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SUMMAIIY

WEllER, 1\IIcHEL, AND CHANGEUX, JEAN-PIERRE: Binding of Naja nigricollis [3Hja-
toxin to membrane fragments from Electrophorus and Torpedo electric organs. II. Ef-
feet of cholinergic agonists and antagonists on the binding of the tritiated a-neurotoxiii.

Mol. Pharmacol. 10, 15-34 (1974).

The effects of nicotinic effectors on the kinetics of association and dissociation and on the

binding at equilibrium of a tritiated a-neurotoxin from Naja nigricollis with membrane

fragments purified from Electrophorus and Torpedo electric organs are studied. Increasing
concentrations of nicotinic agonists and antagonists decrease the initial rate of [3H]a-toxin

binding to membrane fragments from both species. This rate becomes negligible at high
concentrations of effectors. The “protection curves” obtained are compared with the bind-
ing curves of radioactive effectors to the same membrane fragments. In the case of Torpedo
membrane fragments, the binding curve of [3H]-acetylcholine (in the presence of 0, O-diethvl
S-(f3-diethylamino)ethyl phosphorothiolate) is slightly sigmoid (n,, = 1.3); half-saturation

occurs at S nu acetyicholine. [3HJ-Decamethonium binds to one class of sites with KD =

0.8 �i, and possibly to another class with lower affinity. The binding of both acetyleholine
and decamethonium is competitively inhibited by d-tubocurarine (KD = 0.2 �i) and com-

pletely displaced by a-toxin. The numbers of decamethonium and acetylcholine binding
sites on Torpedo membrane fragments are very close to the number of [3H]a-toxin binding

sites. The binding curves of decamethonium and acetylcholine can be superimposed on the

“protection curves” of these two agonists against [3H]a-toxin binding. The data are in-
terpreted on the basis of a mutual exclusion of cholinergic effectors and a-toxin from a

common site, which is identified as the nicotinic receptor site. Comparison of our protection
data with the binding data of Kasai and Changeux [(1971) J. Membr. Biol., 6, 1-80] shows

that the same result holds in the case of Electrophorus membrane fragments. The dissocia-

tion constants of a large sj)eCtrum of cholinergic effectors were determined by following
the protection against. [3Hja-toxin. The pharmacological properties of the receptors from

Electrophorus and Torpedo appear different. In the case of Electrophorns, the dissociation

constants for all the agonists and antagonists coincide with the “apparent dissociation con-
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stants” measured in vivo on the electroplax. At equilibrium decamethonium and d-tubocur-

anne displace [3H]a-toxin from Electrophorus membrane fragments; the data are in given
domains of concentrations, compatible with the hypothesis of a mutual exclusion of a-toxin
and cholinergic effectors from the same binding site. However, higher concentrations of

both ligands enhance the rate of dissociation of [3H]a-toxin from its membrane site.

INTRODUCTION

One of the most interesting aspects of

the mode of action of snake venom a-toxins

is that cholinergic effectors block their in-
teraction with their postsynaptic target.
This was seen in vivo by Lee and Chang (1)
with d-tubocurarine and further demon-
strated in vitro by Changeux et al. (2) by

following HNa+ permeability of excitable

membrane fragments and by Miledi et al.
(3) in their binding studies with a-bungaro-

toxin and d-tubocurarine or carbamyl-
choline. These early observations were sub-

sequently extended to a. wider spectrum of

cholinergic ligands (4). The parallelism
observed between the potency of a given
effector as a cholinergic ligand on Elec-
trophorns electroplax and its potency as a

protecting agent against �aja nigricollis
[3H]a-toxin binding to excitable mem-
brane fragments strengthened the view that

this a-toxin binds with a high selectivity to
the cholinergic receptor site.

We present here quantitative data on the

effect of a variety of known cholinergic
agonists and antagonists on N. nigricollis

[3H]a-toxin binding to membrane fragments

from Electrophorus and Torpedo. We confirm
that, over a wide concentration range,
[3H}a-toxin labels a population of mem-
brane sites which bind cholinergic ligands
as well. Equilibrium dissociation constants

of several nicotinic ligands for this class of

sites are determined. In the case of Elec-

trophorus, they are found to be very close
to the “apparent” dissociation constants

determined with electroplax and excitable
membrane fragments (5). This class of sites

is therefore interpreted as the locus of
electrogenic action of acetylcholine. The
binding properties of these sites appear
different in Torpedo and Elect roph orus.
Several kinetic and equilibrium properties
of the interaction of [3HJa-toxin with its

membrane site are presented and discussed.

METHODS

Binding of {3H}a-To.rin to Electrophorus and
Torpedo Membrane Fragments in the Pres-

ence of Cholinergic Effector

Membrane fragments from fresh electric

organs of E. electricns and T. marmorata
were prepared as described in the preceding

paper (6). [3H]a-Toxin binding was followed

by Millipore filtration. In general, the mem-

brane fragments were incubated for 10 mm
at room temperature in Ringer’s solution

supplemented with the desired concen-
tration of effector before the reaction was
started by adding [3H}a-toxin. In reversal

experiments, a small volume (less than

5% of the volume of the reaction mixture)
of concentrated effector solution was added
to the reaction medium. It was determined

that high concentrations of cholinergic
effector do not significantly change the
background counts retained on the filters.

Reversible Binding of Tritiated Cholinergic

Effectors to Torpedo Membrane Fragments

Binding was measured by the ultra-

centnifugation method of Kasai and

Changeux (5). The membrane suspension

was diluted 2-fold (for [3H]decamethonium

binding) or between 3- and 25-fold (for
[3H]acetylcholine binding) in a medium
which had the following final composition:
250 m�u NaCl, 5 mM KC1, 4 mr�t CaCl2, 2
nmi MgCl2, and 5 m�i phosphate buffer,

pH 7.0. Aliquots (250 �.�l-4 ml) were dis-

tributed in polycarbonate tubes and even-
tually incubated at room temperature with
unlabelled cholinergic effector or a-toxin for

about lhr. When the binding of acetyl-

choline was measured, the membrane frag-
ments were initially incubated for 40 mm
in the presence of 0.1 mu 0, 0-diet.hyl

S-Q3-dietliylamino)ethyl phosphorothiolate

(7). Under these conditions no hydrolysis of

a(’etylthioCh()line could l)e measured by the
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Eliman method. [melhyl-3H]Decamethonium
chloride (400 Ci/mole) or [N-niethyl-3Hj-

acetylcholine chloride (120 Ci/mole) was
then added, and the preparation was kept
at room temperature for an additional hour.

Total and free ligand concentrations were
estimated before and after centnifugation at

100,000 X g for 1 or 2 hr by counting ali-

quots in 10 ml of Bray’s scintillation liquid.
The yield of counting depended on the

volume of the aliquot added to Bray’s solu-

tion, and varied from 42% (0.1 ml) to 27%

(1 ml).

Responses of Electrophorus Electroplax and
Excitable M icrosacs in Vivo and in Vitro

Steady-state decreases of membrane po-

tential resulting from bath application of
cholinengic agonists were followed by the
method of Higman, Podleski, and Bartels

(8) with the isolated electroplax dissected

from the Sachs organ of large eels. The
response of excitable microsacs in vitro

was measured by the method of Kasai and

Changeux (5) by following �Na� efflux.

Sources of Chemicals

Decamethonium bromide, d-tubocuranine

chloride, hexamethonium bromide, nicotine
hydrochloride, carbamylcholine chloride,
and atropine sulfate were obtained from
K & K Laboratories; acetylcholine bromide

and choline chloride, from Eastman Kodak;
gallamine tniet.hiodide, from Specia, Paris.
Nicotine base was a gift from Dr. J. Jacob,

Institut Pasteur, and muscarone, from
Professor P. G. Waser, Zurich. [methyl-3H}-

Decamethonium chloride (400 Ci/mole)
and [N-niethyl-3H]acetylcholine chloride (120
Ci/mole) were obtained from the Radio-
chemical Centre.

RESULTS

Figure 1 shows the effects of the cho-

linergic agonist decamethonium on the com-
plete time course of the reaction of [3H]-

a-toxin with excitable membrane fragments
from E. electricus. Decamethonium modifies

the initial rate of [3HJa-toxin binding, the
maximal amount of [3H]a-toxin bound at

equilibrium, and the rate of dissociation
of [3H]a-toxin from its membrane site. These

three classes of effects are studied succes-
sively.

Effect of Cholinergic Agonists and Antagonists

on Initial Rate of [3Hja-Toxin Binding to
Electrophorus and Torpedo Membrane Frag-

ments

As discussed in the preceding paper (6),

the rate of dissociation of the [3H]a-toxin-
membrane site complex is considerably

slower than its rate of association. Our

Millipore filtration assay thus constitutes a

reliable technique for measuring initial

velocities of [3HJa-toxin binding with the
required precision (Fig. 1). Usually samples

were filtered every minute for 5 mm im-
mediately after [3H]a-toxin had been mixed

with the membrane fragments. Depending
on the concentrations of toxin and receptor
used, the first three or five points fell on a

straight line, the siope of which gives a meas-
ure of the initial rate of [3HJa-toxin bind-

ing.

Consequences of preliminary incubation of
inem brane fragments wit!, cholinergic agents

on initial rate of [3H]a-toxin binding. Several
experiments in vivo have shown for a num-

ber of excitable membranes that the am-

plitude of the permeability change due to

cholinergic agonists varies with the time of
exposure to the agonist. Such a “desen-
sitization” effect might be accounted for by
a decrease of affinity and/or number of

active receptor sites. We have studied the

effect of preliminary incubation of mem-

brane fragments with two cholinergic agents

(decamethonium and d-tubocuranine) on

the initial rate of [3H]a-toxin binding. Mem-
brane fragments from Electreiphorus were

diluted in Ringer’s solution in the presence

or absence of cholinergic agent at the desired
concentration for different periods of time.

The reaction was started by adding [3H]-
a-toxin. In some experiments the mem-

branes were added immediately to the mix-

ture of [3H]a-toxin and effector in Ringer’s
solution.

When the preliminary incubation with

0.75 �i decamethonium or 0.13 �.LM d-tubo-

curanine was varied from 0 to 10 mm, the

same reduction in the initial rate of [3H]-

a-toxin binding was observed. In another
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Fin. 1. Effect of decamethoninmn on binding of [3HJa-toxin to menthrane fragment,s from Electrophorus

The time course of [‘H]a-toxin binding to Electrophorus membrane fragments was followed by Milli

pore filtration as described under METHODS. The reaction medium contained 6.0 ± 0.3 n� active [3Hla-

toxin and 0.57 mg of protein per milliliter. x-x, binding of [‘H]a-toxin in the absence of decame

thonium (control); �J-D and +-+, membrane fragments were incubated for 10 mm with de-
camethonium before the reaction was started by adding [‘Hla-toxin; S-#{149} and O-O, after 140
mm a fraction of the control mixture was supplemented with 0.1 or 10 mM decamethonium by adding a

small volume of concentrated decamethonium solution; A-A and � same as above, except
that decamethonium was added to the control mixture after 24 hr of incubation. These last curvestwere
translated along the time axis to make them coincide with the reversal curves obtained after 140 miii

of incubation.

lO�’M

ChoI,.rgic .ff.cior]

FIG. 2. Effect of cholinergic agonists and antagonists on initial rate of [‘H]a-toxin binding to membrane

fragments from Electrophorus

The curves were normalised to the initial rate measured in the absence of effector, and expressed as

a percentage. The solid lines are theoretical hyperbolae having the same midpoint as the experimen-

tal curves.

experiment the membrane fragments were
first incubated for 2 mm with 15 j�n dee-

amethonium and then diluted 20-fold. The
initial rates of [3HJa-toxin binding were

measured 0 and 5 mm after dilution. Again

no difference was seen, and both sets of

data were similar to those mentioned above.

In all instances the initial velocity of [3H]-

a-toxin binding was controlled by the ac-
tual concentration of decamethonium pres-

Nit at the time [3H]a-toxin was added,

whatever the previous treatment of the

membrane fragments. In other words, no

“desensitization” was detected by this

method at the level of the a-toxin-dee-

amethonium binding site. The same ex-

periments, moreover, indicate that estab-

lishment. of the equilibrium of decame-

thonium with its binding site can be con-
sidered instantaneous in the time scale of

our measurements. Nevertheless, to be cer-
tain, we routinely equilibrated the mem-
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FIG. 3. Comparison of curve for protection by

decameihonium against [‘HIa-toxin binding with
curve of [‘�CJdecamethonium binding to excitable

membrane fragments from Electrophoru.s and dose-

response curves measured in vivo and in vitro

0 and 0, percentage decrease of the initial
rate of [‘H]a-toxin binding as a function of in-

creasing decamethonium concentrations. At

saturating levels of decamethonium the initial
rate becomes negligible (100 on the ordinate). The

data are replotted from Fig. 2. �, binding of
[‘4C]decamethonium to excitable membrane frag-
ments. The total number of [1�C]decamethonium

sites is taken as 55 nmoles/g of protein. The data

are from Kasai and Changeux (5)5, dose-response

curve to decamethonium obtained in vitro by fol-

lowing uiNa+ effiux from excitable microsacs; the
data are from Kasai and Changeux (5). - - -,

dose-response curve to decamethonium obtained

in vivo with the isolated electroplax by following

the steady-state membrane potential. The curve

represents the average of five dose-response curves
obtained with five different electric eels. The
response curves have been normalised by assuming

that 90% of the maximal depolarisation was

achieved with 5 jsM decamethonium. , theo-
retical curve (hyperbola) calculated from Fl
(KD + F), taking KD = 0.8 �tM for the dissociation
constant of decamethonium.

brane fragments in Ringer’s solution in the
presence of cholinergic effector at its final
concentration for 10 mm before adding
[3HJa-toxin.

Quantitative analysis of effects of dec-

amethonium and d-lubocurarine on initial

rate of [3H]a-toxin binding. Figure 2 shows
that under the experimental conditions
given in METHODS the initial rate of [3H]-

a-toxin binding to Electrophorus membrane
fragments decreases when the concentration
of decamethonium increases, and becomes

negligible at high concentrations of dee-
amethonium. The curve of “protection” ob-

tained follows a rectangular hyperbola up
to at least 80% of its course (Figs. 2 and 3).

100

5 JO 15 20 25

Id-t,�b.o,ra,,, . io �

FIG. 4. Curve of protection by d-tubocurarine

against [3Hla-toxin binding; curve of displacement
by d-tubocurarine of [‘4C]decamethonium bound to

excitable membrane fragments from Electrophorus;

and dose-response curves measured in vitro with

excitable membrane fragments
0, decrease in initial rate of [‘HJa-toxin binding

as a function of increasing d-tubocurarine con-
centrations. At saturating levels of d-tubocurarine
the initial rate becomes negligible (0 on the ordi-

nate). The data are replotted from Fig. 2. 5 and

A, displacement of [‘4Cldecamethonium bound to

excitable membrane fragments. The free concen-
tration of decamethonium was 0.8 MM. The data

are from Kasai and Changeux (5). Taking as g the
fraction of sites occupied by [“Cldecamethonium,

- [decal

g - [decal + Kde#{248}a{(Ktubo + [d-tubol)/Kt�bOl

where Kd��5 and Kt�b0 are the dissociation con-

stants for decamethonium and d-t ubocurarine,

respectively, and the quantities in brackets are
the concentrations of ligands. Then the fraction of

the total concentration of sites which is not occu-

pied by d-tubocurarine is

Kt�b0 Kdcca x g

Kt�b0 + [d-tubo] - [decal 1 - g

The value used for K�eea was 0.8 MM. #{149}and 0,

antagonism by d-tubocurarine of the response in

vitro of excitable membrane fragments to 100 MM

carbamylcholine (�) or 0.8 MM decamethonium

(0). The response was measured by following
22Na� efflux. The data are from Kasai and

Changeux (5). Same plot as for binding data.
theoretical curve (hyperbola) calculated

from Kt�bO/(Ktubo + [d-tubol), taking 170 nM as

the dissociat ion constant of d-tubocurarine.
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Fiu. 5. Effect of d-lubocurarine on initial rate

of [‘Hla-toxin binding to membrane fragments from
Torpedo

Membrane fragments from Torpedo prepared
according to Cohen et al. (9) (0.75 mg of protein
per milliliter, 475 nmoles of a-toxin binding sites

per gram of protein) were diluted in Torpedo

Ringer’s solution supplemented with d-tubo-
curarine. After incubation for 1.5-4 hr at room
temperature, the reaction was started by adding
[‘H]a-toxin (10.5 Ci/mmole, 58 nM). The kinetics

of binding of the toxin was followed as described

under METHODS. 5, 0.5 nai active [‘H]a-toxin and

7.1 1mM [‘H}a-toxin binding sites; second-order
rate constant, k1 = 4.55 X 10� �‘ min’. 0, 0.65
flM active [3Hla-toxin and 1.42 nM [‘H]a-toxin

binding sites; k1 = 4.25 X 10� M1 min’.

The solid line is the theoretical hyperbola hav-

ing the same mid-point as the experimental curves.

The same result is observed with d-tubo-

curarine and membrane fragments from

both Electrophorns (Fig. 4) and Torpedo

(Fig. 5).
In order to test whether the shape and

position of the protection curve are char-

acteristic of the cholinergic effector, ex-

periments were performed at two different

ratios of [3H}a-toxin to membrane sites.

When normalized to the same maximal

value, the two curves agree quite well (Fig.
5). Above 80% reduction of the initial rate,

a small deviation was noticed at high con-
centrations of [3H]a-toxin and membrane

fragments. The protection curve therefore

seems characteristic of the interaction of

the cholinergic ligand with its membrane

site.

As shown in Figs. 4-6, the protection

data are, to a first approximation, fitted by

4 6 8

free [�H]-decame$honjum 106P.’i

Fiu. 6. Binding of {3H}decamethonium to mem-

brane fragments from Torpedo
In experiment 1 (crossed lines) the membrane

suspension contained 0.32 mg of protein per milli-
liter and 1.4 ± 0.2 Mmoles of [3H]a-toxin binding

sites per gram of protein. The concentration of

[3H}decamethonium binding sites was 0.83 ± 0.3

MM (2.6 �moles/g of protein). The dissociation
constant was 0.74 ± 0.12 MM (see Fig. 8). When the

total concentration of [3H]decamethonium was 1

MM, 9800 out of a total of 15,850 cpm/50 Ml remained
in solution after centrifugation; 38% of the counts
were thus displaced. In experiment 2 (0 and 5)
the protein concentration was 0.33 g/liter and the
concentration of [tHldecamethonium binding sites
was 0.33 ± 0.07 MM (1.0 ± 0.2 �moles/g). The

dissociation constant was 0.85 ± 0.15 MM. Points

from experiments 1 and 2 were normalised to the

same maximal value. Curves are theoretical

hyperbolae calculated from the equation

[deca]b0�,,d = Bmax

[decajiree
X [decal1ree + � (1+ [tubo]/Kt�b0)

with Kd��1 = 0.8 MM and Kt�b0 = 0.17 MM.

The experiments in Fig. 6A and Fig. 6B are
identical except that a different range of deca-

methonium concentrations was explored.
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TABLE 1

Comparison of protection constants (K,,) and equilibrium di.ssociation constants (K D) with

apparent dissociation constants measured in vivo and in vitro for a variety of cholinergic

ligands on Electrophorus membrane fragments or electroplax

Data in vivo are from various authors [see references cited by Kasai and Changeux (5)J, except for

muscarone, acetylcholine, and nicotine. Data in vitro for HNa+ flux and binding of [‘4Cldecamethonium

to microsacs are from Kasai and Changeux (5); data for binding of [‘H]decamethonium to the purified

receptor protein in detergent solution (1% Triton X-100) are from Meunier and Changeux (10).

Effector In vitro In vivo:

Membrane
potential of

isolated
electroplax at

22 , Aapp

Protection against

[tHla-toxin
binding at 22#{176},K,,

[“ClDecame-
thonium

binding to
microsacs at

22#{176},KB

[tHlDecame-
thonium

binding to
purified
receptor

protein in
solution at

4#{176},K�

‘2Na� efilux
from

microsacs at
22#{176},�

Agonists
Decamethonium

Carbamylcholine

Phenyltrimethyl-

ammonium

Nicotine base

Muscarone

Acetylcholine#{176}

Antagonists
d-Tubocurarine
Gallamine

Hexamethonium

31

0.8 X 10-6

4.0 X 10�

1.8 X 10�

(0.63 ± 0.02)

x 10�

(1.5 ± 0.2)

X 10�

1.7 X 10�

4.4 X 10�

6.1 X 10�

31

1.3 X 10-’

2.2 X 10-i

2.0 X l0-�

4.0 X 10-v

M

2.1 X 10-’

1.9 X iO-’

1.2 X 10-’

3.9 X 10�

1.3 X 10�

6.2 X 10�

.61

1.2 X 106

4.0 X 10-s

2.0 x i0�

1.5 X 10�

3.3 X 10�

6.2 x l0�

.61

1.2 X 106

3.0 >( 10�

1.3 x l0-�

(2.3 ± 0.5)

x io-�
(1.6 ± 0.3)

X 10-s

(1.15 ± 0.15)

x 10�

1.6 x l0-�

3.0 x l0�

3.0 x 10#{176}

o In the presence of 0.1 mM 0, 0-diethyl S- (�9-diethyIamino)ethyl phosphorothiolate.

the empirical equation

- K,,

- � X K,, +F

where v�,o is the initial rate measured in the

absence of effector, F is the concentration

of effector, and K,, is a “protection” con-

stant characteristic of the ligand. A measure
of K,, is the concentration of effector for

which v� = v;,0/2.

This result can be interpreted simply by
assuming that (a) the association of [3H]-
a-toxin with its membrane site is slow com-
pared to the rate of cholinergic ligand bind-
ing and (b) [3H]a-toxin and F bind to the
same class of membrane sites in a mutually
exclusive manner. v is then proportional to
the concentration of sites which are not

occupied by F, and K,, becomes the actual

dissociation constant of F from its mem-
brane site in the absence of [3H]a-toxin.

The first assumption had already been
tested; in the time scale of the experiment
(minutes), equilibration of the cholinergic
ligand with its site is almost instantaneous

and the dissociation of the toxin-membrane
complex is negligible.

The second assumption was tested directly
by measuring, with the same membrane

preparation and the same ligands, protection
constants (K,,) in the presence of [‘Hja-toxin

and equilibrium dissociation constants (KD)

in the absence of [‘Hja-toxin.

Comparison of K,, and KD for (-lecame-

thanium and d-lubocurarine. Data on the

direct binding of [‘4C]decamethonium to
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Electrophorus membrane fragments have

been published by Kasai and Changeux (5).

The same authors have also derived a value

for the dissociation constant of d-tubo-
curarine from experiments in which [‘�C}-

decamethonium bound to the same mem-
brane fragments was displaced by d-tubo-
curarine. In Figs. 3 and 4 and Table 1 the

binding curves are compared with the pro-

tection curves obtained with the same

ligands by following the decrease of the

initial rate of [‘H]a-toxin binding: the agree-

ment is excellent for both decamethonium

(K,, = 0.8 j�u, KB = 1.3 !2M) and d-tubocu-
rarine (K,, = 0.17 hiM, KB = 0.2 �&u).

Within experimental error, under the pres-

ent conditions of assay, K,, is almost iden-

tical with KB. In other words, the curve of

protection can be taken as a binding curve,
and the constant of protection identified
with the equilibrium dissociation constant

of the cholinergic ligand.

We repeated the experiment with a mem-

brane preparation in which direct binding
could be measured more easily than with

Electrophorus membrane fragments. We
selected the membrane preparation from

Torpedo recently developed by Cohen ci al.
(9). The specific activity of [‘H]a-toxin

binding sites in this preparation is approxi-

mately 100 times higher than that of Elec-
trophorus, and micromolar concentrations

of sites become accessible in the test tube.
1)irect binding to Torpedo membrane frag-

ments of [‘H]decamethonium and [‘H]-

aoetylcholine in the presence of 0.1 m�i
0, 0-diethyl S-(fl-diethylamine)ethyl phos-

phorothiolate was measured by centrifuga-

tion (see METHODS). The high concentration
of binding sites in this preparation enabled
us to measure binding with good accuracy
(Fig. 6). �\Ioreover, these Torpedo mem-

brane fragments contained little acetyl-
cholinesterase: approximately one catalytic

site of acetylchohnesterase per 100 toxin

binding sites (9). Binding of the cholinergic

ligands to the catalytic site of acetylcho-

hnesterase was expected to be negligible.
Indeed, we found that gradual addition of

unlabelled a-toxin led to complete dis-

l)lacement of [‘H]decamethonium and [‘H]-
acet.ylchohne from these membrane frag-

ments (Figs. 6 and 10) when the free con-

FIG. 7. Competitive displacement by d-tubo-

curarine of [‘H]decamethonium bound to membrane

fragments from Torpedo: double-reciprocal plot

Data are from experiment 2 of Fig. 6. The total

number of [‘H] decamethonium sites was esti-

mated to be 1.0 ± 0.2 �moles/g of protein. The

dissociation constant for decamethonium was 0.85

± 0.15 MM, and that for d-tubocurarine was 0.17

± 0.05 MM.

centrations of [‘H]decamethonium or [‘H]-

acetylcholine were close to their KD values.

The binding of [‘H}decamethonium and

[‘H}acetylcholine also decreased in the

presence of d-tubocurarine. For instance,

8 j�i d-tubocurarine displaced 95 ± 5% of

the counts bound in the presence of 0.8 �

free [‘H}decamethonium.
The double-reciprocal plot of the binding

data for [‘H]decamethonium in the absence

of d-tubocurarine (Fig. 7) does not deviate
from a straight line within the precision of

our experiment, up to a free concentration

of decamethonium of 3 �iu. Extrapolation

of this line to the ordinate offers an estimate

of the number of sites, 1000 ± 200 nmoles/g

of protein. The number of [‘H]a-toxin bind-

ing sites in the same preparation was 1400
± 200 nmoles/g of protein. The two values

are thus close to each other. From the slope

of the straight line, we calculated a dis-

sociation constant for decamethonium of

KDd��a = 0.85 ± 0.15 �r, a value rather

close to that found with Electrophorus mem-

brane fragments (5). In the same plot are

shown the data obtained in the presence of



a total concentration of 0.55 �t d-tubo-

curarine. Again the data are adequately

fitted by a straight line which intersects the

ordinate at the same point as the line ob-

iI�

2 3

bound [tmii] decamethonium
�u moles/q. proteins

4

cpm/l00 �l
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boo
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-� #{149}
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FIG. 8. Scatchard plot of binding of [‘H]dec-

amethoniurn to membrane fragments from Torpedo

Data are from experiment 1 of Fig. 6. The solid

lines give a dissociation constant of 0.74 ± 0.12

MM and 2.6 Mmoles/g of protein for the number of
high-affinity binding sites, and 5.6 MM and 3.6
�moles/g of protein for the low-affinity sites.

FIG. 9. Binding of [‘H]acetyleholine to menz-

brane fragnzents from Torpedo

Membrane fragments (320 ± 50 nM [‘Hla-toxin

binding sites; 0.6 mg of protein per milliliter) were
diluted 3 times in a medium with the final ionic

composition of Torpedo Ringer’s solution. Bind-

ing of [‘H]acetylcholine in the presence of 0.1 msi

0, 0-diethyl S-(fl-diethylamino)ethyl phospho-

rothiolate was measured by ultracentrifugation

as described under METHODS. At the lowest con-

centration of [‘H]acetylcholine used, the radio-

activity before centrifugation was 258 cpm/0.1

ml; after centrifugation it was 43 cpm/0.1 ml.

These values were corrected for the background

of the scintillation counter: 6 ± 1 cpm. The right-

hand graph shows a Hill plot of the binding data:

log[B/(Bmax -B)] as a function of log (free [‘H]

acetylcholine), where B is the concentration of

bound [‘H]acetylcholine and � is the total

concentration of acetylcholine binding sites.

�a

ft

C � . .
0 2 4 6 8 0

[a-toxin] IOeM

FIG. 10. Displacement of [‘H]acetylcholine bound

to membrane fragments from Torpedo by V ni-

gricollis a-toxin

Torpedo membrane fragments were diluted in

Torpedo Ringer’s solution containing 0.1 1DM

0, 0-diethyl S-(jl-diethylamino)ethyl phospho-

rothiolate, to give a final concentration of [‘lila-
toxin binding sites of 27 ± � nat. After incuba-

tion for 1 hr at room temperature with the de-

sired concentration of a-toxin, [‘Hlacetylcholi ne

binding was measured as described under atuTu-

ODS. The total concentration of [‘H]acetylcholine

was 20 n�. In the absence of a-toxin, time con-

centration of free [‘HJacetylcholine was 7.5 tIM,

which is very close to the value of the dissociation

constant. The total number of [‘Illacetvlcholine

binding sites was thus 25 nat (1059 nmoles, ‘g of

protein).

tamed in the absence of d-tubocurarine.

The antagonism between d-tubocurarine
and decamethonium is thus competitive.
The dissociation constant for d-tubocurarine
is KDtUb0 = 0.17 ± 0.05 �i. The solid lines
in Fig. 6A and B are the theoretical hy-
perbolae corresponding to the values of
KD.deca and KD,tUbO given above. When the
free concentration of [‘Hjdecamethonium

becomes larger than 3 /LM, binding of dec-
amethonium to sites distinct from the pre-
vious ones was sometimes detected as shown

on the Scatchard plot of Fig. S. Although
in this region of the curve the accuracy of

our measurements is rather poor, we es-

timate that the dissociation constant of

decamethonium from these sites is 5.6 �z�t

and the number of sites is 3.6 �moles/g of

protein.

Since the affinity for [‘H}acetylcholine is
rather high (8 nM), its binding curve to
Torpedo membrane fragments can be es-
tablished with great accuracy. Figure 9 and
Table 2 show a significant deviation from a
rectangular hyperbola. The Hill plot of the



g/l nit nmoles/g protein nmoles/g protein n.u

0.6 320 ± 50 530 ± 80 500 ± 10 8 ± 1 1.40

0.5 350±50 700±100 720±80 10±3 1.15

0.3 560±60 1850±200 1600±200 8±1 1.33

0.5 ‘-�.‘750 ‘-�-45O0 1000±100 8±1 1.30

0.15 120±20 800±130 520± 40 7±1 1.0

0.6 460±50 770± 90 590± 40 10±2 1.0

TABLE 3

Elf ector K0

(1.7 ± 0.5) x 10-’

2 X 10’

1 X 10’
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TABLE 2

Binding of [‘H]acetylcholine to several preparations of membrane fragments from Torpedo

Protein Concentration of
t’Hla-toxin

binding sites

Specific activity in

[‘Hla-toxin
binding sites

Specific activity in
[‘H]acetylcholine

binding sites

Dissociation
constant for

[‘Hjacetylcholine

fly

Protection constants (K,,) and equilibrium dissociation constants (Ku) for a variety of cholinergic ligands

and membrane fragments from Torpedo

K,,

Acet,ylcholine

I )ecamethonium

Carbamylcholine

Muscarone

Nicotine HC1

(l-Tubocurarine

Hexamethonium

Choline

Atropine
Gallainine

31

(8 ± 1) x 10-#{176}

(8 ± 1) X 10-’

(5 ± 2) x 10-v

(3.8 ± 1.3) x 10-’

(8 ± 1) X 10-v

(1.7 ± 0.2) x 10’

(4 ± 1) x 10-’
6 X 10�

1.5 X 10-’
8 X 10-6

.61

(8 ± 1) x 10-#{176}

(7.4 ± 1.2) x 10-’

#{149}In the presence of 0.1 mM 0,0-diethyl S-(�-diethylamino)ethy1 phosphorothiolate.

binding data gives a straight line, which,
in four of six experiments, had a slope larger
than 1 and close to 1.3. Cooperative effects
in the binding of acetylcholine are present.

Table 2 also reveals that the number of
these sites completely blocked by the a-toxin

(Fig. 10) does not differ significantly from the

number of [3H]a-toxin sites estimated by the
Millipore filtration method for the same
preparation of membrane fragments.

As in the case of [‘H]decamethonium,

d-tubocurarine competitively inhibits the
binding of [‘H]acetylcholine. A double-
reciprocal plot of the data gives, for the
dissociation constant of d-tubocurarine,
KD,tUbO = 0.23 ± 0.07 �iu. This value is in

good agreement with that obtained from
competition against [‘H]decamethonium

binding.
We next measured the effects of dcc-

amethonium, acetylcholine, and d-tubo-

curarine on the initial rate of [‘H]a-toxin

binding in the same membrane fragments.

Table 3 shows that the constants of pro-
tection (K,,) measured by this method do

not differ significantly from the dissociation

constants (KD) measured directly. This

finding strengthens our former conclusion

that the constants of protection K,, can

indeed be taken as a measure of the equi-

librium dissociation constants.

In the case of choline chloride, however,

the protection constant K,, 60 �i�i was
found to be smaller than the dissociation

constant Kb = 200 �i measured by dis-

placement of [‘Hlacetylcholine binding. This

discrepancy is still unexplained.

Comparative pharmacology of nicotinic

receptors from Electrophorus and Torpedo

electric organs. Protection against [‘H]a-
toxin binding by cholinergic ligands gives a
convenient measure of equilibrium dissocia-
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tion constants of these ligands. This method

is more rapid than the classical methods of

equilibrium dialysis and ultracentrifugation.

Moreover, it does not require concentra-

tions of binding sites of the same order of

magnitude as the dissociation constant for

the effector studied. We were thus able to
estimate protection constants for cholinergic

ligands of rather low affinity. We first in-

vestigated the binding of six nicotinic
agonists and three nicotinic antagonists to
Electrophorus membrane fragments. For

each compound a protection curve was
established (Fig. 2). The K,, values for these

compounds are given in Table 1. In neigh-
bouring columns of the same table we have

reported the values for the “apparent”

dissociation constants, determined either

in vitro with excitable microsacs, by fol-
lowing IINa+ effiux, or in vivo with the iso-
lated electroplax, by following steady-state
depolarisation elicited by bath application

of a cholinergic agonist. The quantitative
agreement between “apparent” and “in-

trinsic” dissociation constants is particularly

good. A slight deviation was noticed with

the agonists, their Kapp (in vivo) somewhat

exceeding their K,, values.
To clarify this point, the complete dose-

response curves and protection curves for

decamethonium were plotted on the same
graph (Fig. 3). The most evident difference
was that the dose-response curve had a

sigmoid shape while the protection and
binding curves did not deviate significantly
from rectangular hyperbolae. With the ex-

ception of this last point, the agreement
between protection (binding) curves and
dose-response curves was excellent for all

the compounds tested, for agonists as well
as antagonists (Fig. 4). In agreement with

Kasai and Changeux (5), we confirm that
with this system and with the method em-

ployed the dose-response curve for a given
agonist can be superimposed on its binding
curve. This correlation between the phys-
iological response and the data in vitro
leads us to conclude that the sites under

study which bind both [‘H}a-toxin and
nicotinic agents are indeed cholinergic

receptor sites.

With Torpedo electroplax, dose-response

curves are not yet available either in vivo

or in vitro. However, there is no obvious
reason why the methods and conclusions

obtained with Elect rophorus cannot be
extended to Torpedo. It can be legitimately

inferred with this system, as �vell, that the
binding constants measured directly or by

following the protection against [‘HJa-toxin

binding are indeed characteristic of the
“physiological” cholinergic receptor site.

As already mentioned, the K,, values for

decamethonium and d-tubocurarine are ap-
proximately the same for Torpedo and

Electrophorus. This correspondence was fur-

ther explored by establishing the protection
curves for eight more compounds. With all
the other agonists (Table 3) [acetyicholine

in the presence of 0, 0-diethyl S-(�3-diethyl-
amino)ethyl phosphorothiolate, earbamyl-
choline, nicotine, and muscarone], the K,,

values were as much as two orders of mag-

nitude smaller than those found with Elec-

trophorus. However, with one antagonist,

gallamine, the affinity was smaller with
Torpedo than with Electrophorus. The phar-
macological properties of these two nicotinic

receptors are thus strikingly different.

Effects of Cholinergic Agents on Binding at

Equilibrium of [3H]a-Toxin to Membrane

Fragments front Electrophorns

The effects of cholinergic agonists and

antagonists on the initial rate of [‘H]a-toxin

binding can be accounted for simply on the

basis of a mutual exclusion between cho-
linergic ligand and [‘H]a-toxin for the cho-
linergic receptor site. It was then of interest

to test this conclusion at equilibrium. Equi-

librium studies with [‘H]a-toxin as a ligand

were made difficult because of the very slow

rates of adsorption and desorption of the

toxin. In particular, when the [‘H]a-toxin
was added before the cholinergic ligands,

equilibrium was not reached for several (lays.

This is why in most of our experiments the

system was equilibrated with the cho-

linergic ligand before adding the [‘H}a-toxin.
Nevertheless identical plateau values were
finally reached when toxin and cholinergic
ligand were added in a different order but
with the same final concentrations (Fig.
1).
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Fig. 11. Effect of cholinergic effectors and local

anaesthetics on binding at equilibrium of [‘H]a-
toxin to excitable membrane fragments from Elec-

trophorus

Membrane suspension (50 MI) was diluted in

20 ml of Ringer’s solution supplemented with

0.02% NaN, and cholinergic effector or local

anaesthetic. After a 10-mm incubation the reac-

tion was started by adding [‘H]a-toxin. After

overnight incubation at room temperature, the

concentration of [‘lila-toxin bound was estimated

by filtering a 5-mi sample as described under
METHODS. Concentrations: binding sites, 180 pM;

active l’Hla-toxin, 130 pat; protein, 0.026 g/liter.
Under these conditions the time for half-com-

pletion of toxin binding in the absence of any
effect or was about 4 hr.

Figure 11 shows the effect of increasing
concentrations of decamethonium and d-

tubocurarine on the binding, at equilibrium,

of [‘H]a-toxin with 180 �M receptor sites and
130 p�n [‘H]a-toxin. It is clear that both

ligands decrease the amount of toxin bound
and that, at high concentrations of both,

the displacement is almost complete.

The data can be analysed quantitatively
on the basis of the assumption that dcc-

amethonium or d-tubocurarine competes

with [‘H]a-toxin for the same receptor site.
The concentration a of [‘H]a-toxin bound at

equilibrium is then given by the equation

a - afi + Ka(1 + F/K0)

where a is the total concent ration of binding

sites, $ is the concentration of free [‘Hj-

a-toxin, and F is that of effector, Ka is the

dissociation constant of the [‘H]a-toxin,
and KD is that of the effector for the mem-

brane site.

The logarithmic form of Eq. 1 is

in � (a - a)
a

= lnKa

With Eq. 2 a plot of the experimental data,

with ln $[(a - a)/aJ as ordinate and ln

(1 + F/KB) as abscissa, should give a
straight line of slope 1, which by extrapola-
tion gives Ka when F = 0. Using for KD the
value determined from binding of the cho-

linergic ligands, we found that the equi-
librium data can be fitted conveniently by

Eq. 2; i.e., the data give a straight line of
slope 1 up to 30 �u decamethonium and
10 �i d-tubocurarine (Fig. 12).

Above these values of ligand concen-

tration a deviation appears. The significance

of this deviation is not yet completely under-

stood. In any case it cannot be accounted

for by an increase of the rate of dissociation

of the toxin (discussed in the following
paragraph): the deviation would be in the

opposite direction.
The dissociation constant Ka for the

toxin, determined from the plot, is 20 ±

10 pM, a value remarkably close to that
previously inferred from kinetic experi-

S

FIG. 12. Logarithmic plot of effect of cholinergic
(1) effeclors on binding at equilibrium of [‘H]a-toxin

to excitable membrane fragments from Electrophoru.s

Data for the displacement of [‘H]a-toxin binding
by decamethonium (O-O) and d-tubocurarine

(+�+) are replotted from Fig. 11. �

displacement of equilibrium by decamethonium

in the presence of 2.8 nat [‘HIa-toxin and 3.4 nat

toxin binding sites. On both axes, the data are

expressed in Napierian logarithms.
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ments. Within a reasonable range of cho-

linergic ligand concentrations and at con-

centrations of toxin and receptor sites close

to 100 pitt, all the equilibrium data are thus

consistent with the hypothesis of a mutual
exclusion of the choiinergic ligands and

[‘H]a-toxin for the same class of sites.

We also performed a few equilibrium
binding studies in the presence of nanomolar
concentrations of [‘H]a-toxin and receptor

sites. For instance, one of the curves pre-
sented in Fig. 11 was obtained with 3.4 n�i
receptor sites and 2.8 n�n [‘H]a-toxin. Our
log-log plot still yielded a straight line of

slope 1, but the line was slightly displaced
above the one obtained in the presence of

lower concentrations of a-toxin. The reason
for this phenomenon is yet not clear.

Effects of Cholinergic A gents on Rate of

Dissociation of [‘H}a- Toxin from Its Complex
wit it Membrane Fragments from Electro-

phorous

In the preceding paper (6) it was shown
that in the presence of an excess of unla-
belled a-toxin, reversal of the binding of

[‘H]a-toxin to membrane fragments occurs

with a half-time of 55 ± 5 hr.
The effect of the cholinergic effectors

on both the initial rate of [‘H]a-toxin binding

and the amount of bound [‘H]a-toxin at

equilibrium are, in a given range of con-
centration, compatible with a simple model

of mutual exclusion of a-toxin and cho-

linergic effector from a common binding site.
It was thus expected that the kinetics of

reversal of [‘H]a-toxin binding would be

the same in the presence of a large excess of

a-toxin or cholinergic effector.
However, as shown in Fig. 1, the addition

of high concentrations of decamethonium

caused a rapid decrease in the amount of
radioactivity retained on the Millipore

filters. Figure 13 shows that this release of

counts corresponds to the release from the
membrane fragments of a molecular species
with an exclusion volume on Sephadex G-50

column identical with that of free [‘H]-
a-toxin. Decamethonium thus enhances the
apparent rate of dissociation of the a-toxin.
This enhancement is the same after 2.5 or
24 hr of preliminary incubation of the mem-

brane fragments with [‘HJa-toxin (Fig. 1).

Fiu. 13. Characterisation of radioactive product
displaced by (leca ,nethoniuin from Elect rophor us

membrane fragments labelled with [‘Hla-toxin
Membrane fragments from Electrophoru.s were

incubated in Ringer’s solution with [‘HIa-toxin

for 160 mm at room temperature. Concentration

of binding sites, 2.9 ± 0.2 nat; l’Hla-toxin, ) nM.

Half the reactive medium was then made 470 MM

in decamethonium by adding a small volume of

0.1 at decamethonium. After 22 hr of incubation

at room temperature, 200 /41 of the mixtures were
filtered through a 8 X 155 mm column of Sephadex

G-50 (coarse) equilibrated with Ringer’s solution.

Fractions of 325 /41 were collected at a flow rate of

8 ml/hr, and 2O0-/4l samples were counted in 10

ml of Bray’s solution. The column was calibrated

with dext ran blue (fractions 7-9) and with a small

volume of the stock solution of [‘lIla-toxin (14.8

Ci/mmole, 78% active).

One series of experiments was performed
with concentrations of [‘H]a-toxin and
receptor sites lower than 500 p�. Figure 14A

shows that the apparent rate of dissociation

of the toxin-receptor site complex strongly

depends on the concentration of decame-

thonium. The reversal becomes significant

at concentrations higher than 100 � The
half-maximal effect seems to occur at about
5 m�i decamethonium, a concentration

several orders of magnitude larger than the
dissociation constant for the receptor site.

In the presence of 10 m�u and 100 mu
decamethonium, complete release of the
bound toxin occurs within a few hours.

Figure 14B shows that the time course of

the dissociation of 90-95% of bound a-toxin

follows a single exponential. The remaining
5-10% is released rapidly within 15 mm.
The apparent rate of dissociation of the
slow component depends on the temperature.
At 20#{176}the times for half-decay are 170 and



Q�M decomethonium

hours

i respective dissociation constants for the
� cholinergic receptor site. Both 10 m�i

\.‘�u � -�---:------ gallamine and 120 mM carbamylcholine,10� M -
i 80 � � #{149} concentrations which are again 10� times
.; N O�9’M their K0 values, show only a small effectS� .-� �-.-- 4 on the release : almost the same as 1 m�i

� 40 docamethornum � decamethonium. The order of efficiency of
.-.�

C A � enhancing dissociation was decamethonium
0 2 ;� � � � 8 � � > d-tubocurarine > gallamine and carbamyl-

hours choline, while the affinities for the cholinergic

receptor site followed the order d-tubocura-

rine and gallamine > decamethonium >
carbamylcholine.

In another series of experiments, we
studied the reversal of [‘H]a-toxin binding
at relatively high concentrations of recep-

�l 8
a rn tor sites (2-3 nu) and of [‘H]a-toxin. Figure

� 15 shows that under these conditions the
kinetics of reversion is clearly biphasic : the

time for half-decay of the slow component is

not modified, but the proportion of [‘H]a-
toxin rapidly released in the presence of both

10 m�i decamethonium and 2.5 mu d-tubo-

FIG. 14. Effects of various concentrations of curarine becomes as large as 30% of the
decamethoniunn on time course of [‘H]a-toxin dis- amount of [3H]a-toxin initially bound. In
sociation from Electrophorus membrane fragments the presence of an excess of unlabelled a-

Membrane fragments diluted in Ringer’s solu- toxin, the kinetics of reversion is also bi-
tion were incubated for 39 hr at 20#{176}with [‘H]a- phasic, but the slow- component does not

toxin (28 /4g/ml of protein, 150 �M [‘HIa-toxin extrapolate at zero time to the value ob-
binding sites, 200 pat active t’Hla-toxin). The tamed in the presence of decamethonium
medium was then supplemented with 1 at dee- and d-tubocurarine.

amethonium. It was verified that increasing by

0.2 OSM the ionic strength of the medium had no
effect on the control kinetics. The slow decrease
in bound [‘lila-toxin observed in the absence of � 80

decamethonium was probably due to an alteration 60

of the membrane fragments after prolonged in-

cubation. A. Arithmetic plot. B. Semilogarithmic I

plot of the same data. B0 is the amount of [‘H}a- -S

toxin bound before addition of decamethonium. �‘
30 -

B� is the amount bound at time t after addition

of decamethonium. B�, the amount bound after
24 hr, did not differ from the background of the 20 -

filters. 2 4 6 8
hours

105 mm in the presence of 10 and 100 m�n FIG. 15. Biphasic dissociation of [‘Hla-toxin

decamethonium, respectively. bold nil to Elect rophorus membrane fragments

In the presence of 1 m�i d-tubocurarine Membrane fragments were incubated over-

complete release also occurs, but the ap- night in Ringer’s solution with [‘lIla-toxin (0.23

parent rate of dissociation is considerably mg/ml of protein, 3.7 flM [‘lila-toxin binding sites,
1.8 ± 0.2 flM active [‘lila-toxin). Reversal was

slower than in the presence of 10 m�i dcc- started by adding a small volume of a concentrated

amethonium (r� = 650 mm), although in solution of unlabelled a-toxin, d-tubocurarine, or

both cases the concentrations used cor- decamethonium. The final concentration of un-

respond to approximately 10� times their labelled a-toxin was 1.5 /4M.

excess untabelled �-tooin

25cI0�’M’

0 M decamel-honium
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TABLE 4

Effect of [‘H]a-toxin concentration on slow and fast

relea.se of [‘Hla-toxin from Electrophorns menu-

brane fragments in the presence of 10 mat dee-

ftlI)a-
Toxin

binding
sites”

Active
1�H1a-
Toxin

Total
[#{176}Hla-
toxin

bound (T)

Slowly
reversible

[‘Hja-toxin

Rapidly R/T
reversible

(‘HJa-toxin
(R)

flM flM tOM tOM tOM

2.1 0.24 0.160 0.135 0.025 15.5

2.1 2.4 174 122 0.52 30

Moreover, as shown in Table 4, the per-
centage of rapidly released [‘H]a-toxin de-

pends, at a fixed concentration of binding

sites, on the total concentration of [‘H}a-

toxin.
We then wondered whether the fact that

the kinetics of dissociation seen in the pres-

ence of an excess of unlabelled a-toxin was

slower than in the presence of decametho-

nium was not due to the presence of a dif-
fusion barrier for a-toxin. This barrier, for

instance, would deny access to the site of

additional molecules of toxin, but not of

decamethonium. To test this, labelled mem-
brane fragments were solubiized with 1%
Triton X-100 by the method of Meunier et

al. (4). At a given time after the reversal
was started by adding an excess of unla-

belled a-toxin or 10 mu decamethonium,

free and bound toxins were separated on a

Sepharose 6B column. A parallel experiment

was performed on membrane fragments by

the usual Millipore filtration method. Figure
16 show’s that the kinetics of reversal of
[‘H]a-toxin binding to solubilized receptor

and to membrane fragments are consistent,

and the same enhancement by decametho-

niium of the reversal rate was observed in
both cases. This effect thus seems independ-
ent of the membrane environment of the
cholinergic receptor.

DISCUSSION

We have defined experimental conditions

under which [‘HJa-toxin binding to excitable

membrane fragments can be follow’ed with

good accuracy by simple filtration.
In a first series of experiments � followed

initial rates of [‘Hja-toxin binding to mem-

brane fragments and confirmed that both
cholinergic agonists and antagonists de-

crease them. Plots of the initial rate of [‘H]a-

toxin binding as a function of cholinergic

effector concentration (protection curve)

were fitted by rectangular hyperbolae, and
complete protection occurred at high but

still physiological concentrations of effector.
All the data collected are, to a first ap-

proximation, compatible with the hypothesis

that cholinergic effectors and [‘HJa-toxin
bind to a common membrane site in a mutu-

ally exclusive manner. It should be empha-
sized, however, that with .V. n igricollis a-

control

V. excessun libelled

:�;�otn.

50 \ 102M

\ decamethonium

N1
5”.

. #{163}membranefragments

hours

FIn. 16. Effect of excess unlabelled a-toxin or

decamethonium on dissociation of the receptor-

[‘Hla-toxin complex solubilised by Triton X-100

Elect rophorus membrane suspension (350 /41)
was diluted in a 2.5-ml final volume of Ringer’s

solution. The concentrations of toxin binding

sites and of active toxin were 7.8 and 5.0 nat re-

spectively. After 25 hr of incubation at room
temperature, the medium was diluted twice with
1 at Tris, pH 8.0, and 5% Triton X-100 and allowed
to stand for 50 mini at room temperature. The

mixt tire was then centrifuged for 30 mm at 100,000

X g. The pellet was discarded, and the super-
natant fraction was made 1.5 /4at in a-toxin or

10 mat in decamethoniun�. At given times i)00-/sl

samples were filtered through a 9 X 205 mm

Sepharose 6B column equilibrated with 0.1 at

Tris, p11 80, 1% Triton X-100, and 0.02% NaN,.
Fractions of 500 /41 were collected and counted.

The amount of [‘lila-toxin bound was taken as

the sum of the areas of the peaks of high molec-

ular weight aggregates (V/V, = 0.33) and of

soluble receptor protein (V/V0 = 0.47). The free

[‘HIa-toxin was given by the area of the peak at

V/V0 = 0.90, V0 being the total volume of the

column -
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toxin atid with the membrane preparation
we use, only a limmted range of experimental
conditions (a-toxin concentration, ratio of
toxin to sites, (‘tc) can be explored. Devia-

tion from strict competitivity between a-

toxin and cholinergic ligands might occur
(11) but has not been detected.

If the simple hypothesis of mutual ex-

elusion for a common site is verified, the con-
centration of ligand which decreases by half
the initial rate of [‘H]a-toxin binding (pro-

tection constant, K�) should be identical

with its equilibrium dissociation constant

(KD) measured directly in the absence of

toxin. To test this point, we first compared

our protection curves with the binding curves

established directly with [14C]decametho-

mum by Kasai and Changeux (5) on Electro-

phorus membrane fragments and found that

for both decamethonium and d-tubocurarine
these curves agree quite well. This result was
confirmed with membrane fragments from

Torpedo, which are particularly rich in toxin

binding sites.
An extensive study of the binding at

equilibrium of two radioactive cholinergic
ligands, decamethonium and acetyicholine
(in the presence of 0, 0-diethyl S-(fl-diethyl-

amino)ethyl phosphorothiolate), was de-

veloped with Torpedo membrane fragments,

using a simple centrifugation method anal-

ogous to that of O’Brien and Gilmour (12)
and Icasai and Changeux (5). Binding data
are consistent with the hypothesis that

acetyicholine binds to a homogeneous popu-
lation of slightly interacting (see below) sites

with a dissociation constant KD = 8 n�i. On

the other hand, decamethonium binding can

be analysed in terms of two classes of inde-

pendent sites of different affinities, of which

only the high-affinity ones (KD = 800 mu)
are studied here. Interaction at equilibrium

between acetylcholine or decamethonium

and d-tubocurarine appears competitive.

In addition, acetylcholine and decameth-
onium bound to their membrane sites

are displaced by nearly, if not exactly,

stoichiometric amounts of a-toxin. This was
not the case in the previous work of Kasai

and Changeux (5) with Electrophorns; in

that case important nonspecific binding of

decamethonium was noticed, in particular at

the level of the catalytic site of acetylcholin-

esterase. Such contamination is consider-

ably reduced with Torpedo membrane frag-

ments, in which the number of catalytic

sites is at least 100 times smaller than the

number of toxin binding sites (6).
Nevertheless, with Torpedo membrane

fragments, the numbers of a-toxin-sensitive

sites for acetyicholine and decamethonium

were very close, if not identical (with acetyl-

choline), to the number of [‘Hja-toxin bind-

ing sites measured by the filtration method
described in the preceding paper (6).

Comparison of the direct binding curves

with the protection curves show-ed that, as

in the case of Electrophorus membrane frag-

ments, the protection constants K,, for

acetylcholine, decamethonium, and d-tubo-

curarine coincide quite well with their

thermodynamic dissociation constants. Thus,

with membrane fragments from both Elec-

trophorus and Torpedo, the method of pro-

tection against [‘H]a-toxin binding gives an

indirect but accurate measurement of the

binding of the considered cholinergic effector.

The interaction of [‘H]a-toxin with its
membrane site at equilibrium was also
studied in the presence of cholinergic ligands.

An excess of decamethonium or d-tubo-

curarine completely displaces [‘H]a-toxin

from its binding sites. Again the results are,

to a first approximation and within a range

of concentration close to their dissociation

constants for the cholinergic receptor site,

consistent with a reversible and mutually

exclusive toxin-cholinergic ligand interac-
tion for a common binding site. Evidence
for the presence of a-bungarotoxin binding

sites which are not protected by d-tubo-

curarine (or only at very high concentra-

tions) has been found by Miledi and Potter

(13) and Chiu et al. (14) in crude extracts

of frog sartorius and rat diaphragm, and by

Albuquerque et al. (15) on end plates of

mouse diaphragm. A similar result was ob-
tained by Lester (16) following the binding

of cobratoxin to frog end plates. The differ-

ence between these results and ours might be

related to the fact that our starting material

was alw-ays purified membrane fragments,

Complexity arose when the kinetics of

dissociation of the [‘H]a-toxin from its mem-

brane site was analysed. Indeed, since the

data at equilibrium were accounted for by
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the effect of cholinergic ligands on the as-

sociation rate of [‘H]a-toxin binding, we did
not expect any modification by these ligands
of the rate of [‘H]a-toxin dissociation. In

fact, decamethonium and d-tubocurarine, at

concentrations several orders of magnitude
larger than their dissociation constants for

the cholinergic receptor site (measured in the

absence of [‘H]a-toxin), strongly enhanced

the release of [‘HJa-toxin from its complex

with membrane fragments. Another charac-

teristic of this effect is that the counts are

released at two different rates at least: a fast

one (minutes) for 5-30% of the radioactivity
and a much slower one for the rest. While
this phenomenon is not completely under-

stood, it could result from structural hetero-

geneity of the toxin binding sites. All these

sites, however, would bind both cholinergic

ligands and [‘H}a-toxin and, according to
our definition, should be considered cholin-
ergic receptor sites. Another alternative is
that release of the a-toxin follow’s a sequen-

tial mechanism. For instance, if, as already

suggested (17, 18), the receptor protein is an

oligomer, steric hindrance or other reasons

might cause some of the toxin molecules

bound to the same receptor oligomer to be

more easily dissociated than others.
Finally, a slow but reversible transforma-

tion of the toxin-receptor complex might oc-

cur. Distinction among these various alter-

natives requires an extensive kinetic anal-

ysis and knowledge of the exact stoichi-

ometry between the various classes of sites in-

volved.

Enhancement of toxin dissociation by

cholinergic ligands also cannot be simply
interpreted. High concentrations of cholin-

ergic ligands are required. Decamethonium
enhances the dissociation more efficiently

than d-tubocurarine, although the affinity of

d-tubocurarine for the cholinergic receptor
site is higher than that of decamethonium.

This leads us to postulate that, in the con-

centration range explored, cholinergic ii-
gands bind, once the a-toxin is bound, at

sites at least partially distinct from the

cholinergic receptor site in a strict sense.

Khromov-Borisov and Michelson (19) have

speculated that the cholinergic receptor site

constitutes a complex surface with several

anionic and esterophilic centers organised in

a pattern able to fit multiquaternary ligands

in a well-defined and characteristic manner.

An interesting though untested hypothesis
might be that, once bound, the a-toxin covers

only a part of the pattern postulated by

Khromov-Boriov and Michelson on the

oligomeric protein and leaves s�nie of its

‘ ‘subsites’ ‘ accessible to cholinergic ligands.
The binding properties of these subsites
would no longer be those of the fr(ue receptor

site.
The enhanced dissociation would be ex-

plained by either a steric or an allosteric
effect of cholinergic ligand binding to these

subsites by a mechanism which might pres-

ent analogies with the enhanced deacylation

of acetylcholinesterase by cholinergic ligand

binding to a “peripheral” anionic center at

least partially distinct from the catalytic

center (20, 21).

Since at the present state of knowledge

several alternative models can be proposed

to account for the available experimental

data, we have purposely avoided developing

any particular one.

Under most of the experimental condi-
tions in vivo and in vitro used throughout

this work, the range of concentration of

cholinergic ligands explored was such that

binding to these “accessory” sites did not

require consideration. Indeed, comparison of

the dose-response curves obtained with

Elect rophorus electroplax or microsacs and of

the protection or direct binding curves for

decamethonium and d-tubocurarine shows

clear-cut superimp( )sition. The “apparent”

dissociation constants are nearly identical
with the intrinsic ones. Extension of this re-

sult to a large spectrum of cholinergic ligands

further confirmed the early findings of Kasai

and Changeux (5). Such a result may be sur-

prising, since some of the dose-response

curves were established from steady -state

measurements of membrane potential upon
bath application of the cholinergic ligand.

There is no obvious reason why the changes
of membrane potential should vary linearly
with occupancy of the receptor sites by the

agonist. It seems to be a favorable coinci-

dence that with this system such an excellent

correlat ion exists between resp� snse and
binding.

The only difference-a minor but inter-



Comparative survey of dissociation constants and protection constants for cholinergic liga nds with membrane

fragments from Elect rophorus and Torpedo

Electrop/wrus Torpedo

Present work O’Brien Present work O’Brienand co-workers

(23, 24)

-Of

Effector

Acetylcholine’

Carbamylcholine

Muscarone

Nicotine

Decamet honium

d-Tubocurari ne

if

3 X 10

6 X 10�

1.8 x 10-s

8.0 X 10�

1.7 X 10’

-Of

8 X 10#{176}

5 x 10-’

3.8 X 10-’

8 X 10’

8.0 X 10’

1.7 X 10-’

Franklin
and

Potter
(28)

if

5 X 10-6

5 X 10�

2.2-6.5 x 10��

[60-80]

2.7-7.2 X 10’

[390-1000]

2 X 10’ 160-1001

2.5-3.3 X 10-6

[750-1300]

0.7-1.3 X 10-’
[60-500]

4-5.9 x 10’

[1400-2600]

0.8-2 X 10-s
[3200-7400]

“In the presence of 0.1 mM O,O-diethyl S-ffl-diethylamino)ethyl phosphorothiolate. The number

of binding sites iii ii moles per kg of fresh tissue is given in brackets. In the present work these

numbers are approximately [100] for Electrophorus and [1000] for Torpedo.
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esting one- seen between measurements in
vivo and in vitro concerns the shape of the

titration curves. The dose-response curves

generally were sigmoid, and this effect

seemed less pronounced with the binding
curves. In fact, a slightly sigmoid shape was
repeatedly observed with acetylcholine [in
the Presellce of 0, 0-diethyl S-($-diethyl-

amino)ethyl phosphorothiolate] on Torpedo
membrane fragments. With decamethonium
a similar deviation, if present, would remain
undetected, being under the limits of reso-

lution of our binding measurements. The
Hill coefficient for acetyleholine was 1.3, a

value significantly smaller than that mea-s-

ured in vivo on Electrophorus electroplax.
The reason for this difference is not clearly

understood. For instance, isolation of the

membrane fragments might alter coopera-

tive assembly of the cholinergic receptors.

By affinity chromatography the receptor

protein from Electrophorus can be easily puri-
fied (22). As show-n in Table 1, the affinities

of three agonists for the purified protein in

solution appear several orders of magnitude
larger than those of the same agonists for the
receptor protein present in membrane frag-
ments. The affinity for the antagonists re-
mains the same. One of the interpretations
proposed by Meunier and Changeux (10) for

this effect is a release of membrane con-

straint upon solubilisation and purification

of the receptor protein.
The values of the dissociation constants

TABLE 5

3.6-5.5 X 10�

[15-20]

4.6-6.3 x 10-8

[27-33]

1.6 X 10� [293]

2.5-3.2 x 10-0

[30-36]

1.9-55 X 10#{176}[20]

8.3-25 X 10-v

[250-293]
5.2-10 X 10-s

13000-4000]

and co-workers
(24-27)

-Or

8 X 10#{176}[100]

6.8 X 100 [830]
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for cholinergic ligands that we obtained with
purified membrane fragments have been

compared with those presented by various

authors with cruder fractions of electric tis-

sue.
In Table 5 are collected our results on

Electrophorus and those of O’Brien and co-
workers (23, 24). For nicotine and deca-

methonium, the sites we studied appear

analogous to the low-affinity sites of O’Brien

et al. With muscarone a large difference
exists, which might be related to the fact

that these authors did not study muscarone

binding in the same range of concentration

as we did. The strong correlation we ob-

served between “apparent” and “intrinsic”

dissociation constants, coupled with the fact

that the a-toxin blocks the binding of cholin-

ergic ligands, strongly supports the view
that the sites we studied are indeed involved
in the electrogenic action of acetyicholine.

Surprisingly, we have no evidence for the
high-affinity sites found by O’Brien and co-

workers for nicotine, muscarone, and deca-

methonium. However, the binding experi-
ments of Kasai and Changeux (5) and our
protection experiments might not have been

accurate enough to detect these sites, since
they are expected to represent only a small

fraction of the total binding sites. Another

explanation, already discussed by Eldefrawi
et al. (25), is that the different classes of sites

might be carried by different conformations

of the same molecule. Our fractionation

procedure may favor one of these conforma-
tions. Finally, we cannot exclude the possi-
bility that some classes of sites were lost

during fractionation.
Table 5 shows that a similar comparison

can be made with Torpedo. For acetyicholine

the high-affinity sites we studied coincide

quite nicely with the high-affinity sites of

Eldefrawi et al. (25) with respect to the dis-

sociation constant (S mu). However, Fig. 10

clearly indicates that no class of binding sites
with a dissociation constant close to 68 n�i

existed in our preparation. Again we cannot
exclude the hypothesis that these sites exist

in the electric organ, but that the fractiona-

tion method of Cohen et al. (9) selects a

given class of membrane fragments.
Franklin and Potter (28) have measured

protection constants for four cholinergic

(‘ifectors by the same method as ours, but
with a total homogenate of 1’orpedo electric
tissue. Although the results coincide quite

well in the case of atropine and hexametho-

nium, there exists a large discrepancy with

d-tubocurarine and carbamylcholine (Table
5). It might be due to the difference in ionic
composition of the incubation medium or to

heterogeneity of the binding sites in a total

homogenate. In that case the protection

constant may reflect a mean value of the
dissociation constants for the different bind-
ing sites.

Unexpectedly, some of the values obtained

with Torpedo differ strikingly from those re-

ported with Electrophorus. Affinities for dcc-
amethonium and d-tubocurarine are approxi-
mately the same; however, the affinities of

carbamylcholine, muscarone, and nicotine

are approximately two orders of magnitude

higher with Torpedo than with Elect rophorus.
The reasons for this difference are not clear,

although it should be emphasized that

Elect rophorus afld Torpedo belong to two

different zoological orders, and the evolution-

ary distance between the two species might

be much wider than between Elect rophorus

and mammals. Indeed, Patrick et at. (29)
have obtained with mammalian muscle cells

in culture values of dissociation constants

for a few- cholinergic effectors much closer to

those of Elect rophorus than those of Torpedo.

Moreover, in Torpedo the membrane frag-

ments come from subsynaptic areas while in
Elect rophorus an important fraction of these

fragments is derived from extrasynaptic
ones. Although we still have no evidence for

different properties between extrasynaptic
and subsynaptic receptors, this possibility

cannot be excluded.
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