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SUMMARY

KRODEL, ELIZABETH K., BECKMAN, ROBERT A. & COHEN, JONATHAN B. (1979)
Identification of a local anesthetic binding site in nicotinic post-synaptic membranes
isolated from Torpedo marmorata electric tissue. Mol. Pharmacol. 15, 294-312.

Studies are presented of the interaction of aromatic amine noncompetitive antagonists
with the receptor-rich (post-synaptic) membranes isolated from Torpedo marmorata

electric organ. When present at micromolar concentrations, methyl iodide quaternary

derivatives of the potent mon-competitive antagonists proadifem and dimethisoquin in-
crease the affinity of the membrane-bound nicotinic receptor for [3H]acetylcholine and

[‘4C]dimethyltubocurarine. The equilibrium binding of [‘4C]meproadifem (2-(diethyl-
methylamino)ethyl-2,2-diphemyl valerate) to the receptor-rich membranes is character-
ized by an ultracemtrifugatiom assay. When all acetylcholine binding sites are occupied by
the agonist carbamylcholime or the antagonist tubocurarine, [‘4C]meproadifem is bound
with a dissociation constant KD = 0.5 /LM to a number of sites equal to one-quarter the
number of a-neurotoxin binding sites. That high affinity binding site is found in the

receptor-rich membranes and not in other membrane fractions isolated from Torpedo

electric organ. Other mom-competitive aromatic amino antagonists including dimethiso-

quin, proadifen, and prilocaine displace [“C]meproadifen, as does perhydrohistrionico-
toxin. It is concluded that there is a specific site of binding for the aromatic amine mom-

competitive antagonists in the isolated mcotinic post-synaptic membrane that is distinct

from the site of binding of acetylcholine. Analysis of the interaction of [14C]meproadifem
with the receptor-rich membranes in the absence of cholinergic ligands indicates that
under these circumstances the ligand binds weakly to both the anesthetic binding site
and the acetylcholine binding site (KD = 5 �LM). The functional significance of the specific
binding site for the aromatic amine mom-competitive antagonists is discussed in terms of
its possible relation to the site of ion translocatiom and to the mechanism of receptor

desensitization.

INTRODUCTION

Permeability control by nicotinic cholin-
ergic receptors involves a minimum of two
distinct cation recognition sites: the site of

This work was supported by USPHS Grant NS-

12408 and by a grant from the Sloan Foundation.

E.K.K. is a recipient of a Muscular Dystrophy Asso-

ciation Postdoctoral Fellowship, and J.B.C. is a recip-

ient of a Research Scientist Career Development

Award (NS-0155) of the USPHS.

‘To whom all correspondence should be addressed.

0026-895X/79/020294-19$02.00/0
Copyright © 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.

binding of AcCh2 and the site of ion trans-

location. While numerous quaternary am-

2 used are: AcCh, acetylcholine; carb,

carbamyicholine; proadifen, 2-(diethylamiso)ethyl-

2,2-diphenylvalerate (also known as SKF-525a); me-

proadifen, 2-(diethylmethylamino)ethyl-2,2-diphenyl-

valerate; HTX, histrionicotoxin; H12-HTX, perhydro-

histrionicotoxin; DFP, diisopropylfluorophosphate;

� concentration of competitor required to reduce

specific binding by 50%; P, membrane buffer partition

coefficient expressed is units nmoles ligand per gram

of membrane protein/nmole ligand per ml of buffer.
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monium compounds are known that inter-

act with the AcCh binding site either as
agonists or antagonists, it has proven diffi-

cult to identify ligands interacting with high
specificity and affinity with the site of ion
translocation. If such compounds existed,
they would be classified pharmacologically
as mom-competitive antagonists; that is,
they would alter the steady state agonist
dose-response relation by decreasing the

maximum response without altering signif-
icantly the apparent agonist dissociation
constant.

Several classes of compounds including
detergents (1, 2), fatty acids (2), and aro-
matic amines (3-6) have been shown to act
as potent non-competitive antagonists of
the action of AcCh on the isolated Electro-
phorus electroplax. Because all these com-

pounds are amphiphilic, and they all are
known to partition rather indiscriminately
into biological and model membranes, it is

possible that they act at the nicotinic post-
synaptic membrane, as elsewhere, as mem-

brane stabilizers (7, 8). In this case, they
would alter the coupling between the bind-
ing of acetylcholine and the permeability
response in the absence of any specific bind-
ing site in the post-synaptic membrane. Of
the non-competitive antagonists, however,
the aromatic amimes are of particular inter-
est because they might function by binding
to a specific cation recognition site in the
post-synaptic membrane. The identifica-
tion of such a specific binding site provides
no direct information about its functional
significance, but for a cationic mon-compet-
itive antagonist that site could be a part of
the site of ion translocation. Alternatively,

it could be a distinct regulatory site (5, 9,
10).

Historically, many of the aromatic
amines were developed and first character-
ized as local anesthetics, compounds that
block reversibly the action potential of

nerve and muscle (11). Although there is no
direct correlation between the potency of

the aromatic amines as local anesthetics
and nicotinic antagonists (3, 12), we (6)
have referred to the aromatic amine mico-
tinic non-competitive antagonists as local
anesthetics and we will continue to do so in
this paper. We wished to study directly the

interaction of radioactively-labeled local

anesthetics with the acetyicholine receptor-
enriched membranes isolated from Tor-

pedo marmorata electric tissue (13). The
cholimergic receptor constitutes about

20-40% of the protein in these membranes,
and the nicotimic response remains fumc-
tional both in terms of ligand binding and

in terms of the agonist associated increase

of membrane permeability (for recent re-
views, see 14, 15). It is reasonable to assume
that the concentration of a specific binding
site for a mon-competitive antagonist in
those membranes would be similar to the
concentration of AcCh binding sites (1-3
jnnoles AcCh bound per gram of protein).
Under these circumstances it is possible to
measure directly the equilibrium binding of
a local anesthetic binding with a dissocia-

tiom constant (KD) smaller than 5-10 ELM.

The most potent nicotiic non-competi-
tive antagonists that have been identified

are aromatic amines such as dimethisoquin
and proadifem (2-(diethylamimo)ethyl-2,2-

diphemylvalerate), and histrionicotoxim, a
spiropiperidime alkaloid isolated from the
skin of Dendrobates histrionicus (16).
These compounds are active at micromolar
concentrations as noncompetitive antago-
mists of the action of carbamylcholime on
the isolated Electrophorus electroplax (6,

12). Trimethisoquin, the methyl iodide qua-
ternary derivative of dimethisoquin, is ac-
tually am order of magnitude more potent
that its tertiary precursor (10). The action
of these ligands has also been characterized

in vitro in terms of their effect on the
binding properties of the receptor-rich Tor-

pedo membranes. At concentrations that

block the electroplax permeability re-
sponse, these ligands increase by a factor of
two or three the affinity of the receptor for
[3H]AcCh (6, 17). At ten to one hundred-
fold greater concentrations, these ligands
decrease the amount of [3H]AcCh bound at
equilibrium (5, 6). The fact that low con-
centrations of these mom-competitive antag-
onists increase the affinity of the choliner-
gic receptor suggested that they bound to

a site distinct from, but coupled to, the
acetylcholime binding site. Since higher
concentrations of the ligands were associ-
ated with reduced binding of cholinergic
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ligands, they might bind weakly to the
AcCh binding site itself. Although the
mechanism by which the local anesthetics
increase the receptor affinity is unknown,
the effect provides a useful assay to aid in
the identification of ligands best suited for
direct binding studies.

Radioactive derivatives have been pre-
pared of several of these nomcompetitive

antagonists and utilized for equilibrium
binding studies. [3H]Perhydrohistrionico-
toxin prepared by catalytic tritiatiom of his-
trionicotoxin was shown to bind to a site in
receptor-rich membranes of T. californica
(18) and T. ocellata (19) that is distinct
from the acetylcholine binding site. [‘4C]-
Trimethisoquim was shown to interact with
a distinct binding site in the receptor-rich
membranes of T. marmorata (10). We re-
port here a more detailed characterization

of the local anesthetic binding site in the T.

marmorata receptor-rich membranes in
terms of the equilibrium binding properties
of the quaternary amine mom-competitive

antagonist, [‘4C]meproadifem (2-(diethyl-
methylamino) ethyl- 2,2- diphemylvalerate).
A preliminary report of this work has been
presented (20).

MATERIALS AND METHODS

Preparation of receptor-rich membrane

fragments. The preparation of membrane

fragments rich in cholinerg,c receptor from
fresh T. marmorata electric tissue has been
described (13), and the preparation was
followed with several modifications: The
tissue was homogenized in 100 g portions in
two volumes of water at 40 for 2 mm in a
Virtis apparatus at 95% maximal speed, al-

lowed to rest one minute, and them homog-
enized for 1 mm longer. The homogenate
was centrifuged at 5000 x g for 10 min. The
pellet was homogenized again according to

the same procedure. The supernatants from
these centrifugations were combined and
centrifuged at 10,000 x g for 90 min. The
supernatant was discarded, the pellet was
resuspended, homogenized in 10% sucrose

in a hand-held ground glass homogenizer,
and 23 ml aliquots applied to sucrose den-
sity gradients (14 ml) formed by two cycles
of freezing and thawing of a 1.2 M sucrose
solution. The gradients were centrifuged for

4 hours at 80,000 x g in the SW 27 rotor of
a Beckman L5-50 ultracemtrifuge.

Equilibrium binding of radioactive hg-

ands. Binding of [‘4C]meproadifem at 4#{176}
was measured by centrifugatiom. The mem-
brane suspension was diluted in Torpedo
physiological saline solution (250 nmi NaCl;

5 mM KC1; 3 mM CaCl2, 2 nmi MgCl2 and 5

mM Na phosphate, pH 7.0) and homoge-

nized with a Potter teflon-glass homoge-
nizer before the addition of [‘4C]meproadi-
fen. The membrane suspension was equii-
brated with the ligand(s) for 10-30 mm at
4#{176},and separation ofbound from free ligand
was them accomplished by centrifuging 100

p1 samples in polyethylene tubes for 15 mm
in a Beckman Airfuge at 130,000 x g. Ra-

dioactivities of the media before and after
centrifugation were determined by count-
ing aliquots in 10 ml of scintifiatiom cocktail
(2 parts tolueme, 1 part Triton X-100, 0.4%
2-(4’-t-butylphemyl)-5(4”-biphemylyl)-1,3,4-

oxadiazole). The final sample volume to be
counted was always adjusted to 1 ml by the

addition of Torpedo physiological saline.
Radioactivity in the pellet was determined
by the following procedure. After centrifu-
gation, the supernatamt was removed from
the centrifuge tube, which was then wiped

with a cotton swab, and left inverted on the
swab for 20 mm. One hundred microliters
of 10% (w/v) sodium dodecylsulfate

(Sigma) was them added to the tubes, which
were capped and allowed to stand over-

night. The next day the solution was trans-

ferred to a counting vial and counted as
described above.

The binding of the [3H]AcCh and tubo-
curarime [‘4C]dimethyliodide to the Tor-

pedo membrane fragments in Torpedo
physiological saline solution was measured

by an ultracemtrifugatiom assay (21). For
studies with [3H]AcCh, a concentrated
membrane suspension was pretreated for
30 min with the potent acetylcholinester-
ase inhibitor diisopropylfluorophosphate
(DFP, 3.3 mM), and binding studies were

then performed in the presence of 0.1 nmi
DFP. Bound [3H]AcCh or tubocurarmne

[‘4C]dimethyliodide was determined from
the difference between the radioactivities
of the media before and after cemtrifugation
at 100,000 x g for 90 mm in a Beckman
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Rotor 50. All studies were performed at 4#{176}.

Assays. Proteins were estimated by the
method of Lowry et ab. (22) using bovine
serum albumin as the standard. Acetylcho-
linesterase activity was assayed with ace-
tylthiocholine as substrate by the method
of Ellman et ab. (23). In order to convert

from the observed change in optical density
per time per volume of membrane suspen-
sion to concentration units, it was assumed

that acetylcholinesterase had a molecular
weight of 260,000 and that the acetylthio-

choline turnover number for the pure em-
zyme was 750 moles per hour per gram
protein (24).

Na�-K�-depemdent ATPase was assayed

using p-nitrophemyl phosphate (di-tris salt)
as the substrate (25). The rate of appear-
ance of p-nitrophemol was determined in a

reaction mixture containing 4 mM MgCl2-
50 mM Tris, pH 7.8. The increased phos-

phatase activity associated with the pres-
emce of 10 nmi KC1 was taken as a measure
of Na�-K� ATPase activity, since control
experiments established that greater than
90% of that activity was inhibited by oua-
bain.

The binding of [3H]a-toxin from N. ni-
gricohhis was used to estimate the concen-

tration of cholinergic receptor sites. The
assay was performed as described (21), ex-
cept that the Millipore HA filters used to

retain the membrame-[3H]a-toxin complex
were first soaked in Torpedo physiological
saline solution supplemented with 0.1% bo-
vine serum albumin. This procedure de-
creased nonspecific retention of radioactiv-

ity on the filters.
Initial rate of �H]a-toxin binding to

membrane fragments. This rate was meas-
ured at 23#{176}by ifitratiom on Milhipore ifiters
as described by Weber and Changeux (21).
The concentration of [3HJa-toxim was 0.8
nM and that of [3H]a-toxin binding sites
was 4 ni�i. Under these conditions the
amount of toxin bound was linear with time
for at least 5 mm, and the initial rate of

binding was determined by filtering ali-
quote at 45 sec intervals after mixing.

Preparation of [‘4C]meproadifen iodide.
[‘4C]Meproadifem was prepared by reaction
of 2-(diethylaminoethyl)-2,2-diphemyl val-

erate with [‘4CJmethyliodide (56 mCi!

mmole, New England Nuclear Batch #08-
093-7). The product was purified by prepar-
ative thin layer chromatography on silica
gel with 1:9 ethanol:CH3NO2. The RF of the
product was 0.55, and the purified material
cochromatographed with unlabeled me-

proadifen, while the RF for proadifem was
0.05.

Chemical products. Cholinergic ligands
and local anesthetics obtained commer-
cially were used without further purifica-
tiom. The hydrochloride salts of dimethiso-
quim and proadifen were gifts from Smith,
Kline, and French (Philadelphia, Pa.). Tn-
methisoquin and meproadifem were pre-
pared from the free base tertiary amine
precursor as described for [‘4C]meproadi-
fem. Lidocaine, pnilocaine, and the ethyl
bromide derivative of lidocaine were a gift
from Astra Pharmaceuticals (Worcester,

Mass.). Perhydrohistriomicotoxin (H,2-
HTX) was a gift of Dr. Y. Kishi (Cam-
bridge, Mass.) and his colleagues who had

synthesized it (26). Structures of these non-
competitive antagonists are presented in
Fig. 1. The [3HJa-neurotoxim of Naja nigri-

cohhis was a gift of Drs. A. Menez, J. L.
Morgat, P. Fromageot, and P. Boquet.

[3H]Acetylcholime chloride (TRA. 277,
Batch 11) was purchased from Amersham
(Arlington Heights, Ill.). On the basis of an
isotope dilution assay using the membrane
bound cholimergic receptor, it was con-
cluded that the reported specific activity
(147 mCi/mmole) was underestimated by

a factor of 3.4. Tubocurarmne di[’4C]methyl
iodide (Batch 7, 89 mCi/mmole) was pur-
chased from Amersham. Although the
material was described as tubocurarine
di[’4C]methylether iodide, in view of the
recent appreciation of the correct structure
of tubocurarmne chloride (27), the structure
of this methyl iodide adduct may be incor-
rect. It is probably O,O,N-trimethyltubo-
curarine iodide.

RESULTS

Choice of non-competitive antagonists
for direct binding studies. Dimethisoquim
and proadifem were known to be active at
micromolar concentrations both in vivo on
the isolated Electrophorus electroplax and
in vitro as modifiers of the equilibrium
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FIG. 1. Structures of nicotinic non-competitive antagonists.
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FIG. 2. Effects of tertiary amine local anesthetics

and their quaternized derivatives on the binding of

[3H]acetylcholune to Torpedo receptor-rich mem-

branes

Binding of [3H}AcCh (total concentration, 7 nM) to

a membrane suspension (30 nM Naja a-toxin sites, .03

g of proteis per liter) was measured by ultracentrifu-

gation after preincubation with 0.1 mr�i DFP. [J-C],

dimethisoquin; -U, trimethisoquis; 0-0, lidocaine;

-s, lidocaine ethyl bromide.

binding of [3H]AcCh to Torpedo post-syn-

aptic membranes (6). Several methods were
possible for the preparation of radioactive

derivatives of these compounds. A simple
direct approach involves the quaterrnzatiom
of suitable parent compounds with radio-
active methyl or ethyl iodide. This reaction
would result in products of high specific
activity with little danger of multiple reac-
tion products. However, one has to be
aware that a quaternary amrnonium ana-
logue of amy particular tertiary amine non-
competitive antagonist could act itself as a
competitive rather than non-competitive

8 7 6 5 4

- log [local anestheticj

FIG. 3. Effects of proadifen and meproadifen on

the equilibrium binding of[3H]AcCh and the kinetics

of binding of [3H]a-toxun to Torpedo receptor-rich

membranes

Binding of[3H}AcCh (total concentration 17 n�s) to

a membrane suspension (30 aM Naja a-toxin binding

sites) was measured by ultracentrifugation in the pres-

ence of 0.1 mat DFP. In the absence of local anesthetic,

the concentration of bound ligand was 8 nat, and

greater than 90% of that binding was displaced by a-

neurotoxin. � proadifen; A-A, meproadifen. Ini-

tial rate of binding of [3H�a-toxis to a membrane

suspension (4 nat Naja a-toxin sites) in physiological

saline incubated for 20 mm in the presence of proadi-

fen (0-0) prior to the addition of [3H]a-toxin of Naja

nigricollis (0.8 nat). Association kinetics were deter-

mined by a Millipore filtration assay (21).

blocking agent. In order to determine
whether quaternized derivatives of local an-
esthetics stifi acted as mom-competitive an-

tagonists, we examined the effect of several
such derivatives on the equilibrium binding
of [3H]AcCh by the Torpedo post-synaptic
membranes.

In Figs. 2 and 3 it is shown that the
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methyliodide derivatives of dimethisoquim

(trimethisoquin) and proadifen (meproaai-
fen) and the ethyl bromide derivative of
lidocaine behave like other mon-competi-
tive antagonists in that they regulate the

affinity of the membrane-bound Torpedo
receptor for AcCh. In their presence there

is an increase in the amount of [3H]AcCh

bound at equilibrium that is due to an
increased affinity of the receptor for AcCh
and not due to any change in the number
of sites. It is striking that the quaternary
derivatives of dimethisoquin and lidocaine
caused an increased binding of AcCh when
present at slightly lower concentrations
than the tertiary amine precursors. At
higher concentrations both the tertiary and
quaternary amines decrease the binding of
AcCh, possibly due to a direct interaction
with the AcCh binding site. Since meproad-

ifen and proadifen were associated with

increased binding of AcCh over wider con-
centration ranges than dimethisoquin or
trimethisoquim, [‘4Cjmeproadifem was pre-
pared for use in direct binding studies.

Interaction of �4C]meproadifen with

surfaces and Torpedo membranes. Aro-
matic amines are well known for the diver-

sity of their effects as general surface active
compounds (8). Before attempting to study
the interaction of meproadifem with iso-

lated Torpedo membranes, we first exam-
ined its interaction with the materials nec-

essary for the binding assay. Meproadifen
interacts strongly with cellulose nitrate cen-
trifuge tubes, and that interaction is super-
ficially analogous to a specific binding proc-

ess in that high concentrations of mom-ra-
dioactive ligand reduce retention on the
tube walls. Even at the high ionic strength

characteristic of Torpedo physiological sa-
line, at 2 �M [‘4C]meproadifem 20% of the
ligand was adsorbed on the sides of the
tube, and that adsorption was reduced by
80% in the presence of 100 �tM non-radio-

active meproadifen. To make matters
worse, amines such as proadifem and car-
bamyicholine, as well as a-meurotoxin, also
reduced the amount of adsorbed radioactiv-
ity. For polyethylene tubes, however, the
problem was less serious: the adsorbed me-
proadifen was stifi displaced by high con-
centrations of non-radioactive meproadi-

fem, but less than 3% of the radioactivity

was adsorbed.
The interaction of [‘4C]meproadifen with

Torpedo membrane fractions was meas-
ured in polyethylene centrifuge tubes by

the Airfuge ultracemtrifugatiom assay (see
MATERIALS AND METHODS). The ligand in-
teractiom with two different membrane

fractions was measured: a receptor-rich
fraction (1.3 zmoles a-toxin sites per gram
of protein) and a fraction containing
smaller amounts of receptor (0.1 j�moles a-
toxin sites per gram of protein) but rich
in acetylcholinesterase. Total binding of

[14C]meproadifem (2 zM) was determined as
well as the nonspecific interaction of the
ligand with the membranes in the presence

of 100 /.LM meproadifem (Fig. 4). The specif-
ically bound [14C]meproadifem was deter-
mined from the difference between the total

binding and the binding in the presence of
100 �&M meproadifem. For the receptor-rich

membrane fraction in the presence of 2 .t�i

[‘4C]meproadifem, the specifically-bound li-

pedo membrane fragments and polyethylene tubes

2 �.tat [‘4C]meproadifen (5900 cpm/25 ftl) in Torpedo

physiological saline solution was equilibrated for 20

mis in polyethylene centrifuge tubes: is the absence

of any added membranes (“None”); is the presence of

a membrane fraction containing few nicotinic receptor

sites but enriched in acetylcholinesterase (“AChE,”

0.3 g of protein per liter containing 0.1 ftmoles Naja

a-toxin sites/g protein), and a fraction enriched in

mcotinic receptors (“AcChR,” 0.3 and 0.6 g of protein

per liter containing 1.3 �.emoles a-toxin sites/g protein).

Solutions were equilibrated with 2 fLM [‘4C]meproadi-

fen (hatched bars) or 2 �iai [‘4C]meproadifen supple-

mented with 100 �M non-radioactive meproadifen
(open bars). The radioactivity in the pellets obtained

from 0.1 ml aliquots after centrifugation at 130,000 x

g for 15 min was recovered as described in MATERIALS

AND METHODS.
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gand amounted to 0.3 �moles/g protein,
while the ligand bound specifically to the

esterase rich fraction was less than 0.04
�moles/g protein. Hence a specific binding

component of [‘4CJmeproadifen was iden-

tified that was characteristic of the recep-
tor-rich but not the acetylcholinesterase-
rich membrane fractions of Torpedo mar-
morata electric tissue. It was also estab-
lished that both the specific and mon-spe-
cific interaction of [‘4C]meproadifem with
the Torpedo membranes was proportional

to the mass of protein over a range from
0.1-0.7 g protein/l.

While no significant specific binding of

[ ‘4C]meproadifem to the esterase-rich mem-
brames was detected, the non-specific inter-

action with those membranes was essen-
tially the same as with the receptor-rich
membranes. At 100 �LM meproadifem, that
mon-specific interaction was characterized

by a partition coefficient, P = 220 nmoles
per g proteim/nmole per ml for the recep-
tor-rich membranes, and for the esterase-
rich membranes, P = 270. For comparison
purposes we also determined the partition

coefficients characterizing the mon-specific
interaction with the Torpedo receptor-rich
membranes in physiological saline of other

non-competitive and competitive nicotinic
antagonists. [‘4C]Trimethisoquin was char-
acterized by a similar partition coefficient
(at 100 �tM, P = 300), and a similar value for
[3H] H,2-histriomicotoxim (at 40 �M, P =

200-400) cam be estimated from published

data (18) by assuming that the receptor-
rich membranes used in that study con-
tained 1-1.5 zmoles a-toxin sites/g of pro-
tein). These values are an order of magni-
tude higher than the partition coefficients
for the tertiary amine local anesthetic

[‘4C]lidocaime (at 1 m�i, P = 7) or the
competitive antagonist [3H]tubocurarine
(at 100 /.LM, P=30).

To further characterize the specific bind-
ing of [‘4Cjmeproadifem to the Torpedo re-
ceptor-rich membranes, the binding was de-

termined in the presence of radioactive an-
esthetic concentrations varying from 0.1 to

3 /.LM (Fig. 5). The binding was determined
in the presence of concentrations of cholin-
ergic ligands sufficient to occupy all recep-
tor sites. Whether the acetylcholine binding

site was occupied by the agonist carbamyl-

choline (30 �.tM) or the antagonist tubocu-

rarmne (10 zM), the membranes bound the
same total amount of [‘4C]meproadifem and

the same nonspecific partitioning was ob-

served in the presence of 100 �tM non-radio-

active meproadifen. At each concentration
offree [14C]meproadifen, specifically bound
[‘4C]meproadifem was determined by the
difference between total binding and the
non-specific partitioning. Double reciprocal
analysis of the specific binding component
established that the concentration of [14C]-
meproadifem binding sites was 0.5 .tmoles/
g protein, and the dissociation constant, Kd
= 0.4 �tM. The site concentration was equiv-
alent to (0.25) per a-toxin site. Although
the same high affinity binding component
was detected whether the acetylcholine

binding sites were occupied by a reversible
agonist or antagonist, when the nicotinic
receptor was occupied by a-Bungarotoxin,
very little, if any, specific binding of [‘4C]-
meproadifen was detected (Fig. 5). More
detailed analyses of the meproadifem bind-
ing function will be presented later (Fig. 8
and 9) when a comparison is made of the
ligand binding in the presence and absence
of cholinergic ligands.

Distribution of [‘4C]meproadifen bind-

ing sites in Torpedo membranes fraction-

ated on a sucrose density gradient. In or-

der to determine whether the high affinity
meproadifem binding site identified in the
isolated post-synaptic membranes was
characteristic of those membranes in par-
ticular, the distribution of high affinity me-
proadifem binding sites was determined in

Torpedo membranes fractionated on a su-
crose density gradient. For each fraction,
specific binding was determined from the

difference between total and non-specific

binding of [14C]meproadifen (0.5 /.LM) to a
membrane suspension (0.3 g protein/i). All
binding assays were performed in the pres-
ence of 30 �zM carbamylcholine, and the

concentration of [14C]meproadifem was suf-
ficient to occupy about half the anesthetic
sites present in the receptor-rich mem-

branes. The distribution of [14C]meproadi-
fem binding sites paralleled closely the dis-
tribution of [3H]a-meurotoxin binding sites
with the highest concentration of both sites
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FIG. 5. Equilibrium binding of [“C]meproadifen to Torpedo receptor-rich membranes in the presence of

cholinergic ligands.
A membrane suspension (0.8 teat Naja a-toxin sites, 0.4 g of protein per liter) is Torpedo physiological saline

was divided into three portions. An ultracentrifugation assay was used to measure the binding of [‘4C]-

meproadifen to suspensions containing 30 ��ai carbamylcholine (0, 0), 10 �ai tubocurarine (i�, A), or 4 �LM a-

Bungarotoxin (0, #{149}).Non-specific interaction of [‘4C]meproadifen was determined by the inclusion of 100 ,LM

non-radioactive meproadifen (14 A, #{149}).Each data point is the mean of duplicate samples.

recovered at 38% (w/w) sucrose (Fig. 6A).

Such a distribution of anesthetic binding
sites is distinct from the distribution of

membrane protein (peak distribution at
33% (w/w) sucrose) and from the distribu-

tion of (Na�-K�)-ATPase activity (33% (w/
w) sucrose, peak activity) or acetyicholin-
esterase (24% (w/w) sucrose, peak activity)

(Fig. 6B). In all membrane fractions, the
non-specific interaction of [‘4C]meproadi-
fem with the membranes remained roughly
constant and was characterized by a parti-

tion coefficient P = 200 ± 30. These results

established that the specific [‘4C]meproad-
ifen binding site is characteristic of the
isolated post-synaptic membranes them-
selves. Of course, the assay procedure used
does not exclude the possibility that specific
binding sites occur in other membrane com-
ponents that are present either at a much
lower concentration per gram of protein or
are characterized by a weaker binding con-

stant.
Effect of local anesthetics and histrion-

icotoxin on the binding of[’4C]meproadi-

fen. The specific binding of [‘4C]meproadi-

fen (0.3 jIM) was determined in the presence
of various local anesthetics in order to char-

acterize the pharmacological specificity of
the meproadifem site. Once again, experi-
ments were first carried out in the presence

of 30 �tM carbamylcholine, to prevent any
possible binding of [‘4C]meproadifem to the
acetylcholine binding site. All five local an-
esthetics studied (Fig. 7) as well as perhy-
drohistrionicotoxin (Fig. 8) displace me-
proadifen in a dose-dependent manner.

Perhydrohistrionicotoxin and proadifen
were the most potent ligands tested. The
concentration of each which displaced 50%
of the specifically bound meproadifen (C50)
was approximately micromolar. Trimethis-

oquin was slightly more potent than di-

methisoquim, both being characterized by
C50 about 10 /LM. Prilocaine and procaine
displaced meproadifem only when present

at concentrations in excess of millimolar.
The C50’s for the various anesthetics are

summarized in Table 1, along with values

for similar displacement experiments using
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FIG. 6. Distribution of [‘4C]meproadifen (local anesthetic) binding sites, [3Hja-neurotoxin binding sites

and plasma membrane enzymes in membrane fragments isolated from an homogenate of Torpedo marmorata

electric tissue by ultracentrifugation on a sucrose density gradient

Membranes were prepared as described is METHODS. A. Distribution of [3H]a-toxin of N. nigricollis (ix)
and specifically bound [‘4C]meproadifen (#{149}). For each gradient fraction, the binding of [‘4CJ-

meproadifen (0.5 /.LM total concentration) to a membrane suspension containing 0.3 g of protein per liter was

determined is the presence of 30 zat carbamylcholine as described in METHODS. B. Distribution of proteins

(A), acetylcholinesterase (0), (Na�-K�)-ATPase (0) and sucrose (0) are indicated.
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receptor-rich membranes isolated from
Torpedo cahifornica electric tissue.

Binding of [‘4C]meproadifen to Torpedo
receptor-rich membranes in the absence of
chobinergic higands. Since it was shown
previously (6) that in the presence of local

anesthetics, [3H]AcCh is bound at equilib-
rium with an affinity two or three times

higher than in their absence, it was of in-
terest to determine the specific binding of
[‘4C]meproadifen in the absence of cholin-
ergic ligands as well as in their presence.
The binding of [‘4C]meproadifen to Tor-

pedo receptor-rich membranes was thus de-

termined over concentrations ranging from
0.1 �LM to 8 �M (Fig. 9). The total binding in
the absence of carbamylcholine differed

strikingly from that observed in its pres-

ence. For concentrations less than micro-
molar meproadifem, enhanced binding was

observed in the presence of carbamylcho-
line, but at higher meproadifen concentra-
tions, the opposite was true. The nonspe-
cific partitioning of [‘4C]meproadifem deter-

mined in the presence of 100 �M mon-radio-

active meproadifem was the same in the

presence or absence of 30 �tM carbamylcho-
line. Inspection of the data shown in Fig. 9
reveals that meproadifen is apparently
bound with higher affinity to a smaller
number of sites in the presence than in the
absence of carbamyicholime.

The concentration dependence of the
specific component of the meproadifen
binding function is shown in Fig. 10. To a
first approximation, both in the absence
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FIG. 7. Effect of local anesthetics on the binding

of [‘4C]meproadifen to Torpedo receptor-rich mem-

branes

A membrane suspension (0.4 �M Naja a-toxin sites,

0.2 g of protein per liter) in Torpedo physiological

saline was equilibrated with [‘4Cjmeproadifen (0.27

,�M), 30 �LM carbamylcholine and the indicated concen-

tration of local anesthetics. Specifically bound [‘4C}-

meproadifen was determined by subtracting the bind-

ing in the presence of 100 �ai meproadifen from the

total binding. In the absence ofother local anesthetics,

the total amount of [‘4C]meproadifen bound was 54

flM (270 nmoles/g protein) of which 34 nat (170

ninoles/g protein) was displaced by 100 �tat non-radio-

active meproadifen (#{149}).Each data point is the mean

of duplicate samples. Specific binding is the presence

of proadifen (is); trimethisoquin (0); dimethisoquin

(0); procaine (0); prilocaine (V).

and in the presence of carbamylcholine, the
meproadifem binding was consistent with a

single class of sites. In the absence of car-
bamylcholime, meproadifem was bound to
a number of sites equal to 0.9 ± 0.2 times
the number of a-toxin sites with a dissocia-

tion constant, Kd = (4.4 ± 0.9) ELM. In the

presence of carbamylcholime, meproadifem
was bound an order of magnitude more

tightly, Kd = (0.5 ± 0.2) �tM to a smaller
number of sites, n = 0.26 ± .05 the number
of a-toxin sites. In direct binding studies
with [3H]acetylcholime, we have deter-
mined that the number of acetylcholine

sites in these preparations is the same as
the number of sites for the [3HJa-toxin of
Naja nigricolhis.3

It is striking that in the absence of car-

bamylcholine there was no component of
the meproadifem binding characterized by

‘Neubig, R. and J. B. Cohen, unpublished obser-

vations; see also (21).

the high affinity observed in the presence

of carbamylcholine. Increased precision of
the binding data is necessary to determine
whether the meproadifem binding function
in the absence of carbamylcholine may be
better characterized by two sites possessing

slightly different dissociation constants.
The binding constants estimated for this
preparation (A) and a second preparation
(B) of Torpedo marmorata receptor-rich
membranes are summarized in Table 2.

Several experiments were performed to
provide further characterization of the na-

ture of the anesthetic binding function in
the absence of carbamylcholime. First, the
effect of carbamylcholine on the anesthetic
binding function is a result of the binding

of carbamylcholime to the acetylcholime
binding site. In Fig. 1 1 is shown the binding
of [14C]meproadifen (0.2 ELM) to the recep-
tor-rich Torpedo membranes in the pres-
emce of concentrations of carbamylcholine

C� -�--� I I I
0 100 - -

I
� -Iog(H2-HTX)

FIG. 8. Specific binding of f�C]meproe�difen to

Torpedo receptor-rich membranes: effect of Hi,-his-

trionicotoxin in the presence and absence of carba-

myicholine

Torpedo marmorata membranes (2.8 �M Naja a-

toxin sites, 1.3 g of protein per liter) were diluted 4.2-

fold is Torpedo physiological saline and divided into

two portions. A: [‘4C]Meproadifen was added to 0.38

�M and carbamyicholine was added to 33 sat. B:

[‘4C]Meproadifen was added to 3.7 guM. Specific bind-

ing was determined by subtracting the amount bound

in the presence of 100 �tI�i meproadifen from the total

binding. Specific binding in the absence of H2-HTX

was taken to be 100% for each sample (C)). Binding in

the presence of H,2-HTX: sample A (S); sample B

(0). Binding was also determined in the presence of

10 �uat H,,-HTX plus 100 .LM meproadifen: sample A

(A); sample B (Li). Each data point is the mean of

duplicate samples. In the absence of carbamylcholine,

specifically bound [‘4C]meproadifen was 0.78 �tmoles/

g protein; in the presence of carbamylcholine, 0.28

�imoles/g protein.
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TABLE 1

Displacement of [‘4C]meproadifen from Torpedo

marmorata receptor-rich membranes by local

anesthetics and perhydrohistrionicotoxin

Cu is the concentration of anesthetic required to

reduce specific binding by 50%. C,0 for ligands is the

presence of carbamyicholine was determined from the

data in Figs. 7 & 8. The displacement of[’4C}meproad-

ifen by ligands is the absence of carbamylcholine was

determined for a membrane suspension (0.4 jiM a-toxin

sites) equilibrated with 2 jiM [‘4C}meproadifen. K� is

the protection constant characterizing the anesthetic

concentration required to reduce the initial rate of

[3H]a-toxin binding by 50% (Figs. 3 and 13).

Anesthetic C,0 + car- C,0 - Kp against
bamylcho- carba- [3H]a-toxin

line mylcho- binding
line

jiM jiM jiM

Meproadifen 0.5”

Proadifen 1, #{216}3b 20 -�

Dimethiso-

quis 10, 6’� 50 25 (18 ± 4)d

Trimethiso-

quis 8,6” - 12

H,,-HTX 0.7 6 -

Prilocaine 2000 -

Procaine ,5�j -

#{149}Direct binding {‘4C]meproadifen.

b Displacement from T. californica receptor-rich

membrane.
C Ligand effect inconsistent with hyperbolic protec-

tion function (see Fig. 3).
d From Weber and Changeux (5).

ranging from 0 to 30 /LM. In the presence of

carbamylcholime the specific binding of

[‘4C]meproadifen was increased from 40
nmoles/g protein to 140 nmoles/g protein,
and 0.3 �iM carbamylcholine was associated
with a half maximal effect, a concentration

similar to the dissociation constant char-
acteristic of the binding of carbamylcholine

to the membrane-bound nicotinic receptor
(21). Furthermore, when the receptor-rich
membranes were pretreated with a-Bum-
garotoxin, carbamylcholine no longer al-
tered the [‘4Cjmeproadifen binding func-
tion. Second, experiments established that
local anesthetics and perhydrohistrionico-

toxin displaced meproadifem bound in the
absence of carbamylcholine (Table 1 and
Fig. 8). Because meproadifem was bound
with a lower affinity in the absence of car-

bamylcholime, higher concentrations of me-

proadifen were used. However, the concem-

trations used were always less than those
necessary to occupy 50% of the ligand bind-
ing sites. In the absence of carbamylcholine,
proadifen and dimethisoquin both dis-
placed specifically-bound [‘4C]meproadi-
fen, although the concentrations necessary
to displace half the specifically bound li-
gand were an order of magnitude greater

than those active in the presence of carba-
mylcholime. For dimethisoquin the C50 (50
,.LM) is the same as the dissociation constant

of the cholinergic receptor for dimethiso-
quin calculated from its competitive inhi-
bition of the binding of [3H]AcCh (5). Sim-
ilarly, in the absence of carbamylcholine 6
�tM perhydrohistriomicotoxin displaced 50%
of the meproadifen bound specifically,
while 0.7 �zM perhydrohistrionicotoxin dis-
placed that fraction of the specifically
bound meproadifen in the presence of car-
bamylcholime (Fig. 8).

Effects of local anesthetics on the bind-

ing of[’4C]tubocurarine and of[3H]a-neu-
rotoxin. [‘4C]Meproadifem was bound with

high affinity whether the acetylcholine
binding site was occupied by carbamylcho-
line or tubocurarmne. However, in the pres-
emce of a-neurotoxin, no equivalent high

affinity binding was observed. The similar-
ity of the meproadifen binding function in
the presence of reversible cholinergic ago-

nists and antagonists is not surprising in
view of the fact that local anesthetics reg-
ulate the equilibrium binding of tubocurar-

me to an extent similar to their regulation
of the [3H]acetylcholime binding function
(10). [‘4C]Dimethyltubocurarine is bound

at equilibrium with a Kd = 1 �LM to a number
of sites equal to the number of acetylcholine
binding sites (10). Furthermore, the local
anesthetic prilocaime (3 mM) increases by a
factor of three the affinity of the membrane
bound Torpedo receptor for [‘4C]dimethyl-
tubocurarine (10). We extended these stud-
ies to the ligands emphasized in this work,
proadifen and dimethiosoquin. In Fig. 12 it
is shown that both these ligands increase
the affinity of the receptor for dimethyltu-

bocurarine when they are present at con-
centrations between 1 and 10 �LM. It is also
shown that procaine, perhaps the proto-

typic local anesthetic micotimc non-compet-
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FIG. 9. Equilibrium binding of [‘4C]meproadifen to Torpedo marmorata receptor-rich membranes in the

presence and absence of carbamylcholine

Torpedo membrane fragments (3.8 jiM Naja a-toxin sites, 1.9 g of protein per liter) were diluted 9.4-fold in

physiological saline (0-O); dilution into the same medium containing 30 jiM carbamylcholine (D-D);

containing 100 jiM meproadifen (+-+); containing 30 jiM carbamyicholine and 100 jiM meproadifen

(x-x). Each data point is the mean of duplicate samples.

FIG. 10. Analysis of the specific binding of [“C]-

meproadifen to Torpedo membrane fragments in the

presence (D-0) and absence (#{149} #{149})of carba-

mykholine (30 jiM)

The data were taken from Fig. 9. The specific

binding of [‘4C]meproadifen was determined from the

difference between the total binding and that observed

in the presence of 100 jiM meproadifen. The lines were

drawn according to the results of a weighted linear

itive antagonist, does not increase the affin-
ity of the nicotiic receptor for tubocurar-
me. Furthermore, procaine did not increase
the affinity with which [3H]AcCh was
bound at equilibrium (data not shown).
These results indicate that while not all
non-competitive antagonists regulate the
affinity of the membrane-bound cholinergic

receptor, those that do actually control the
affinity for both agonists and antagonists.

The effects of the mon-competitive antag-
onists proadifem and dimethisoquin on the
kinetics of binding of [3H]a-neurotoxin
were studied to provide further information
about the relationship between the binding
of mom-competitive antagonists and cholin-

determined by the variances of the amount bound

expressed as the percent of the bound ligand. In the

absence of carbamylcholine, K1, - 4.4 ± 0.9 jiM, n =

0.9 ± .2 anesthetic sites/a-toxin sites; in the presence

of carbamylcholine, K1, - 0.5 ± 0.2 jiM; n = 0.26 ± .05

anesthetic/a-toxin site.
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ergic ligamds. Weber and Changeux (5, 21)
studied the a-toxin association kinetics in
the presence of a variety of ligands. For
nicotimc agonists and competitive antago-
nists, they found that the capacity of a
ligand to decrease the initial rate of binding
of a-toxin was characterized by a hyperbolic
protection function, and the protection con-
stant (Ks) equivalent to the ligand concen-

tration reducing the rate of binding by 50%
was the same as the dissociation constant

of the ligand for the acetyicholine binding
site determined by direct binding studies.
They also reported that local anesthetic

non-competitive antagonists reduced the
rate of binding of a-toxin, but only at con-

TABLE 2

Equilibrium binding of [‘4C]meproadifen to

Torpedo marmorata receptor-rich membranes

Parameters were determined by a weighted linear

regression of the double reciprocal plot of the specific

component of the anesthetic binding function.

Prepa- Anesthetic site
ration K,,

a-toxin site

+carb -carb +carb -carb

�LM

A 0.5 ± 0.2 4.4 ± 0.9 0.26 ± .05 0.9 ± 0.2

B 0.3 ± 0.2 5 ± 2 0.35 ± .05 1 ± 0.4

centrations one to two orders of magnitude

higher than those necessary to block the
nicotinic response of the isolated Electro-
phorus electroplax. The concentration de-
pemdence of the effect of certain of the local
anesthetics (dibucaine) was characterized

by a hyperbolic protection function, while
for others such as tetracaine this was not
so. We used the Millipore filtration assay of

Weber and Changeux (5) to determine the

initial rate of binding of the [‘H]a-neuro-
toxin of N. nigricolhis to Torpedo receptor-
rich membranes that had been pre-equii-
brated with the non-competitive antago-
nists. The effects of trirmethisoquin and di-
methisoquim on the rate of binding of a-
toxin were characterized by hyperbolic pro-
tection functions characterized by protec-
tion constants, K� = 13 �LM and 25 �LM,

respectively (Fig. 13). The protection con-
stants are summarized in Table 1, where
they may be compared with the anesthetic

concentrations necessary to displace [‘4C]-
meproadifem. The concentration depend-

ence of the effect of proadifem on the [‘H]-

a-toxin association kinetics was more com-
plicated than for the other ligamds (Fig. 3).
In the presence of 10 /.LM proadifem, the rate
of [‘H]a-toxin binding is decreased by 50%
but that same ligand concentration is as-

- og (corbarnyichoilne)

FIG. 11. Concentration dependence of the effect of carbamylcholine on the binding of [“C]-

meproadifen to T. marmorata receptor-rich membranes

Torpedo membranes (3.8 jiM Naja a-toxin sites, 1.8 g of protein per liter) were diluted 9.4-fold is Torpedo

physiological saline solution, and [‘4C]meproadifen was added to 0.24 jiM. Equilibrium binding was determined

in the absence of other ligands (0); is the presence of 100 jiM meproadifen (#{149});is the presence of the indicated

concentrations of carbamylcholine (0); and in the presence of 30 jiM carbamylcholine and 100 jiM meproadifen

(0).Data are means of duplicate samples.
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FIG. 12. Effect of local anesthetics on the equilib-

rium binding of [“C]dimethyltubocurarine to recep-

tor-rich membranes of Torpedo marmorata

Membrane fragments (0.6 jiM Naja a-toxin sites, 1.1

g of protein per liter) in physiological saline were

incubated with [“Cjdimethyltubocurarine (0.4 jiM)

and the indicated concentrations of proadifen (0);

dimethisoquin (0),or procaine (Li). The free ligand in

equilibrium with the membrane fragments was deter-

mined from the supernatant radioactivity after centrif-

ugation at 82,000 x g for 90 mis at 15#{176}.Bound di-

methyltubocurarine was determined from the differ-

ence between total and free ligand. In the absence of

added local anesthetics, bound ligand = 0.15 jiM, free

ligand = 0.25 jiM, and greater than 95% of the bound

ligand was displaced by 5 jiM a-Bungarotoxin.
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creased only by 55%. Such a concentration

dependence is not consistent with a hyper-
bolic protection function. This result is not
in disagreement with earlier studies (5, 28)
where it was reported that 1 mM proadifem

reduced the rate of binding of a-toxin by
40-50%. The effect of lower concentrations
of proadifen was not examined. Hence, on
the basis of the effect of proadifen on the
rate of binding of [3H]a-toxin, it is neces-
sary to conclude that some small reversible

ligands decrease the rate of binding of a-
toxin by binding to a site distinct from the
acetylcholime binding site.

DISCUSSION

Meproadifen was initially identified as a
potent nicotiic non-competitive antago-
nist on the basis of an in vitro assay: the
capacity of a ligand to increase the affinity
with which cholinergic ligands are bound at
equilibrium to isolated Torpedo post-sym-
aptic membrane. It had been shown prey-

ously (6) that the concentrations at which
tertiary aromatic amimes such as proadifen
and dimethisoquim regulated receptor affin-
ity in vitro were the same as those at which
they acted as mom-competitive antagonists
at the isolated Electrophorus electroplax.
We have mow extended these studies to
show that not only meproadifem but also
quaternary derivatives of the aromatic non-
competitive antagonists dimethisoquin and
lidocaine also act in vitro as mom-competi-
tive antagonists.

The fact that the quaternary amines were

active at lower concentrations than their
tertiary amine precursors suggested to us
that they might be interacting with a spe-
cific site in the isolated post-synaptic mem-
brame, since quaternary aromatic amines

are characterized by smaller partition coef-
ficients than their tertiary precursors. For
example, chlorpromazine methiodide was

75-fold less potent than chlorpromazine as
a mom-specific membrane stabilizer as

judged by the ligand concentrations neces-
sary to protect erythrocytes from osmoti-

cally-induced hemolysis (29). Furthermore,
electrophysiological studies of the action of

quaterrnzed local anesthetics at the neuro-
muscular junction provided evidence that
these ligands may block by binding to the

“8 7 6 5 4
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FIG. 13. Effect of dimethisoquin and trimethiso-

quin on the initial rate of binding of [‘H]a-neuro-

toxin ofNaja nigricollis to Torpedo membrane frag-

merits

Membrane fragments (4 flM a-toxin sites) is Tor-

pedo physiological saline were incubated 20 miii in the

presence of the indicated concentrations of dlimethi-
soquin (0) or trimethisoquin () prior to the addition

of [‘H]a-toxin (0.8 nat). Initial rate of binding of

[‘H]a-toxin was determined by a Millipore filtration

assay (21). The solid line through the data for triineth-

isoquin was calculated for K� = 12 jiM, that through

the dimethisoquin data was calculated according to

=25 jiM.

sociated with a maximal increase of the
affinity of the nicotinic receptor for [‘H]-
AcCh (Fig. 3) or [‘4C]dimethyltubocurarmne
(Fig. 12). In the presence of 1 �LM proadifem,
the rate was decreased by 20%, but in the
presence of 200 �zM proadifem it was de-
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site of ion translocatiom itself (12, 39).

[‘4C]Meproadifem was synthesized in or-
der to study by direct means the interaction
of aromatic amine non-competitive antag-
onists with the nicotinic receptor-rich
membranes isolated from Torpedo electric
tissue. Analysis of the interaction of [‘4C]-
meproadifem with biological membranes

and various plastic surfaces established
that, as expected, meproadifen is a highly
surface active compound. Considerable
care is necessary in the analysis of these
interactions. For example, cellulose nitrate

centrifuge tubes cannot be used because of
the very strong interaction of [‘4C]me-
proadifen with that surface. However, we
have defined conditions under which it is
possible to study with reasonable precision
the equilibrium binding of [‘4C]meproadi-
fen to biological membranes.

The interaction of [14C]meproadifem with

Torpedo membranes consists of two com-
poments, a specific binding component and

a non-specific partitioning into the mem-
brane phase. The mom-specffic interaction
of meproadifen with Torpedo membrane

fragments in physiological salt solution is
characterized by a partition coefficient (P
= 200 nmoles per g proteim/nmole per ml)

that is an order of magnitude greater than
that of a ligand such as tubocurarine, but

similar to that for the potent mon-competi-
tive antagonists trimethisoquim (10) and
perhydrohistrionicotoxin (17-19). While
the non-specific interaction of meproadifen
was relatively constant for different mem-

brame fractions isolated from Torpedo elec-
tric tissue, a specific high affinity binding
site was identified in the receptor-rich
membranes that was not found in other
membrane fractions.

The binding of [‘4C]meproadifem to the
isolated post-synaptic membranes in Tor-

pedo physiological salt solution was first

studied in the presence of high concentra-

tions of cholinergic ligands, concentrations
sufficient to assure occupation of all acetyl-
choline binding sites. In this manner any
meproadifen bound specifically must be
bound to a site other than the acetylcholine
binding site. The total binding of meproad-
ifen consists of a saturable component and
a linear partitioning of the ligand into the

membrane (Figs. 3 and 9). The similarity of

the linear component of the total binding
determined at relatively low concentrations
of meproadifem (1-2 jIM) with the ligand

partitioning determined in the presence of
100 /.LM meproadifen indicates that the

membrane-buffer partition coefficient of
meproadifem does not change significantly

over that range of concentrations. This re-

sult is surprising if one considers the mum-
ber of molecules of anesthetic that partition
into the membrane per phospholipid at the
higher concentrations. That value can be

estimated from the anesthetic partition
coefficient and the 2:1 protein to lipid ratio
of the Torpedo receptor-rich membranes
(30, 31). With an average phospholipid mo-
lecular weight of 800, at 1 �iM meproadifem

there is about 1 anesthetic per 1000 lipid
molecules but at 100 �tM meproadifem about
1 anesthetic per 10 phospholipids. At these

higher concentrations, it is quite possible

that the anesthetic can cause nonspecific
alterations of membrane structure.

The saturable component of the total

binding function establishes that in the
presence of cholinergic ligands, [‘4C]me-
proadifen is bound with a dissociation con-
stant, Kd 0.5 /.LM to a number of sites

equal to about 0.25 times the number of a-
toxin or acetylcholine binding sites. Fur-
thermore, [‘4C]meproadifem is displaced

from that binding site by local anesthetic
noncompetitive antagonists such as di-
methisoquin and prilocaime, and also by

perhydrohistrionicotoxin. The concentra-
tiom of H12-HTX necessary to displace half

the meproadifen (C�o 0.7 �M) is similar to

the dissociation constant, Kd = 0.3 riM, re-

ported for the interaction of [‘H]H12-HTX
with receptor-rich membranes isolated
from Torpedo californica (18) and Torpedo
ocellata (19). These results establish that
meproadifem as well as aromatic amine mom-
competitive antagonists and histrionico-

toxin bind to a common site on the isolated
Torpedo post-synaptic membranes that is

distinct from the acetylcholine binding
site.4

We have recently characterized the binding of

[‘4C}meproadifen to Torpedo post-synaptic mem-

branes from which non-receptor peptides have been

extracted (43). Since the ligand binding properties are



unaltered, we conclude that the anesthetic binding site

resides within the peptides of the cholinergic receptor

protein itself.
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The results reported here indicate that

the regulation of receptor affinity by the
non-competitive antagonists is in fact due
to the specific binding of the mom-competi-
tive antagonists and not to their mom-spe-

cific partitioning into the receptor-rich Tor-
pedo membranes. If the effect on the ace-
tyicholine or tubocurarmne binding function

is due to occupation of the local anesthetic
binding site identified in this report, them

the principles of thermodynamics mecessi-
tate that nicotinic cholinergic ligands must

regulate the binding of the local anes-

thetics. Direct analysis of the binding of
[‘4C]meproadifem established (Fig. 10) that
meproadifem is bound more weakly but to
a larger number of sites in the isolated
Torpedo post-synaptic membranes in the
absence of cholinergic ligands than in their
presence. It is not simply a matter that
meproadifen binds with high affinity to the
site identified in the presence of cholimergic
ligands and also to a second site. All the
meproadifen bound in the absence of car-
bamylcholine is bound more weakly than in

its presence. As the data in Table 2 show,
in the absence of carbamylcholine the mum-
ber of meproadifem binding sites is roughly
equal to or slightly greater than the number
of a-toxin sites (acetylcholine sites). The

simplest interpretation of these data is that
in the absence of cholimergic ligands me-
proadifem is bound with low affinity both to
a local anesthetic binding site and to the
acetylcholine binding site. Although the
meproadifem binding function in the ab-

sence of carbamylcholine was analyzed in
terms of a single class of binding sites (Ta-
ble 2), further refinement of that binding
function may be possible with binding data
of greater precision. It is clear, however,
that occupation of the acetylcholine bind-
ing site by cholinergic agonists (carbamyl-

choline) or antagonists (tubocurarine) does
regulate the affinity of the anesthetic site.
The specifically bound meproadifem regu-
lates the equilibrium binding of cholinergic

ligands and vice versa.
Meproadifem bound specifically in the ab-

sence of cholinergic ligands is displaced by
other mon-competitive antagonists includ-
ing histrionicotoxin (Table 1 and Fig. 8). On

the basis of the competition between di-
methisoquin and [‘H]AcCh, a dissociation
constant, Kd 60 iM, was calculated (5) for
the binding of dimethisoquin to the cholin-
ergic receptor site. That is the concentra-
tiom necessary to displace half the [‘4C]me-
proadifen bound in the absence of cholin-

ergic ligands and is a factor of two greater

than the dimethisoquin protection constant

determined from the association kinetics of
[‘H]a-toxin (Fig. 13). These results support
the interpretation that local anesthetics do
bind weakly to the AcCh binding site. The
results reported here concerning the effects
of H12-HTX on the binding of meproadifem
in the absence of cholimergic ligands suggest
that H12-HTX may also interact weakly
with the AcCh binding site. However, the
number ofsites of[’H]H12-HTX in Torpedo
californica receptor-rich membranes was
reported to be 0.25 times the number of a-
toxin sites not only in the presence of car-

bamylcholine but also in its absence (18).
For receptor-rich membranes of T. ocel-
lata, on the other hand, the number of
[‘H]H12-HTX sites was 1.9 times the mum-
ber of [‘H]acetylcholine sites (19). Further

work will be necessary to resolve these dis-
crepancies.

The site of binding of the local anes-

thetics may function in one of two ways: as
part of the ion channel itself or as a distinct
regulatory site comtroffing the linkage be-
tween agonist binding and channel opening.

In discussing the possible function of the
local anesthetic binding site, two points

about the functional state of the mem-
branes in these studies must be kept in
mind. First, the high affinity binding site
for meproadifen in the presence of carba-
mylcholine must be a structural feature of
the desensitized nicotinic post-synaptic
membrane. This is necessary because it is

known that in vitro in the isolated Torpedo
membranes (33, 34), as in vivo at the ver-

tebrate neuromuscular junction (35, 36),
micotinic receptors equilibrated with cholim-
ergic agomists are desensitized. That is, they
are no longer associated with a permeability
response, even though they bind agomists.
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Second, the fact that meproadifen is bound
with the same high affinity in the presence

of a reversible antagonist (tubocurarime) as
in the presence of an agonist indicates that:

1) the high affinity binding of meproadifen
is independent of channel activation and 2)

the equilibrium structure of the isolated
receptor-rich membranes is similar whether

the receptor sites are occupied with agonist
or antagonist. This latter conclusion may

appear surprising since it is normally rec-
ognized that an antagonist such as tubocu-
rarine does not cause receptor desensitiza-

tion (34, 36). However, spectroscopic stud-
ies of the interaction of the non-competitive
antagonist quinacrine with the Torpedo re-
ceptor-rich membranes provide indirect ev-
idence that at equilibrium both agonists

and antagonists do result in a similar

change of membrane structure (32). Fur-
thermore, analysis of the kinetics of binding
of [3H]AcCh to the receptor-rich mem-

branes shows directly that tubocurarmne as
well as cholinergic agonists stabilize a re-

ceptor conformation binding [3H]AcCh
with high affinity, i.e., a desensitized recep-
tor conformation (10).

While [‘4C]meproadifen is bound with
high affinity in the presence of reversible
antagonists, no comparable binding was de-
tected in the presence of a-Bungarotoxim.
This fact could indicate either that the a-
toxin stabilizes a distinct receptor confor-

mation or that because of its large size, a-
toxin occludes the sites of binding of both
cholinergic ligamds and local anesthetics.

The latter interpretation is consistent with
the observation that concentrations of
proadifem that decrease the rate of binding
of [‘H]a-toxin actually increase the recep-
tor affinity for [‘H]AcCh and [‘4C]d-tubo-
curarine (Figs. 3 (Figs. 3 and 12).

Studies of the kinetics of binding of

[‘4C]meproadifem to the Torpedo receptor-
rich membranes will provide information to

complement spectroscopic studies of the
action of fluorescent noncompetitive antag-

onists at these membranes (37, 38), and it
is these kinetic studies that will be neces-
sary to clarify the relationship between the
occupancy of the local anesthetic binding
site and the distinct processes of channel
blockade and receptor desensitization.

Without such studies it is not possible to
relate in a direct manner the biochemical

studies reported here to the phenomena of
channel blockade (39, 40) and receptor de-

sensitization (41, 42) characteristic of the
action of local anesthetics at the vertebrate
neuromuscular junction.
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