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1. Introduction

The binding of muscarinic antagonists to rat
adenohypophysis yields curvilinear Scatchard plots
[1,2], interpreted in terms of site heterogeneity [1].
However, negative cooperativity among the mus-
carinic sites could not be excluded [3]. To explore
this possibility, we have employed a method based on
ligand competition experiments, which tests directly
the presence of site—site interactions [4]. By this
method, one compares the binding of the primary
ligand in the presence and absence of a competing
ligand. For site heterogeneity without interactions,
the presence of an unlabeled competing ligand will
affect the Hill coefficient (measured at half-saturation)
and the dissociation constants of the primary labeled
ligand. The extend of the effect on these parameters
can be calculated from the dissociation constants
extracted from direct binding curves for each ligand
separately [4]. In contrast, the effects of the com-
petitor on the Hill coefficient and on the dissociation

constants of the primary ligand in negatively coopera-

tive systems, cannot be predicted from the separate
binding curves [4]. Therefore, the failure of binding
parameters obtained in competition experiments to
meet the expected values calculated assuming site
heterogeneity indicates the involvement of coopera-
tive interactions in the binding mechanism.

Our results indicate that negatively cooperative
interactions are involved in the binding of muscarinic
antagonists to rat adenohypophysis.

* To whom correspondence and reprint requests should be
addressed

Published by Elsevier Biomedical Press

2. Experimental

2.1. Materials

N-[*H]Methyl-4-piperidylbenzilate (N[*H]M4PB)
(29 Ci/mmol) and unlabeled muscarinic antagonists
were prepared as in [1]. (—)-3-[*H]quinuclidinyl-
benzilate ((—)3[*H]QNB) (33 Ci/mmol) was from
New England Nuclear (Boston MA). Adult male rats
of the CD strain were supplied by Levinstein’s farm
(Yokneam) and maintained in an air-conditioned
room at 24 * 2°C for 14 h fluorescent illumination
and 10 h darkness daily. Food (Assia Maabarot Ltd)
and water were supplied ad libitum,

2.2. Binding assays

Direct binding of N[*H]M4PB and (-)3[*H]QNB
to muscarinic receptors in homogenates of rat adeno-
hypophysis (37°C, pH 7.3) was measured as in [1].
An incubation period of 30 min was performed, to
ensure equilibrium. Specific binding was defined as
total minus non-specific binding, i.e., binding in the
presence of 10 uM unlabeled atropine,

2.3. Competition experiments

The method in [4] was employed to detect inter-
actions among muscarinic binding sites. This method
tests the effect of a constant concentration of a com-
peting ligand on the binding pattern of the primary
ligand [4—6]. Competition experiments were con-
ducted as described for the binding assays, except for
the presence of 6 nM unlabeled NM4PB or (—)3QNB.
This concentration is well over that of the binding
sites (0.1 nM) and over their dissociation constants,
so that the concentration of free competing ligand is
constant upon titration with the primary ligand, and
alarge portion of the binding sites is initially saturated
with the competitor,
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2.4. Data analysis

Binding data were analyzed by computer with a
non-linear regression curve-fitting program BMDPAR
(November 1978 revision) [7-9], developed at the
Health Science Computing Facility, University of
California (Los Angeles CA).

3. Results and discussion

The dissociation constants derived from the bind-
ing of NM4PB and (—)3QNB alone are given in table 1.
These constants agree well with [1].

Competition experiments were performed with
N[®H]M4PB as the primary ligand and unlabeled
(—)3QNB or NM4PB as the competitor. The results
are depicted in fig.]1 A and table 2. The inhibition by
the competing ligand is 3—4-fold higher than expected
assuming two classes of non-interacting sites (see
table 2). This deviation is significant since it was
reproduced in 5 separate expt, and is considerably
above the standard deviations in the values of the
dissociation constants (table 2). A similar deviation
was observed also with (£)QNB as the competing
ligand (not shown). The discrepancy between the
observed and calculated dissociation constants indi-
cates the existence of interactions ambng the mus-
carinic binding sites occupied by antagonists. The
change in the Hill coefficient from 0.4 + 0.02 for the
binding of NM4PB alone to 1.03 + 0.05 for NM4PB
binding in the presence of (—)3QNB could fit either
site heterogeneity or negative cooperativity [4].

To verify that the deviation from the behaviour
expected for a system with site heterogeneity did not
stem from an uncontrolled variable in the system, we

Table 1
Dissociation constants (nM) of muscarinic antagonists in rat
adenohypophysis and medulla pons
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Ligand Adenohypophysis Medulla-pons
N{*H]M4PB K,=04+005 _
Kﬁ=2.010-3 Kq=085+0.05
(—)3[*H]QNB K,=03+004 _
Kﬁ 219:03 K4=0.15+002

The constants are av. 5 separate expt + SE (standard error).
K, and K 4 are the dissociation constants for the binding of
antagonist to the high («) and low (B) affinity sites in the
adenohypophysis. In the medulla pons the binding curve is
described by a single dissociation constant (K )
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Fig.1. Scatchard plots of N[*H]M4PB binding to muscarinic
receptors in rat adenohypophysis: (A) binding in the presence
of 6 nM unlabeled (-)3QNB; (B) binding in the presence of
6 nM unlabeled NM4PB; insert, binding of N[*H]M4PB alone.

investigated the binding of N[*H]M4PB in the pres-
ence of a constant concentration (6 nM) of the same
unlabeled ligand. Unlike the competition between

2 different ligands above, all the binding constants
are known from direct binding studies, and the effects
of competition can be calculated even for the case of
negative cooperativity. The effect of competition by
an unlabeled ligand on the Hill coefficient of the
same labeled ligand in a dimeric system (the simplest
cooperative system possible) is obtained upon replac-
ing the competitor Z by the primary ligand X in eq.
(11) from [4], yielding:

Table 2
Effect of competition on the dissociation constants (nM) of
N[3H]M4PB in adenohypophysis and medulla-pons

Adenohypophysis Medulla-pons

Competing Exp. Obs. Exp. Obs.

ligand

245+0.8 6.9 8.7+09
93+1.0 - -

(-)3-ONB 83
NM4PB 6.0

The expected and observed dissociation constants for N[*H]-
M4PB in the presence of unlabeled (—)3QNB or NM4PB are
av. 5 expt + SE (standard error). The concentrations of
unlabeled competitors were 5 nM in the adenohypophysis
and 1 nM in the medulla-pons. The distinction between

high and low affinity sites («,8) in the adenohypophysis

(see table 1) does not hold any more, since the competitor
transfers the Scatchard plot to a linear form (fig.1). The
expected values of the dissociation constants were calculated
from the dissociation constants for the binding of the 2 ligands
separately (table 1),assuming pure competition. In the adeno-
hypophysis, we assumed 2 classes of non-interacting sites,
for which the antagonists compete with their respective K,
and Kﬁ values
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Fig.2. Scatchard plot of N[*H]M4PB binding to muscarinic

receptors in rat medulla-pons in the presence of 1 nM (—)3QNB:

insert, binding of N[*H]M4PB alone.
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where (h(X*) is the Hill coefficient observed for the
binding of the labeled ligand X*, and K, are the
intrinsic association constants (association constant/
site) for the binding of the i-th molecule of X. The
maximal effect is observed when the concentration
of unlabeled X is well above l/K)'Cl and 1/K;2, leading
to a Hill coefficient of 1. The effect on the binding
constants is obtained similarly by replacing Z with X
in eq. (9,10) in [4], from which one obtains:

1+K, [X]
KI % _ ’ (2)
T 12K, [X) + K K, IX)°
K, * £
- @
1+ (X

where K} * and K, _* are the intrinsic association
constants for the binding of labeled X observed in
the presence of unlabeled X. Eq. (3) predicts a
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purely competitive inhibition for the binding of the
second molecule of ligand, while eq. (2) also reduces
to pure competitive inhibition when [X] is consider-
ably higher than 1/1()'61 and l/K)'c2 (vielding K;l* =
1/[X]). Therefore, a linear Scatchard plot with a single
dissociation constant equal to the concentration of
unlabeled competing ligand is expected. These
expectations were met for the binding of N[*H]M4PB
in the presence of unlabeled NM4PB (fig.1B, table 1),
indicating that the deviations observed for competi-
tion between NM4PB and (—)3QNB (fig.1A) are real.

Since muscarinic antagonists bind to various brain
regions (including medulla-pons [7]) with a single
dissociation constant (with no indication of site-
heterogeneity or negative cooperativity), it was
interesting to test the effect of competition among
antagonists in such a system. If there are no interac-
tions between the binding sites, as suggested by the
linear Scatchard plots for muscarinic antagonist bind-
ing, a purely competitive inhibition is expected. Such
experiments were conducted in rat medulla-pons
homogenates. In this system, the dissociation constant
observed for the binding of N[*H]M4PB, in the
presence of 1 nM (—)3QNB (well above the concen-
tration of binding sites and the dissociation constant
for (—)3QNB) is the one expected assuming pure
competition (fig.2, table 2).

Muscarinic receptors occupied by antagonists
undergo isomerization [7]. To eliminate the possibil-
ity that the results obtained in the competition exper-
iments between two different ligands in the adeno-
hypophysis stem from isomerization and not from
cooperative interactions, we have analyzed the effect
of isomerization in systems with heterogenous, non-
interacting sites. The analysis indicates that such sys-
tems behave in a manner analogous to that of systems
without isomerization (see appendix).

Interactions among muscarinic binding sites in
rat adenohypophysis may exist in addition to site
heterogeneity. Evidence for the latter is supplied by
the effect of GTP on muscarinic antagonist binding in
rat adenohypophysis [10]; thus muscarinic receptors
may exist as oligomers of 22 sites. Two ligands were
found to bind simultaneously to muscarinic receptors
in rat cortex [11].

Tropates and benzilates may induce different con-
formations upon binding to brain muscarinic receptors
[7]. Thus, it will be interesting to test whether com-
petition between tropates and benzilates yields dif-
ferent and more pronounced deviations.
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Appendix

Competition in the case of site heterogeneity plus
isomerization

Rat brain muscarinic receptors were proposed to con-
tain >2 independent classes of binding sites: high affin-
ity (Ryy) and low affinity (R ), comprizing the fractions
agy and o of the totalsites [8]. A simple isomerization
scheme suggested for receptors occupied by an anta-
gonist X (shown here for the high-affinity sites)is [7]:

KX

Z
K ZK} He o
=—=RgX

: XK
Z=—RyZ

1 1
Ry

Ry Ry X

X
whereKHl =
Z
and KHI’

[RyX1/[Ry] (X1} = [RyX]/[RyX],
Kﬁz are defined similarly for the competitor Z

For generahzat]on Z is allowed to mduce an isomeri-
zation (RH ) different than that of X (RH) Rp also*
undergoes isomerization (not shown) to RL and RL ,
characterized by the equilibrium constants K’i K¥ ,

KZ and KZ The saturation function ¥ (x) (the frac-
tlon of snes occupled by X) for the binding of X alone is:

Y(x)
[RyX] + [Ry X] + [REX] + [R{X]

) [Ry] + [RyX] + [RX] + [Rp ] + [RpX] + [RX]
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[Ry X1 + [RX]
= OlH + (4%

Ry Jtota

[R; X] + [R; X]

[RL ] total

where [Ryg oz = [Ryg] + [RgX] + [RfyX]
and Ry Jyora = [Rp] + [ReX] + [REX]

Introducing the expressions for KH and KH we
obtain:

Y(x)= ozHK;‘IobS IX)/(1 + Kﬁobs XD

rorKYXI( Y [XT)

@

h X X ] 4 KX X _px X
wereKHobs KHI(I KH2)’KLobs KL1(1+KL2)

Thus, the only effect of allowing isomerization is that
le{ and Kf (the association constants of X to the

high and low affinity sites, respectively) are replaced

by K}, and KX . In the presence of a constant
concentratlon of a competmg ligand Z, [Ry ] ota and
[R Tiotar i eq (1) become ([Ry] + [RHX] + [RHX] +
[RyZ] + [RH Z])and ([Ry ] + [Ry X] + [RLX] +
Ry Z] + [R;*Z]), respectively. Using the expressions

X X Z (A X X
for KH1’KH2’ KH;’KHz’KLl’KLz’KiI and Kiz,we
obtain:
X Kx X
- KHobs [X] Hobs[ ]
Y/x) = aHl / 1 +
+K% [Z 1+K% |Z
! KHobs[ ] Hobs[ ]
r b
K} [X] K¥ [X]
L L
+ o obs / 1+ obs (3)
7/ + Z Z
1+KL0 [Z] 1 KLobs[ ]
L ,
where K ;‘{obs, Kfobs are as in eq. (2), while

z _pZ Z z _wZ z
KHobs = KHl (1 +KH2) and KLobs = KL1 (1+ KL2)
Thus, Z inhibits X binding to Ry and Ry in a purely

competitive manner, according to K, 4 . and K7 z

the observed association constants for0 the bmdmgbof
Z alone. Assuming more independent classes of sites,
or more complex isomerization schemes (e.g., a cyclic
scheme, where R*X and R**Z are also in direct
equilibrium with R, or where free R* and R** also
exist) yields similar results.



