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ABSTRACT. Muscarinic receptors of the m2 subtype expressed in Chinese hamster ovary cells were labeled
with [methyl-*Hlacetylcholine( [*HJACh), and the rate of dissociation in the presence and absence of several
compounds known to exert allosteric effects on labeled antagonist binding was observed. At 25°, PHJACh
bound to the receptors with a K; of 1.2 nM and dissociated with a half-time of 1.6 min. This binding was
sensitive to appropriate concentrations of guanine nucleotide and the muscarinic antagonist N-
methylscopolamine (NMS). Gallamine, tetrahydroaminoacridine, physostigmine, obidoxime, and 3,4,5-
trimethoxybenzoic acid 8-(diethylamino)octyl ester (TMB-8) all inhibited the binding of PH]ACh and all
slowed the rate of dissociation of PHJACh in a concentration-dependent manner. However, the nature of some
of the allosteric effects differed from previous studies that used other labeled ligands. In particular, TMB-8, which
is very effective in slowing the dissociation of the antagonist PHJNMS, had much weaker effects on the
dissociation of [PHJACh. Furthermore, TMB-8 was able to partially reverse the stronger effects of gallamine on
the dissociation of PHJACh, consistent with the possibility that TMB-8 and gallamine share a common site on
the receptor. In summary, the binding of ACh to muscarinic receptors is subject to allosteric regulation, and
assays using PHJACh may be especially useful in the evaluation of potential allosteric regulators of muscarinic
systems. Copyright © 1996 Elsevier Science Inc. BIOCHEM PHARMACOL 52;11:1767-1775, 1996.
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Muscarinic cholinergic receptors belong to the class of G been made to identify highly selective pharmacological
protein-coupled seven transmembrane receptors and are ex- agents that would be able to identify each muscarinic sub-
pressed in the central nervous system, smooth and cardiac type from a mixture of subtypes, but that goal remains elu-
muscle, and glands. Although these receptors are found in sive [8]. Nonetheless, when data from many somewhat se-
many different cells exerting distinct effects, they all re- lective antagonists are pooled, good correlation exists
spond to the endogenous agonist ACh.§ Earlier pharmaco- between a given cloned receptor subtype and its corre-
logical evidence for heterogeneity in these receptors culmi- sponding pharmacologically defined subtype [8]. There are
nated in the demonstration by Hammer et al. [1] that piren- other distinguishing features, as well. For example, NMS
zepine binding was best explained by the existence of displays fairly constant affinity across the subtypes, but its
muscarinic receptor subtypes. Five subtypes (m1-m5) have rate of dissociation varies in a characteristic manner [9, 10].
been identified by molecular cloning [2-5] and found to be Characterization of these receptors with regard to their
differentially distributed in peripheral tissues. For example, binding kinetics, anatomical distribution, and pharmacol-
while all subtypes have been detected in the brain [6], only ogy has been carried out largely with competitive antago-
the m2 muscarinic subtype is expressed in cardiac tissue [7]. nists such as NMS and QNB. These radiolabeled antago-
Although the five subtypes share similar affinities to an- nists are technically convenient to use because they are
tagonists such as atropine and NMS, other antagonists can stable, have high affinity, label all receptors regardless of
differentiate between certain subtypes. Much effort has state, and have low non-specific binding. In addition to

compounds that compete with ACh, there are other sub-
stances that bind at a separate, allosteric site on the recep-
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QNB, quinuclidinyl benzilate; PHJACh, [methyl->H)acetylcholine; TMB- with competitive interactions [ 1. However, it was not

8, 3,4,5-trimethoxybenzoic acid 8-(diethylamino)octyl ester; AChE, ace- until recently that this effect of gallamine was studied in

tylcholinesterase (EC 3.1.1.7); THA, 9-amino-1,2,3,4-tetrahydroacridine; more detail, facilitated in part by the ability to express

CHO-K1 cells, Chinese hamster ovary cells; hm2, human muscarinic re- individuall 1 d d b h
ceptor subtype 2; and PB, sodium-potassium phosphate buffer. individually cloned or mutated receptor subtypes. It has
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regulation [9], and that gallamine and other allosteric
modulators do, in fact, act at a well-defined site {13, 14].
Other studies have begun to define the regions involved in
muscarinic allosteric regulation [15-18].

The affinity of a ligand at a single site on a receptor is
simply dependent upon receptor and ligand; generaliza-
tions, therefore, can be made between various ligands that
interact competitively at this site. Allosteric parameters, on
the other hand, are more complex in that the degree of
cooperativity is necessarily unique for each pair of allosteric
ligands that can bind simultaneously to the receptor. How-
ever, most studies on allosteric regulation of muscarinic
receptors have utilized labeled QNB or NMS for binding to
the primary site. Because of the uniqueness of cooperativity
factors and because ACh is the endogenous ligand, we
chose to investigate interactions between [PHJACh and a
representative group of previously characterized allosteric
modulators. We began this work with the m2 subtype be-
cause it has the highest affinity for muscarinic agonists and
also for most allosteric modulators [8, 9, 19]. We found that
the binding of ACh is subject to allosteric modulation and
that, in general, modulators exerted effects similar to those
previously reported in studies that used the antagonist
NMS. Nonetheless, the discrepancies that we observed em-
phasize the point that parameters established using another
muscarinic ligand, whether antagonist or agonist, cannot be

assumed to hold true for ACh.

MATERIALS AND METHODS
Materials

[PHJACh and ["*C]ACHh, specific radioactivity 60 Ci/mmol
and 57.4 mCi/mmol, were obtained from American Radio-
labeled Chemicals, Inc. (St. Louis, MO) and New England
Nuclear (Boston, MA), respectively. Atropine sulfate, gal-
lamine triethiodide, physostigmine hemisulfate (eserine),
TMB-8, AChE Type V-8 from electric eel, and GDP were
obtained from Sigma (St. Louis, MO}, obidoxime chloride
was purchased from Schweizerhall (South Plainfield, NJ),
and THA. was obtained from Research Biochemicals, Inc.
(Wayland, MA).

Cell Culture

CHO-K1 cells transfected with the hm2 muscarinic recep-
tor subtype [20] were used throughout this study. Cells were
grown in F-12 nutrient medium (HAM, with L-glutamine)
from Sigma supplemented with 5% fetal bovine serum
(GIBCO, Grand Island, NY), 100 U/mL penicillin G, and
100 pg/mL streptomycin (Sigma) in a humidified incubator
at 37° and 5% CO,.

Membrane Preparation

Cells were grown to 70-90% confluency in 15-cm plates
(Falcon), washed with Dulbecco’s phosphate-buffered sa-
line (GIBCQ) containing no divalent cations, scraped into
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cold 5 mM PB (4.2 MM sodium phosphate and 0.8 mM
potassium phosphate, pH 7.2), and homogenized three
times for 15 sec on ice with a Bio-homogenizer (Biospec
Products, Inc., Bartlesville, OK). Membranes were pelleted
at 30,000 g, resuspended so that the protein concentration
was 0.5 to 1.0 mg/mL, and stored frozen at —80° in PB.
Protein was determined using the method of Lowry et al.

[21].

Binding Assays

To measure the binding of PHJACh, membranes (15-60
p.g protein), drugs, and radioligand were made up in 5 mM
PB and incubated for 18 min at 25° in a total volume of 1
mL. Samples were filtered on glass fiber filters GF/B (What-
man) presoaked in 0.2% polyethyleneimine, 40 mM PB for
30 min prior to filtration. Each sample was diluted with 5
mL of 40 mM PB at 4°, filtered immediately, and rinsed
twice with an additional 5 mL PB. Filters were dried and
counted by liquid scintillation. Specific binding was de-
fined as that displaced by 3 wM atropine; non-specific bind-
ing was <10% of total binding.

Equilibrium Inhibition Studies

To measure inhibition of binding under equilibrium con-
ditions, membranes were incubated for 18 min at 25° in the
presence of 1.5 nM [PH]JACh and increasing concentrations
of unlabeled NMS, GDP, or various drugs. Contrary to
previous studies with NMS, the approach to equilibrium
was not affected markedly by the addition of allosteric
modulators. For example, equilibrium binding of PHJACh
was achieved within 2 min both in the absence and pres-
ence of the concentration of gallamine that inhibited 50%
of [PHJACh binding. Samples were filtered and counted as
described above, and data from these studies were fitted to
the four-parameter logistic equation: y = R + (L = R)/[1 +
(X/C)®] where L is an estimate of the left plateau, R the
right plateau, X the concentration of inhibitor, C the con-
centration at the midpoint, and S the slope factor at the
midpoint [22].

Dissociation Studies

For studies of the modulation of the rate of dissociation of
[PHJACh, membranes were first equilibrated with PH]ACh
in a volume of 1 mL. Appropriate concentrations of allo-
steric modulators were then added along with 3 uM atro-
pine. Samples were filtered at specific times after addition
of the allosteric modulator, and binding was quantified as
described above. Data from dissociation assays were ana-
lyzed in the following way: The apparent rate constant for
the dissociation of PHJACh was determined in the pres-
ence of each concentration of allosteric modulator and di-
vided by the true rate constant (k_;), determined in the
presence of 3 WM atropine alone. The resulting value was
the fold-shifr in the off-rate, such that a number greater
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than 1.0 would indicate dissociation faster than that ob-
served with atropine alone while a slower dissociation rate
would have a value less than 1.0. The change in rate of
dissociation would be proportional to the occupancy of the
allosteric site. Therefore, the data were fitted to the follow-
ing equation [14]: FS = 1 - mL/(L + K), where FS is the
fold-shift, described above, L is the concentration of allo-
steric ligand, m relates to the maximal effect of that ligand
on the off-rate of ACh (for example, when m is 0.8, the
off-rate is reduced by 80%, or to 20% of the control value),
and K is the apparent equilibrium dissociation constant for
that ligand. Curve-fitting was carried out with the MINSQ
program, MicroMath, Salt Lake City, UT.

AChE Assay

AChE was assayed using the method described by Younkin
et al. {23], in 5 mM sodium phosphate buffer, pH 7.0. The
reaction was initiated by the addition of 50 uL of ["*C]ACh
such that the final concentration was 134 nM and incu-
bated at 25° (total volume of 250 pL). Hydrolysis of
[**CJACh was stopped after 15 min by the addition of 1 mL
of 0.25 M glycine, 1.0 M NaCl, pH 2.5. Four milliliters of
10% isoamyl alcohol in Econofluor-2 (NEN) was added,
and samples were shaken to extract ['*Clacetate into the
non-aqueous phase. To determine the relationship between
['*C] acetate present and disintegrations per minute mea-
sured, a triplicate set of samples was run with 0.002 U of
AChE, an amount capable of complete hydrolysis of
["*C]ACh under these conditions.

RESULTS
Acetylcholinesterase Activity in Membranes

In preliminary studies of interactions between ACh and
allosteric modulators, we included physostigmine to ensure
that the [PHJACh ligand would not be hydrolyzed by any
endogenous AChE that might be in the membranes con-
taining the receptors. However, this resulted in variable
binding of ACh that correlated with the concentrations of
physostigmine in the assays. This prompted us to assay es-
terase activity, since AChE is expressed to varying degrees
in a wide range of cells. Results in Table 1 show that mem-
branes from transfected cells hydrolyzed less than 1% of the
total ACh available for hydrolysis under our typical binding
assay conditions. Since esterase levels were low, and phy-
sostigmine affects the binding of ACh to muscarinic recep-
tors (see below), AChE inhibitors were omitted from all
assays described in the present report, unless otherwise
noted.

[?’H]JACh Binding

Specific binding of PH]ACh in membranes containing the
hm2 receptor reached equilibrium within 2 min (not
shown) and was saturable over a concentration range of 250
pM to 16 nM. Data averaged from five experiments showed
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TABLE 1. Acetylcholinesterase activity in CHO wild-type
and CHOm2 cell membranes

ACh hydrolyzed

(fmol/min)

hm?2 cell membranes

30 pg 7

52.5 ng 13

135 pg 25
CHO parental

30 pg 6

52.5 pg 25

135 pg 37

AChE activity was measured under conditions similar to those in the binding assays,
pH 7.0, 25°, and 5 mM sodium phosphate buffer. Triplicate disintegrations per
minute measurements were averaged, corrected for nonenzymatic hydrolysis, con-
verted to femtomoles of ['*Clacetate generated during the assay, and expressed as
femtomoles of acetylcholine hydrolyzed per minute. (Under these conditions, 2 mU
of AChE completely hydrolyzed the ['*CJACh.) The data shown are from one of two
similar experiments.

the maximal binding capacity (B,,,) to be 0.692 + 0.021
pmol/mg protein and the equilibrium dissociation constant
(Ky) to be 1.17 + 0.29 nM. A representative experiment is
shown in Fig. 1. PHJ]NMS binding in these membranes
averaged 1.4 + 0.05 pmol/mg protein (average of four ex-
periments, data not shown). The Tx/z for dissociation of
PHJACH from the receptor was 1.6 + 0.2 min; in the rep-
resentative experiment shown in Fig. 2, it can be seen that
dissociation in the presence and absence of gallamine fol-
lowed a monoexponential time course.

Verification of Binding to the Muscarinic Receptor

Specific PHJACh binding was undetectable in membranes
from CHO cells that had not been transfected with the
receptor (results not shown). Specific [PHINMS binding
was also undetectable in these membranes, as reported pre-
viously by Bonner et al. [4]. In membrane preparations with
the expressed receptor, binding of PHJACh was sensitive to
guanine nucleotides (Fig. 3A). GDP reduced the specific
binding of PHJACh with an I1Cs, of 0.7 uM. In Fig. 3B,
NMS displaced the binding of 1.7 nM [PHJACh with a K,
of 0.104 nM.

Allosteric Modulation of [P’H]JACh Binding

In equilibrium studies, membranes were incubated for 18
min in the presence of PH]JACh and increasing concentra-
tions of the following drugs: gallamine, obidoxime, THA,
physostigmine, and TMB-8. In all cases, the allosteric
modulators decreased the specific binding of ["H]ACh. The
modulators inhibited the binding of PH]JACh with the fol-
lowing order of potency: gallamine > TMB-8 > THA >
obidoxime > physostigmine (Fig. 4). Data from these ex-
periments were fitted to a parametric function to derive
best estimates of the ICso and slope factor. In Table 2, these
parameters are presented as means * SEM from three ex-
periments. The allosteric modulators shown in Fig. 5 all
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FIG. 1. Binding of [?’H]JACh to the m2 muscarinic receptor
subtype under equilibrium conditions. Membranes (31 pg)
from CHO cells transfected with the hm2 receptor were
incubated with increasing concentrations of [*’H]JACh for 18
min at 25° and then filtered as described in Materials and
Methods. The equilibrium dissociation constant, K, and
maximal binding capacity, B,,,,,, were derived using the fol-
lowing equation: B = B_ . L/(L + K;) where B is the specifi-
cally bound [*H]JACh, B,_,,, is the maximal binding capac-
ity, K, is the dissociation constant for [?’H]ACh, and L is the
concentration of [’ HJACh. Data from this experiment (rep-

resentative of five) vielded a Kd of 1.14 nM and a B, of
0.625 pmol/mg protein.

-

slowed the dissociation rate of ACh, with the following
order of potency: gallamine > TMB-8 > THA > obidoxime
and physostigmine. THA slowed the dissociation rate of
ACh by 80% at maximally effective concentrations. Gal-
lamine and physostigmine were intermediate, slowing the
rate by 70%, whereas obidoxime slowed the rate by only
54%. The effects of these modulators on the dissociation of
PH]ACh are comparable to their effects in previous studies
with [PHINMS (see Discussion). However, the effects of
TMB-8 on the dissociation of these two ligands were quite
different (Fig. 6). That is, TMB-8 has been found to be
considerably more potent in assays with [PHJNMS [14] and
to exert a greater maximal effect, relative to PHJACh as-
says (present study). Analyses of the dissociation assays are
summarized in Table 3.

Reversal of the Allosteric Effect of Gallamine by TMB-8

As in the above experiments, both gallamine (1 wM) and
TMB-8 (100 uM) decelerated the dissociation of [PHJACh
from the receptors. Gallamine slowed the rate of dissocia-
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FIG. 2. Rate of dissociation of [’HJACh from m2 muscarinic
receptors. Membranes (50 pg in 5 mM phosphate buffer)
were incubated with 1.5 nM [?’H]ACh for 15 min at 25°. A
final concentration of 3 pM atropine was added (with gal-
lamine, where indicted) and, at indicated time points,
samples were filtered as described in Materials and Methods.
Points were fit to the exponential equation;: B = Bye™™*
where k is the rate constant for the dissociation. In this
experiment (representative of three), B, was 3900 dpm for
all three curves; k was 0.60 min~! in the absence of galla-
mine, corresponding to a half-time of 1.2 min; in the pres-
ence of 0.3 and 3 pM gallamine, the half-times were 2.2 and
6.0 min, respectively.

tion by about 70%, whereas TMB-8 slowed it by only about
28%. Most interestingly, the addition of both agents did
not produce an additive effect, but rather slowed the dis-
sociation by 42%, a significantly smaller effect than that
produced by gallamine alone (Fig. 7). That is, the presence
of TMB-8 accelerated the dissociation when used in com-
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FIG. 3. Inhibition of specific [>’HJACh binding to m2 recep-
tors. (A) Membranes (56 pg in 5 mM phosphate buffer)
were incubated with 4.9 nM [*H]ACh and indicted concen-
trations of GDP for 18 min at 25°. Samples were then fil-
tered as described. Specific binding was defined as that dis-
placed by 3 pM atropine. Points are means of duplicate
values fit to the four-parameter sigmoidal equation de-
scribed in Materials and Methods. GDP reduced the binding
of [P HJACh with an ics, of 0.7 pM. (B) Membranes (36 pg
in 5 mM phosphate buffer) were incubated with 1.73 nM
[PHJACh and indicated concentrations of NMS for 18 min
at 25° and then filtered as described. Points are means of
triplicate determinations fit to the four-parameter equation
described in Materials and Methods. The 1c5, for NMS
displacement of [’ H]ACh was 0.26 nM so that the K,
corrected for the concentration of labeled ligand, was
0.104 nM.
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FIG. 4. Effect of allosteric modulators on the binding of
[?’HJACh to m2 muscarinic receptors at equilibrium. Mem-
branes were added to [P HJACh (1.5 nM final concentration)
and the indicated concentrations of allosteric modulators,
and then allowed to come to equilibrium over 18 min at 25°.
Specific binding in the absence of inhibitor was approxi-
mately 2500 dpm. Each point is the average of duplicate
determinations from three experiments. Data were fit to the
four-parameter equation described in Materials and Meth-
ods. The ic5, values were as follows: gallamine, 3.3 nM;
obidoxime, 2.6 pM; physostigmine, 51 pM; THA, 0.85 pM;
and TMB-8, 92 nM. The average IC5, and S values from
three experiments are listed in Table 2.

DISCUSSION
Characteristics of [PHJACh
Binding to Cloned Muscarinic Receptors

Reversible high affinity binding of [PHJACh to membrane
preparations of CHO cells transfected with the hm2 recep-
tor was observed. The following evidence demonstrates the
muscarinic nature of this binding. First, in untransfected
control cells, no specific binding was detectable. Second,
the K; and B,,,, values that were obtained for PHJACh
were consistent with competition studies utilizing
PHINMS and unlabeled ACh. That is, in the present study,
approximately 50% of the sites labeled by PHINMS could
be labeled by [PH]ACh, with an affinity of about 1 nM (see
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TABLE 2. 1C5, and S values for allosteric modulators on the
binding of [’ HJACh to m2 muscarinic receptors at equilib-
rium

1IC54 (nM) S (slope factor)
Gallamine 55+1.3 0.65 + 0.07
Obidoxime 2,900 + 600 1.17 £ Q.11
Physostigmine 55,000 + 1,200 0.97 £ 0.07
THA 820 + 260 1.54 £ 0.18
TMB-8 110 £ 20 0.91 +£0.11

In each case, the parameters are given as the means + SEM from three independent
experiments, analyzed individually as described in Materials and Methods.

Results); in the competition studies, unlabeled ACh inhib-
ited 50% of the binding of PHINMS at low nanomolar
concentrations (results not shown). Third, NMS displaced
PHJACh binding with a K; of 0.1 nM, in good agreement
with literature values for the affinity of NMS. Finally, bind-
ing of agonists to muscarinic receptors has been shown
repeatedly to be modulated by guanine nucleotides [24-29].
The conversion of high- to low-affinity states induced by
guanyl nucleotides is only partial for muscarinic receptors,
although other receptors, including B-adrenergic receptors

Fold-shift
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FIG. 5. Effect of allosteric modulators on dissociation of
[*H]JACh from m2 muscarinic receptors. The rate of disso-
ciation of [*HJACh was determined in the presence and
absence of indicated concentrations of gallamine, obidox-
ime, physostigmine, or THA. The effect of each modulator
is expressed as a fold-shift in the dissociation rate constant of
[*H]ACh. Each point is the average of duplicate determina-
tions from three experiments. Data were fit to the equation
described in Materials and Methods. Best fit values were:
gallamine, K, = 0.11 pM, m = 0.73; obidoxime K, = 26
M, m = 0.55; physostigmine, K, = 29 pM, m = 0.69;
THA, K, = 11 pM, m = 0.79. The average values from
three experiments are shown in Table 3.
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FIG. 6. Effect of TMB-8 on dissociation of [’HJACh and
[*HINMS from m2 muscarinic receptors. The rate of disso-
ciation of [’HJACh was determined in the presence and
absence of the indicated concentrations of TMB-8. The ef-
fect of TMB-8 is expressed as the fold-shift in the dissocia-
tion rate constant of [*’HJACh from m2 muscarinic recep-
tors as described in Materials and Methods. Data points are
averages of duplicate determinations from three different
experiments (+SEM) and fit to the same equation as in Fig.
5. The curve shown represents the best fit to the aggregated
data; the values were K, ,, = 47 pM, m = 0.31. The average

values for K,,, and m from the analysis of individual ex-

periments are shown in Table 3. For comparison, the dashed
line represents the effect of TMB-8 on the rate of dissocia-
tion of [*H]NMS (taken from Ref. 14).

exhibit complete conversion [25]. The hm2 receptors in
this study were sensitive to guanyl nucleotides; GDP re-
duced high-affinity PHJACh binding by more than 80%,
with an ICs5, of 0.71 pM. Gurwitz et dl. [28] and Kellar et al.
[27] also reported partial conversion of muscarinic receptors
from high- to low-affinity states by similar concentrations
of guanyl nucleotides in rat heart atrium and in tissues rich
in M2 receptors, respectively. Therefore, the kinetics and
regulation by guanyl nucleotides of these cloned receptors
indicate that the [PHJACh binding sites are the endogenous
ligand recognition sites of high-affinity muscarinic recep-
tors.

Acetylcholinesterase Activity in Membranes

The muscarinic acetylcholine receptors and acetylcholin-
esterase are structurally unrelated proteins that share a
common property: interaction with acetylcholine. Musca-
rinic receptor activation by ACh binding results in a vari-
ety of responses due to interaction with second messengers,
while AChE hydrolyzes ACh. Since this enzyme is found in
virtually all tissues where ACh receptors are expressed,
studies that rely on tissues as a receptor source must utilize
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an esterase inhibitor to prevent hydrolysis of the ligand and
determine whether the inhibitor itself affects binding of the
ligand. In fact, four of the five allosteric modulators used in
this study are known to affect the activity of AChE. Early
attempts to measure muscarinic binding sites with P’HJACh
were compromised by high non-specific binding, low total
binding and low specific radioactivity of the available li-
gand. These problems have been ameliorated by the com-
mercial availability of ACh with high specific activity and
soaking filters in polyethyleneimine, which minimizes non-
specific binding. However, the residual problem of endog-
enous AChE activity still requires consideration. One ap-
proach is to include AChE inhibitors in the assay, but at
concentrations effective in inhibiting the esterase, the spe-
cific binding of P’HJACh may also be inhibited. Alterna-
tively, in many tissue studies, irreversible inhibitors of the
esterase have been used in a preincubation; residual free
drug is then washed away prior to the assay. Of course, if the
tissue lacks esterase activity, inhibitors can be avoided al-
together. Since we were using cloned receptors in CHO
cells, we measured the AChE activity to determine whether
inclusion of inhibitors was necessary. Under conditions
used in our assays, the total amount of [M*CJACh hydro-
lyzed by the membranes containing receptors was less than
1% (Table 1). If significant AChE was present in mem-
brane preparations, the addition of low concentrations of
physostigmine (or any other inhibitor) would be expected
to cause an increase in [PTHJACh binding. Our results in Fig.
4 confirm the lack of esterase activity since neither physo-
stigmine nor THA increased the binding of ["HJACh at

any concentration.

Interaction of Allosteric Modulators with

[PHJACh and Comparison with Modulation

of PHINMS

All of the modulators that we tested inhibited the binding
of PHJACh under equilibrium conditions (Fig. 4), implying
that they were negatively cooperative toward ACh. We and
others have commonly employed the paradigm of modula-
tion of the rate of dissociation, because it is a purely allo-
steric assay. Our analysis of these experiments yields two
parameters: the affinity of the modulator for the liganded
receptor (Kapp) and the maximal effect of the modulator on
the rate of dissociation of the labeled ligand (m). These
data are summarized in Table 3, along with similarly deter-
mined parameters obtained using [PHINMS as the dissoci-
ating ligand. Except for TMB-8, the results obtained with
PH]ACh and PH]NMS were comparable. That is, the ap-
parent affinities were similar and showed the same rank
order (gallamine > THA > obidoxime). Interestingly, al-
though the “m” values also showed the same rank order
(THA > gallamine > obidoxime), they were all smaller for
ACh. The greater bulk of the NMS molecule may contrib-
ute to its slower kinetics when the allosteric ligands are
bound (probably restricting access to the binding site).
Slow kinetics have been a common finding and a consistent
problem in studies of those allosteric effects [13, 30, 31].
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TABLE 3. Apparent dissociation constants of allosteric modulators at mus-
carinic m2 receptors labeled with [*HJACh or [*H]NMS

[*H]ACh [PHINMS
K,,, (hWM) m Value K,., ((M) m Value
Gallamine 0.068 + 0.023 0.70 £ 0.01 0.29 0.92
Obidoxime 27+ 12 0.46 £ 0.11 53 0.58
Physostigmine 33+ 11 0.70 £ 0.07 ND*
THA 12+ 25 0.80 + 0.06 6.2 0.99
TMB-8 18 + 7 0.42 £ 0.02 1.5 0.97

For studies with [PHJACh, the parameters are given as means + SEM from three independent experiments,
analyzed individually as described in Materials and Methods. For comparison, the K., and m values
determined from PHINMS binding (taken from Ref. 14) are also shown. K, is the affinity with which
the allosteric ligand alters the rate of dissociation of the labeled ligand, while m is the maximal effect of
the allosteric ligand (see Materials and Methods).
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* Not determined.

Because of the moderate effects on the rate of dissociation
of PHJACh, equilibrium is achieved relatively rapidly even
in the presence of these allosteric agents (see Materials and
Methods).

In contrast to the above modulators, the allosteric effects
of TMB-8 were markedly dependent on the nature of the
labeled ligand (Table 3). While the K, for TMB-8 was 1.5
uM with PHJNMS as the primary ligand, it was more than
10-fold higher with [PHJACh, at 18 pM. If the ratio of K,

app
to K, (the affinity of TMB-8 for the free receptor) reflects

1.0

Fold-shift

gallamine

gallamine ~ “pjys TMB-8
TMB-8

FIG. 7. Reversal by TMB-8 of gallamine’s deceleration of
the offrate of [’H]ACh. The rate of dissociation of [*’H]JACh
from m2 muscarinic receptors was determined in the pres-
ence of 1 pM gallamine, 100 phM TMB-8, or both. Data are
the means + SEM from four separate experiments. ¥ The
combination of gallamine plus TMB-8 slowed the dissocia-
tion significantly less than did gallamine alone (P < 0.01,
t-test).

the cooperativity factor as expected [32], then this differ-
ence would indicate a greater degree of negative coopera-
tivity between TMB-8 and [’HJACh than between TMB-8
and PHINMS. In addition, the off-rate of PHJNMS could
be slowed almost completely by TMB-8 (m = 0.974), but
the offrate of [PHJACh was slowed only by about 40%.
Unfortunately, the data for the effects of TMB-8 on the
dissociation of PHJACh are somewhat imprecise; for ex-
ample, note the difference between the analysis of averaged
experiments (Fig. 6) and the averages of the analyses of
individual experiments (Table 3).

Thus, although it is clear in Fig. 6 that the effects of
TMB-8 differ between NMS and ACh, it might be argued
that the apparent affinity is, in fact, much lower than our
estimate and that the maximal effect is greater, more in line
with that of gallamine or THA; that is, the curve might
come down further at sufficiently high concentrations.
There is another approach to this question. If TMB-8 does
exert a lesser maximal effect than another allosteric modu-
lator and if they interact at the same site, then TMB-8
should be able to compete for the site and partially reverse
the effect of the other agent (exactly the way partial ago-
nists can reverse the effect of a full agonist under the ap-
propriate conditions). QOur results (Fig. 7) are fully consis-
tent with the interpretation that TMB-8 exerts a fairly
small effect on the dissociation of PHJACH, even at satu-
rating concentrations of TMB-8. Proska and Tucek [31]
have suggested that muscarinic allosteric ligands absolutely
prevent the dissociation of primary muscarinic ligands by
“capping” the binding site. However, if gallamine and
TMB-8 both acted this way, their effects would necessarily
be additive. The capping model simply does not allow for
the possibility that the addition of an allosteric ligand can
accelerate the dissociation of the labeled primary ligand
under any conditions. This effect is not isolated to the
biding of [PHJACh, as we have shown previously that the
allosteric effects of gallamine, THA, and TMB-8 on the
rate of dissociation of [PHINMS from muscarinic receptors
can be reversed by obidoxime [14].

It is tempting to attribute the dramatic ligand-dependent
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differences in the allosteric effects of TMB-8 to the fact
that one ligand (NMS) is an antagonist, while the other is
the endogenous agonist. Clearly, agonists are sensitive to
the conformational change associated with high- and low-
affinity agonist states of the receptor, while antagonists are
either insensitive or show a reverse sensitivity. Nonethe-
less, there are several reasons to resist this temptation with
regard to the present allosteric effects. There are a number
of cases in which an allosteric modulator exerts markedly
different effects on different labeled antagonists. For ex-
ample, we have found that gallamine accelerates the disso-
ciation of PHIQNB at the same concentrations that retard
the dissociation of PHINMS [33]. Also, Tucek et al. [34]
have shown that the neuromuscular blocker alcuronium
exerts positive cooperativity on the binding of PH]NMS,
but not on that of [PHJQNB. Furthermore, agonists may
also show unique effects. Potter et al. [35] found that THA
did not affect the dissociation of [*H]oxotremorine-M from
either hippocampal or cardiac {(m2) membranes and con-
cluded that THA probably did not recognize the agonist-
bound form of the receptor; however, the present study
demonstrated that THA does recognize the ACh-bound
receptor. Thus, until these allosteric interactions are better
understood, it seems premature to draw conclusions based
on the category of ligand (i.e., agonist vs antagonist). It
should be noted that some of the results in the present study
are not consistent with a simple allosteric mechanism. If
ACh binds only to a single site, and another ligand binds
only to one (allosteric) site, the slope factors (S) for the
experiments shown in Fig. 4 and Table 2 should be unity.
For THA, the slope factor was significantly greater than
one, a characteristic that has been observed in other studies
[14, 35]. On the other hand, this parameter for gallamine
was significantly less than one, although this is not true for
the gallamine-PHINMS interaction (not shown). Finally,
the similarity between the apparent affinities of physostig-
mine for the liganded (Fig. 5) and unliganded (Fig. 4) re-
ceptors would suggest that the cooperativity between
PHIACh and physostigmine is weak (see discussion of
TMB-8 regarding K, , and K4, above); however, the ability
of physostigmine to inhibit the binding of PHJACh in Fig.
4 suggests a strong negative cooperativity. These discrep-
ancies may be due to the presence of more than one allo-
steric site or to complex binding properties of ACh. These
observations are not without precedent, as a number of
studies have found that muscarinic agonists can exhibit
complex binding profiles [29, 36, 37]. The purpose of the
present study was to determine whether the binding of
[PHJACH is regulated by the same allosteric ligands that are
known to regulate the binding of other muscarinic ligands.
Elucidation of detailed mechanisms responsible for these
allosteric interactions will require further studies.

In summary, binding of PHJACh to recombinant m2
muscarinic receptors expressed in CHO cells could be
readily measured and showed the expected pharmacological
properties. In general, this binding was sensitive to the

A. Gnagey and J. Ellis

same allosteric modulators that have been identified in
studies with other ligands, although there are sufficient dis-
crepancies to necessitate testing ACh itself. Kinetic com-
plications have often confounded studies of muscarinic al-
losteric interactions, and it is encouraging that the binding
of PHJACh was not found to be subject to the dramatic
slowing of equilibrium that can be associated with musca-
rinic allosteric regulation. Thus, [’HJACh binding may
prove to be especially useful in the evaluation of potential
allosteric regulators of muscatinic systems.

We acknowledge the technical assistance of Margaret Seidenberg and
Leonora First. This work was supported by Grant PHS ROI
AGO05214 and a fellowship from the Vermont Chapter of the American
Lung Association to A.G.
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