-AH 37, THA, gallamine, and methoctramine

1455

Chimeric Studies of Muscarinic Allosteric Interactions

have highest affinity for CR6. Of these, verapamil and THA
also show considerable preference for CR3, compared with
the remaining chimeras. THA exhibited steep curves at all of
the wild-type receptors, with Hill slopes ranging from 1.3 to
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Fig. 4. Potencies with which alcuronium and TMB-8 slow the rates of
dissociation of [PH]NMS from chimeric muscarinic receptors. Experi-
ments were conducted as in Fig. 2, using the indicated M,/M; chimeric
receptors. Schematic representations of the chimeric receptors are pre-
sented with summary data in Fig. 5. Experiments in panels A and B were
conducted in 5 mM PB, whereas the experiment in panel C was conducted
in BBSS.
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1.7 (data not shown), in agreement with previous studies
(Potter et al., 1989; Ellis and Seidenberg, 1992; Mohr and
Trankle, 1994). All of the chimeric receptors also displayed
steep curves, with Hill slopes in the same range.

The model with which we analyzed the dissociation assays
includes the parameter m, which defines the maximal alter-
ation of the off-rate of the labeled ligand that can be accom-
plished by very high concentrations of a given allosteric li-
gand (see Experimental Procedures). The m values from our
analyses are summarized in Table 1. Our assays were de-
signed to optimize the determination of K, , values, however,
rather than m values, because we place much greater impor-
tance on affinities (see Discussion). For this reason, m values
greater than 0.9 (meaning that the off-rate can be slowed to
less than 10% of control values) are simply listed as “>0.9” in
the Table.

The most unambiguous way to demonstrate that a partic-
ular ligand’s m value is less than one is to use that ligand to
reverse the effect of a more efficacious ligand. Indeed, we
have previously found that obidoxime is only capable of slow-
ing the dissociation of [PHINMS from the M, receptor by
about a factor of 2, whereas gallamine and other allosteric
ligands can slow it to a much greater extent; we were able to
use this property to demonstrate that gallamine and obi-
doxime act at the same site (Ellis and Seidenberg, 1992).
Figure 6 shows that obidoxime has essentially no effect on

the rate of dissociation of [PH]QNB from the M, receptor,
whereas TMB-8 and alcuronium markedly slow that dissoci-
ation and gallamine accelerates it. Obidoxime reverses the
effects of each of the other three ligands in a concentration-
dependent manner. The goodness of fit between the model
and the data in Fig. 6 suggests that these four ligands inter-
act with each other competitively at a common allosteric site
on the M, receptor.

Less detailed experiments have been carried out with the
other ligands. It can be seen in fig. 7A that obidoxime also
reverses the allosteric effects of d-tubocurarine, verapamil,
and THA. Methoctramine itself only partially slows the dis-
sociation of [PH]QNB and, like obidoxime, is capable of re-
versing the effects of other allosteric ligands (Fig. 7B).

Alcuronium was the first allosteric ligand shown to exert
positive cooperativity with a classical muscarinic ligand. In
fig. 8 it can be seen that alcuronium causes a concentration-
dependent increase in the binding of [PH]NMS to the M,
subtype (in BBSS at 25°C, 3 h of incubation). At the highest
concentrations of alcuronium (above 3 uM), the enhancement
disappears and is replaced by an apparent inhibition, due to
the dramatic slowing of the association of [PHJNMS, as pre-
viously demonstrated (Proska and Tucek, 1994). When sim-
ilar experiments were carried out with the chimeric recep-
tors, no positive cooperativity was observed. As in the
dissociation experiments, alcuronium had dramatically

©) Fig. 5. Summary data for dissociation
experiments carried out with chimeric
receptors in COS-7 cell membranes.
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Data from individual experiments
were fitted to the same model used in
0 Fig. 2 (see Experimental Procedures)

and the means + S.E.M. of the pK,,
values obtained from the curve-fitting
are plotted for each modulator and
chimeric receptor. The circled num-
bers represent the chimeric receptors,
schematic representations of which
are shown below the graph; detailed
sequence information is given under
Experimental Procedures. Where er-
ror bars are not visible, they are
smaller than the symbols. In each col-
umn, the bottom and top of the bolded
box represent the pK, , values for the
wild-type My and M, receptors (ex-
pressed in COS-7 cells), respectively.
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The error bars for these wild-type
0‘0 (4 data have been omitted for clarity, but
<6\¢ were always 0.2 or less. The data for
gallamine and UH-AH 37, included
for comparison, have been published
‘00 previously (Ellis et al., 1993; Ellis and
0"' Seidenberg, 1999). Data represent
((‘ three to seven experiments.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

higher affinity for the CR3 construct than for the other chi-
meras; however, even at the lowest concentrations, it only
inhibited the binding of [PH]NMS. Because there is a portion
of the third intracellular loop that was not swapped in the set
of My/M; chimeras, we also investigated a chimeric receptor
that was composed of M, sequence everywhere except for the
third intracellular loop, which was made up of M; sequence.
This chimeric receptor had the same intrinsic dissociation
rate for [PFHINMS as did the M, receptor (a half-time of about
2 min in BBSS). The effects of alcuronium at this chimeric
receptor were the same as at the M, receptor in both pseudo-
equilibrium assays and dissociation assays (Fig. 9). However,
the affinity of the agonist carbachol at CR7 was significantly
reduced compared with M, (data not shown), as expected
(Wess et al., 1990).

Discussion

Many compounds have been demonstrated to allosterically
modulate the binding of classical ligands to muscarinic re-
ceptors; these modulators represent multiple pharmacologi-
cal classes, as well. For the present study, we chose an array
of modulators that span different classes and present a va-
riety of structural features. A number of our choices are best
known for other cholinergic properties, such as nicotinic re-
ceptor antagonism (alcuronium, gallamine, d-tubocurarine)
or interaction with acetylcholinesterase (THA, obidoxime).
Verapamil and TMB-8 are better known as blockers of calci-
um-dependent signaling. Methoctramine and UH-AH 37
were introduced as (competitive) muscarinic ligands before
their allosteric properties were known. Interestingly, all of
these diverse ligands display greatest allosteric affinity to-
ward the M, subtype and lowest allosteric affinity toward
Mj;, although their absolute affinities for these subtypes and
the ratios of these affinities vary widely. Thus, chimeric
receptors composed of segments of M, and My sequence are
the most promising tools with which to investigate subtype-
specific epitopes that affect the selectivities of these com-
pounds.

The chimeric receptors tested were all predominantly My
sequence, with the amount of sequence donated by the M, gene
ranging from about 6% (CR4) to almost 30% (CR5) of amino acid
residues; of course, there is also a great deal of conservation of
sequence among the muscarinic receptors (Jones et al., 1992).

TABLE 1
Summary of m values obtained from analysis of dissociation assays
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Most of the ligands studied were sensitive to only one or two of
the chimeric substitutions. For example, alcuronium exhibited
much greater affinity toward CR3 than toward any of the other
chimeras; the affinities of the remaining chimeras were essen-
tially the same as the M; receptor. TMB-8 was also uniquely
sensitive to CR3. Gallamine has previously been found to be
sensitive to the sequence highlighted in CR4; that entire se-
quence is also included in CR6 (Ellis et al., 1993). Subsequent
studies have found that the residue in the CR4 region that is
responsible for the enhancement of gallamine’s affinity appears
to be an asparagine in the third outer loop, at M,*'® (Gnagey et
al., 1999). Somewhat paradoxically, the affinity of gallamine
has also been shown to be sensitive to an epitope in the second
outer loop, yet it is not sensitive to CR3, which includes this
region (Ellis et al., 1993; Leppik et al., 1994). The explanation
appears to be that both My and M, contain the essential se-
quence, whereas the M; subtype lacks it (Gnagey et al., 1999).
Thus, those ligands that display sensitivity to CR3 are likely to
be sensitive to residues other than those that affect gallamine’s
affinity.

Verapamil, UH-AH 37, and THA were all sensitive to CR6,
but not to CR1 or CR4. This suggests that the residue(s) respon-
sible for these sensitivities lie between the top of TM7 and the
carboxyl terminus of the receptor (see schematics in Fig. 5).
Previous studies of UH-AH 37 have revealed that its subtype
specificity depends on whether it is measured at equilibrium or
in dissociation assays. The results of several independent ex-
perimental approaches suggested that UH-AH 37 interacts
both competitively and allosterically with muscarinic receptors
(Ellis and Seidenberg, 1999). Mutational studies have indicated
that the subtype selectivity of the competitive interaction is
caused by an epitope within the CR4 region, specifically a thre-
onine residue in the middle of TM6 that is present in every
mammalian subtype except M,, which has an alanine (M,*°")
at this position (Ellis and Seidenberg, 2000). As noted above,
the epitope responsible the allosteric subtype selectivity of
UH-AH 37 lies outside of the CR4 region.

With the possible exception of methoctramine, none of the
allosteric ligands were very sensitive to substitutions in the
N-terminal half of the receptor. The methoctramine data is
difficult to interpret, however, because of the broad sensitivity
and the small magnitudes of the effects. This suggests that the
C-terminal half of the receptor plays the major role in generat-

The upper portion of the table refers to receptors expressed in CHO cells, while the rest of the table refers to receptors expressed in COS-7 cells. The data are the means +
S.E.M. from three or more determinations, except for the UH-AH 37 data, which are from two to three determinations. See text for further discussion.

Alcuronium

(BBSS) Alcuronium d-Tubocurarine Methoctramine  Obidoxime THA TMB-8 Verapamil UH-AH 37 Gallamine
M, >0.9 N.D. 0.88 = 0.04 >0.9 0.72 = 0.03 >0.9 >0.9 >0.9 0.76 = 0.06 >0.9
M, >0.9 >0.9 >0.9 >0.9 0.67 = 0.06 >0.9 >0.9 >0.9 0.88 = 0.04 >0.9
M, 0.86 = 0.09 N.D. >0.9 >0.9 0.69 = 0.08 >0.9 >0.9 >0.9 0.73 = 0.08 >0.9
M, >0.9 N.D. >0.9 >0.9 0.79 = 0.02 >0.9 >0.9 >0.9 >0.9 >0.9
M, 0.84 = 0.10 >0.9 >0.9 0.79 = 0.02 0.64 = 0.03 >0.9 0.86 = 0.09 >0.9 0.66 = 0.12 0.82 = 0.05
M, >0.9 >0.9 >0.9 >0.9 N.D. >0.9 >0.9 >0.9 >0.9 >0.9
M, 0.74 = 0.11 >0.9 0.88 = 0.06 0.67 = 0.08 N.D. >0.9 0.71 £0.10 081 *0.12 0.72*+0.14 0.75 = 0.06
CR1 0.84 = 0.09 >0.9 0.88 = 0.06 0.64 = 0.11 N.D. >0.9 >0.9 0.79 = 0.11 >0.9 >0.9
CR2 0.83 = 0.06 >0.9 0.86 = 0.11 0.68 = 0.06 N.D. 0.78 =0.10 0.74 =0.05 0.79 = 0.09 >0.9 >0.9
CR3 >0.9 >0.9 0.84 = 0.03 0.75 = 0.06 N.D. >0.9 >0.9 >0.9 >0.9 >0.9
CR4 0.69 = 0.07 >0.9 0.89 = 0.06 0.77 = 0.07 N.D. >0.9 0.69 = 0.08 0.82 = 0.17 >0.9 >0.9
CR5 >0.9 >0.9 0.85 = 0.02 0.76 = 0.06 N.D. 0.83 = 0.04 >0.9 >0.9 >0.9 0.72 = 0.07
CR6 >0.9 >0.9 >0.9 >0.9 N.D. >0.9 >0.9 >0.9 >0.9 >0.9

N.D., not determined.
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ing subtype-selectivity and, coupled with evidence that musca-
rinic allosteric ligands probably bind to the most extracellular
portions of the receptor (Jakubik and Tucek, 1994; Gnagey et
al., 1999), focuses attention on the second outer loop and the
tops of TM4 and TM5 and on the top of TM7. THA is sensitive
to both of these regions. The steepness of the binding curves for
THA suggests that it may interact with more than one allosteric
site, including the possibility that its binding is sensitive to
receptor dimerization (Potter et al., 1989).

Although there are at least some differences between the
epitopes that modify the binding of gallamine and those that
affect alcuronium and TMB-8, obidoxime was able to reverse
the effects of all three ligands on the dissociation of [PH|QNB
(Fig. 6). The goodness of fit obtained (for the family of curves)
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Fig. 6. Reversibility by obidoxime of the allosteric effects of alcuronium,
gallamine, and TMB-8 on the rate of dissociation of [PHIQNB from M,
muscarinic receptors. Experiments were conducted in 5 mM PB as in Fig.
2, except that receptors were prelabeled with [*H]QNB before the initia-
tion of dissociation. The concentration of obidoxime was titrated in the
presence of 1 uM gallamine (M), 10 uM TMB-8 (4), 0.1 or 0.3 uM
alcuronium (A), or by itself (@). Alcuronium, gallamine, and TMB-8 were
also titrated by themselves, as indicated by the open symbols. The entire
set of data (both panels) was simultaneously fitted to model 2 (see
Experimental Procedures) for the interactions of multiple modulators at a
single allosteric site. The curves shown are all based on the following set
of best-fit parameters: obidoxime, m = 0.0062, K, ,, = 36 uM; alcuronium,

= 0.99, K,,, = 0.13 uM; gallamine, m = —1.02, K, = 0.27 uM;
TMB 8, m =0.90, K, = 4.0 uM.

with a single value of the apparent affinity of obidoxime
suggests that all four of these ligands are interacting com-
petitively at the allosteric site; presumably, like gallamine,
alcuronium and TMB-8 will be found to interact with extra-
cellular portions of the receptor. Similar but less extensive
data suggest that the other small ligands also interact with
the same common allosteric site.

Most of the data presented in this report were obtained
from dissociation assays. The dissociation assay provides the
advantage that it reflects only allosteric interactions. How-
ever, it determines the affinity of these ligands for the NMS-
bound receptor. Equilibrium studies are required in order to
estimate the affinity of allosteric ligands for the unliganded
receptor, but they can be misleading for ligands that also
interact competitively at the receptor, as we have shown for
UH-AH 37 (Ellis and Seidenberg, 1999, 2000). Allosteric li-
gands that exhibit positive cooperativity are less likely to be
confounded, and alcuronium is believed to interact purely
allosterically with muscarinic receptors (Proska and Tucek,
1995). Data from equilibrium and dissociation assays both
indicate that the binding of alcuronium is sensitive to an
epitope in the region of the CR3 substitution, which includes
part of TM4, all of the second outer loop, all of TM5, and a
portion of the third inner loop. Most of the present assays
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Fig. 7. Ability of obidoxime and methoctramine to reverse the effects of
other allosteric ligands on the rate of dissociation of [PHIQNB from M,
muscarinic receptors. Experiments were conducted as in Fig. 6, using
single concentrations of each ligand. A, 300 uM obidoxime was able to
significantly reverse the effects of 300 uM d-tubocurarine, 100 uM vera-
pamil, and 100 uM THA on the rate of dissociation of [PHIQNB from M,,
receptors. B, 100 uM methoctramine exerts a partial effect on the off-rate
of PHIQNB and is able to significantly reverse the effects of 100 uM
verapamil, 100 uM THA, and 10 uM TMB-8. Bars represent the mean *+
S.E.M. for two to three experiments.
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were also performed in a hypotonic buffer in which the affin-
ities of many muscarinic ligands, both allosteric and classi-
cal, are significantly greater than they are in physiological
buffers (Birdsall et al., 1979; Ellis et al., 1991; Waelbroeck,
1994; Trankle et al., 1996). Nonetheless, we would expect the
epitopes involved in the binding of most ligands to be inde-
pendent of the ionic strength of the assay, and that expecta-
tion has been upheld for alcuronium (see Fig. 4) and gal-
lamine (Gnagey et al., 1999).

In our studies of pseudoequilibrium binding, alcuronium
interacted with [PH]NMS in a positively cooperative manner
at the M, subtype, but did not enhance [*HINMS binding at
the M; or My subtypes, in agreement with previous reports
(Jakubik et al., 1995). Similar studies of the chimeric recep-
tors found that, as in the dissociation studies, CR3 exhibited
much higher affinity toward alcuronium than did the other
chimeric receptors; however, alcuronium was not positively
cooperative with NMS at any of the chimeric receptors. Be-
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Fig. 8. Effects of alcuronium on the binding of [’H]NMS to wild-type (A)
and chimeric (B) receptors under pseudoequilibrium conditions. Mem-
branes containing the indicated receptors were incubated in BBSS with
0.05 nM [*HINMS for 3 h at 25°C, in the presence or absence of the
indicated concentrations of alcuronium. The specific binding determined
at each concentration of alcuronium is expressed as the percentage of that
found in the absence of alcuronium (B,). The data shown are represen-
tative of two to four similar experiments. See Fig. 5 for schematic repre-
sentations of the chimeric receptors.
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cause our M,/M; chimeric receptor series covers the receptor
expanse comprehensively everywhere except the third inner
loop, we also examined an My/M; chimeric receptor in which
the third inner loop of the M, receptor is replaced by the
homologous sequence of M, (the binding of alcuronium is
very similar at the M; and My subtypes, as illustrated in
Figs. 2 and 8). This M,/M; chimeric receptor did not differ
significantly from the M, receptor in equilibrium or dissoci-
ation studies, implying that the third inner loop dictates
neither alcuronium’s affinity nor cooperativity.

Our inability to confer positive cooperati