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SUMMARY

Time bimmdimmg of ‘4C-decametimomiium to a preparation of the electric organ of Electrophorus

electricus has been measured by a method of rapid equilibriunm dialysis. At the ionic strength
of Rimmger’s pimysiological solution little mionspecific binding of decamethonium occurs.
Deoxycholate extraction of membramme fragments yields a preparatiomi which contains two

classes of specific decamethonium-binding sites. From omme, time ligand is displaced reversibly

b� d-tubocurarine, gallamine triethiodide (at commcentrations lower tiian 10� M), carbamyl-

choline, amid phenyltrimetimylammonium, amid irreversibly by two snake venom toxins,
a-bungarotoximm and �Vaja nigricollis a-toxin. This class of site is considered to belommg to time

cholimuergic receptor site. From time otimer, decamethonium is omily displaced by carbamyl-
choline timid phemmyltrimethylammommium. This second class of site is idemmtified as the catalytic
site of acetylcholinesterase. Time “intrinsic” binding constants of a variety of cholinergic

agents for these two classes of sites are compared with their “apparent” values estimated
in vivo omi the isolated elect roplax and in vitro on excitable membrane fragments. Some
agreememit exists between time two sets of data. Tue macromolecule possessing the cholimmergic

receptor site has a molecular weight larger timan 50,000 daltomms, is thermolabile, and is
digested by Pronase. It is a proteimi that is easily separated from acetylcholinesterase by
selective adsorption omi Sepharose granules to whicim �V. nigricollis a-toxin has been coupled.

INTROI)UCTION

Time first step immtime electrogemmic actiomi of
acetylcholine out a synaptic membramme is its
reversible biimdimmg to a recogmiition site, com-

monly referred to as time cimohinergic receptor
site. Time isolatiomm of the molecule immvolves
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time difficult problem of ascertaining its speci-
ficity. In a cholimmergic synapse several dis-
tinct sites mire presemit, till of wimich are able
to bimid cimolimmergic ligammds, and which in-
clude, in addition to the chohinergic receptor
site, the catalytic timid allosteric sites of the
enzyme acetvlcholimiesterase (1, 2). Identifi-
cation of the macromolecular receptor thus
requires an ext ensive tumid careful comparison

of time properties of time macromolecule with

the pimysiological properties of time excitable

membramme from wimichm it imas been extracted.

As emphasized by Nachmansohn (3), time

538



CHOLINERGIC RECEPTOR PROTEIN OF E. ELECTRmCUS. 539

electric organ of time gymmmotid fisim Electro-

p/torus electricus coimstitutes tin exceilemmt

source of biochemical material for the study

of time cimolinergic receptor. Imideed, omme dcc-
tric organ of avertige size conmttiimms mipproxi-

mately 10� idemmtical electroplaxes, timid each

electroplax receives up to 5 X 10� nerve ter-

minmals, yieldimmg 10�- l0#{176}�idemmtictii symiapses.
1mmaddition, time electric orgamm of E. electricus

is PresemitlY time omily source from wimicim single

electroplaxes camm be dissected mtmmd studied

electrophysiologically in a weil-defimied en-

viromiment (4, 5). Time exact correlmution be-
t weemi biochemical timid elect mophmysiological
dmitmt which is required for a rigorous study

omm time cimolimmergic receptor proteimm PresemitlY

cmiii be achieved only witim this fisim.
In this paper, we presemmt data ivhmicii lead

us to propose a bimmdimmg assay chmaracteristic

of time physiological receptor site of acetyl-
cimoline. We show furtimer thmmit time macro-
molecule possessimmg this site camm be solubi-

hized from electric tissue in appreciable

amoummts, and is a protein distimmct from acet-
ylcholinesterase which retains most specific

bimmdimmg properties of time physiological recep-
tor. In subsequent papers time phmysicocimemi-
cal properties of the purified receptor proteimi
will be presemmted. Preliminary reports imave

beemi published (6, 7). Imi time first a method
of solubilizatiomi of time receptor proteimi was

described. 1mm the second (7) time receptor
proteimi �s showim to be distimmct from acetyl-

cholimiesterase. 1mmboth cases a snake vemiom
a-toxin was used to characterize the receptor
protein. Followimmg this lead, Miledi, Moli-
noff, amid Potter (5) more recently have pub-
lisimed fimmdimmgs omi a proteimi from Torpedo

which are immgenmeral tugreement with ours.

MATERIALS ANI) METHODS

Preparation of extracts. Electric eels, E.
#{149} electricus, were purchased live from Para-

mount Aquarium, Ardsley, X. Y. Thmey were
decapitated, and, after removal of time skin,
the main electric organ was immediately sep-
arated from the rest of the body amid freed
from muscle and connective tumid adipose tis-

sue. The extracts preptured from small eels
were richer in receptor than timose prepmired

from large ammimals, ammd time cepimahic part of

time electric orgtum gave better preptirmutiomis

timamm time caudal portiomm. l”resii electric or-

gmmmms were routimmely use(l for I)rePmiratiomm of

t ime ext racts. Occtmsionmil ly ext rmict s were
nia(le from frozen tissue, but time yield of re-

ceptor \1,.�5 ttl\V1t\’s lower.

I�)utimmelV i�’e cut 300 g of electric tissue
imm pieces of approximately 20 g. Eticlm piece
\�.as tiiemm minced immto fragniemits of less thimium

1 cm with scissors. To 20 g of mimiced tissue
were ti(I(Ied 40 ml of the following ice-cold
buffer : 160 mu XaCI, 5 mu KC1, 10 mmmu

Tris-HC1 (pH S.0), 10 mmm \IgCl2 , timid 10
ni:�i CaCI2 . Homogemmizatiomi was carrie(l at
00, imm a VirTis appmiratus, imi mu 100-mmml glass

vessel at 75 � of maxinmal spee(l. ‘I’iit’ ha)-

mogemmates were timemm pooled mmmmdstored at
00 for sufficient time (1-10 imr) to give a

bubble-free suspemmsiomm . Time imonmogemmate was
timemm centrifuged at 4#{176}imi time SS 34 rotor of

a Sorvahl cemmtrifuge mit 15,000 rpnm (2S,000 X

(I) for 15 mimi. Time supermmmttammt fluids were
discarded. lime pellets were resuspemm(le(l imm

tile same volume of 50 nut Tris (pH 5.0),

amid 100 m�i XaCl mmtroom temperature. To

the commtimmuously stirred suspemision � themm

mudded a 10 e2� solutiomm of sodium deoxvchmo-
late to mtuke time fimmal solutiomi 1 #{182}�immdeoxy-

cholate. Time yield of receptor strommgly

depends out time commercitul origimi of deoxy-
cholate. I mmitial experimemmt s gmive exceilemmt
results w’itim a batcim of deoxycimolmmte from

Light & Compammy. A secomid batch from time
same compmmmmy gave preparmitiomms �vitii muvery

poor yield. Fimmally, we selected deoxycholate
from Scimuchmardt & Compmummy, wimichm regu-
larly gave a good yield of receptor proteimm.
Time activity of acetylcimolimmestermise imm time
solution was followed durimmg time extractiomm
and usually reached a plateau after 50 mimi.

Time hmonmogenate was timeim cooled to 00 tummd

centrifuged imi time cold at 2S,000 X g for 15
mimi. The supermmatammt fluid could be cemmtri-
fuged at 100,000 X g for 1 imr witimoumt loss of

its bindimmg capacity. 1mmorder to improve time

stability of the prepartitioum of receptor, de-

ox�chmolate was rout immelv precipitated from

time extrtict by additioum, umider coumtiumuous
stirrimmg, of 1 �m MgCl2 to give a final commceum-
tration of 70-100 mim MgCl2 . Time deoxycimo-
late Precil)itmite was theum removed by low-
speed cemutrifugation immtime cold mit 2S,000 X

g for 15 mimi. Time ext rmict retmuiumed its bimmdimmg
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ctupticitv for severmil days at 0#{176}.Recemit im-

provenmemits iii the preparatiomi of time extract
ammd a procedure for purification of the recep-
tor protein will be described in a subsequent
paper.

A�)proximately 350 ± so g of membrane
fragmemmts in time bulk pellet (33 ± 5 g, dry

weigimt, or 27 ± 3 g of proteimm) can be ob-

taimmed froni 1 kg of tissue (SO ± 5 g, dry
weight ) . Extractiomi of time pellet witim 1 %

deoxycholate yields, after precipitatioum by

1\IgCL , 4 ± 1 g of proteimi.

Extracts coimtaimmed 5-10 mg of protein per
niilliliter, timid time specific activity of acetyl-

cimohinesterase imm time extracts ramiged from 5

to 10 moles of acetylthiocholine hmvdrol�zed
per imour per gram of proteimi. 1mm order to

effect significant displacement imm our equi-
librium dialysis experimemmts, the extract wti�
usually comicentrated 3-4-fold by pressure
filtratiomm with a Diaflo XM 50 membrane
(Anmicon).

Equilibrium (lialysis. Eitimer decametho-

nium[methyi-14CJ bromide (20.9 mCi/mmole)

or decanmethomiium[met/iyl-3H] bromide (100-

500 mCi /mmole) (Radiochemical Cemitre,
Amersham) was used as time radioactive

ligammd. We routinely followed time metimod of

equilibriuni dialysis described by Gilbert

and Muller-Hill (9). In order to achmieve a

higim surface to volume ratio, 0.2 ml of ex-

tract was employed imi dialysis bags 1 cm
wide and 13 cm bug. The bag was knotted
at both emids to minimize time volume of en-
trapped air. Time solution was thmemmdialyzed
at 4#{176}agaiimst a large excess of a solutionm con-

taimmimmg 160 mu NaCl, 5 mit KC1, 10 mu

MgCl2, 2 mit CaCl2, amid 2 mit Tris, pH

s.0.m Except wimen mentioned, time concentra-
tioim of radioactive decamethonium imm the

dialysis medium was 0.5 �

The flask was shaken on a Eberbacim (Ann
Arbor, Mich.) imorizomital rotator in time cold

for 4-12 hir. Except wimen d-tubocurarine was
used, equilibrium was reacimed after about

33�2 hr; imowever, incubation was routinely
carried out overimight. After equilibration the
bag was opemmed carefully and 0.1 ml of its

‘Timis medium has the same conmposition as

physiological Ringer’s solutiomm, except that
sodium phosphate is replaced by Tris. The ionic

strength is 0.18.

coimteiits was mixed with 10 ml of Bray’s

solutionm (mmapimthalene, 50 g ; 2 , 5-dipimemmybox-

azole, 4 g ; p-bis[2-(5-phenvloxazolyl)]ben-

zene, 0.2 g; methanol, 100 ml; ethylene gly-
col, 20 ml ; dioxane, to 1 biter) . The flasks
were subsequently coumited in a Packard iiq-
uid scimitillatiomi couumter. Self-queumciming was

found to be less thman 1 % with ‘4C-decame-
thonium. The commcentration of protein in the
bag was estimated by the method of Lowry
et al. (10). Oimly extracts in which the miumber

of coummts displaced exceeded 500 were used.
The counting error was generally bess timan

1 C/( of time total.
Snake venom toxins. Pure a-burmgarotoxin

was a gift from Dr. C. Y. Lee, Taiwan Ummi-
versity . It was prepared by cation excimammge
chromatography from the venom of Bunga-
rus muiticinctus by the method of Lee et al.

(11).
Pure a-toxin from time venom of Naja ni-

gricollis was a gift from Dr. P. Boquet of the
Institut Pasteur. It was prepared according

to the methods of Boquet, Izard, Jouatmnet,
and Meaume (12) mind Karisson, Eaker, and

Porath (13).

Covalent coupling of N. nigricollis a-toxin

to Sepliarose 4B. We used the method de-
scribed by Axemm, Poratim, and Ernback (14).

Sepharose 4B (Pharmacia) was extensively
washed with distilled water. To 10 ml of the
washed suspemisiomi, containing approxi-

mately 5 ml of Sepharose beads, were added

5 ml of cyamiogen bromide in water (100

mg/mb). Durimmg the reaction the pH was

kept at 11.0 with concentrated NaOH. After
8 mimi the reactiomm was almost complete, and
the granules of Sepharose were then washed
with 150 ml of 0.1 ii NaHCO3, pH 9.0.

Several batches of activated Sepharose were

prepared consecutively and mixed. The final
suspension of activated Sepharose was then
decanted, and time supernatant solution was
discarded. To a total volume of 36 ml of

decanted Sepharose were then added 36 ml
of 0.1 ii NaHCO3, pH 9.0, amid 3 mg of
a-toxin in 1 ml of H20. Time mixture was

gently agitated overnight at 4#{176}in an Erlen-
meyer flask. Time suspension was decanted,
amid time supermiatant fluid was assayed for

time presemice of a-t.oximi (the toxin was
not detected imi timis solution). The gran-
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2 P. Boquet, unpublished observations.

ules were then washed extemmsivelv witim 0.03

ill sodium citrate at pH 5.0. The suspemmsiomi
was stored at 4#{176}imi time presemmce of 0.02 %

NaN3 . The a-toximm coupled to time Sepima-

rose beads maintains its antigemmic activity
toward imorse ammtiserum to N. ,i igricollis

vemmom.2

RESULTS

Selection of decamethoniumn as c/tolinergic

ligand for binding studies. Our immitial at-

tempts to isolate the cholimiergic receptor em-

PloYed time affinity label p-(trimethmylanmnmo-
nium)benzemmediazommium fluoroborate . Thus

compoumid blocked irreversibly time respommse

of the electroplax to cholimiergic agonists in

vivo (15) but was far too reactive for specific
radioactive labeling of time cholinergic recep-

tor site. It also became covalemitly attacimed

to membrane proteins, and time complex
could not be dissociated easily. To circunu-
vemmt these difficulties, we used time metimod of
equilibrium dialysis whicim Gilbert tumid Mu!-
1cr-Hill have employed to assay amid isolate
time genetic repressor of time Lac operon (9).

In the first experimemits carried out witii
timis technique (16) acetylcholine was se-

lected as time cholinergic ligand, siimce its “ap-

parent” affinity for time isolated electroplttx
in vivo w’as about two orders of magnitude

lmigimer than that for time catalytic site of

acetylcholinesterase (17, 18). However, eveim
in the presence of potemit enzyme inhibitors
such as eserine, pturaoxon, timid l)iiosl)imolimme,
significant hydrolysis of acetylcimoline oc-
curred in the equilibrium medium. We timere-
fore decided to monitor bimiding of dectume-
thonium, a cholinergic agonist wimicim is
not hydrolyzed by acetylcholinesterase and
which possesses mu low “apparent” dissocia-
tiomi constant for the cholimmergic recel)tor of
time isolated ebectroplax (1.2 him) (19).

Figure 1 show’s time effect of ionic strengtim
on the binding of ‘4C-decametimonium to a
suspension of membrane fragmemits prepared
by bow--speed centrifugation of a crude ho-
mogenate of electric organ. Physiological
Ringer’s solutiomi (F/2 = 0.180) w’a.s sequemi-
tially diluted with wmuter. Below P72 =

0.018 time increase in radioactive boumid dcc-
amethonium was mmearlv inversely prol)or-

30C

� 20C

tot

FuG. 1. Effect of ionic slrngth on binding of
‘4(’-deca,nethonium (Deca*) to (i suspension of

membrane fragments

The nuembrane fragments were obtained by low-

speed cemmtrifugatioum and resuspended i mm physio-

logical Ringer’s solution (see MATERIALS AND

METHODS). The solumtiomi was diluted with water iii

the proporti()ns give!! 00 the al)scissa [1 represents

undiluted Ringer’s soiutiomi (F12 = 0.180); 0.1
represents 10-fold dilumtionl. The concentratioum of

protein inside the dialysis hag was approximately
7 mg/mi. The concentration of free decamethouuium

outside the 1)ag was 1 �M.

tiomial to time iommic stremmgtim, but, mubove
P72 = 0.015 time quantity bound did miot
vary appreciably witim iommic stremmgtlm mind
represemmted 10-20 mimoles of decamethionium

per gram of protein imi time presence of 0.56
/.Lim free decamethmommium. At low iommic

strenmgtim, the amoumit of ligammd bound imi-
creased mubmost !immearlv ivitim time concemi-

tration of free decamethmomiium amid was com-

pletely displaced by ammy quaternttry ligaiid.
We thus comicluded thmut ummder timese condi-

tiomis decametimommium i�’as boummd to mmonspe-
cific sites. At higim iomiic strengtim, in contrast,

saturation occurred at high concentrations
of free decametimonium, amid time compoummd
was displaced from its bimidiumg sites by char-
acteristic cholinergic ligtummds.

Extraction of decamethon ium -binding mac-
rornolecules from electric tissue. Since the
cholinergic receptor nmmicronmolecule was ex-

pected to be membramme-boummd, our first step

wa.s time preparatiomi of a concemmtrated sus-

pension of membrane fragments. This was
achieved by imomogemmization of electric tis-

sue in a VirTis apparatus, whmich gives btirge

menubrane fragmemmts timat sediment on low-

speed cemitrifugatioim. Since decamethonium
binds to timese menubrane frmugmemmts (Fig. 1),
amid since a large part of time boumici decame-
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timoimiunu i\’mus displaced by 10 j.ou gallanmimie,

10 ,.�ii (/-tubocurarnme, or 10 jog/mb of a-toximm

whemm time commcemmtratiomm of free decametimo-

imium w’tms 0.5 �zii, time membrane fragmeimts
comitain time recej)tor protein.

Considerable effort mi’as made to sobumbilize

ciumummtitmutivel�’ t ime membrane compommemmts
w’imicim sl)ecifictml ly bimmd dectumetimommiummi,
without loss of time totmul bimmdimmg capacity.
Neither I ii Li2804 nor 1 �m (NH4)2S04
cmtused time release of materitul bimmdimmg both
decmtnmetimoimiunm timid gallamitme, multimougim 1 ii

ElI immudmuslighmt effect. \‘turious emmzyrnes were

tested at 200 �g nil : collagemmase, lipase, timid

trypsin. (hmly trypsium resulted in a slighmt
solubilization. Several detergemits (1 (7� Xoni-

(let, 1 (7� Tweeim 20, tumid 1 #{182}�Triton X-100)
had a snmal!er solubiliziimg effect thami 1 #{182}�so-
dium deoxycholate.

Time best solumbihizatioim of membramme-
bouumd proteimms was acimieved b�’ contimiuous
stirrimig of time nmembramie frmugmemits at room

temperature iii time presemmce of 1 % deoxy-
cimolate, 25 nmiu Tris (pH 8.0), amid 50 mu
XaCI. After cemitrifugatiomi at 15,000 X g for
30 mimi, most of time deoxychohute w’as pre-

cipitated from this first supermiatant fraction
by makimmg the solutiomi 70-100 mit in MgC12

and cemitrifugimmg agaimi at 15,000 X g for 30
miii. Removtub of time deoxvchmobate was neces-

sary to prevemmt artifactual biimding of de-
camethmonium iii time equilibrium dialysis
mussay. Time second supernatamit fraction con-
taimmed 5-10 mg of proteimm per milliliter, imigim
levels of acetylcimolinesterase (specific activ-
ity, up to 7 moles of acetylthiochobine hy-

drolyzed per gram of 1)roteimi per hour), amid
appreciable amounts of cholimmergic receptor
protein.

Bindimmg of dectumethommium in the presemice
amid tubsence of 10 Mit gallamine was stable
for days at 0#{176}imi extracts dialyzed against
0.1 ii MgCI2, 0.1 it NaCI, amid 0.01 it Tris,
pH 8.0. No significant immactivation was ob-
served in time course of decamethonium bimid-
ing experimemmts carried out for 4-12 imr imm
time presence of Ringer’s solutiomm, pH 8.0,
at 4#{176}.

After commcemmtratiomm imi time Diaflo system,

time viscous extract comitaimmed 15-30 nmg of

proteimm per milliliter. Cemmtrifugation at
65,000 X q (0.5 hr mit 25,000 rpm in time

TABLE 1

Binding of ‘4C-d&’amethonium by a

deoxycholate extract

The extract conttiiiied 1(.6 mg of proteimi i)e��

nmillil iter. i�he specific act ivity of acetylcholines-

terase was 7.05 nmoles of acetvlthiocholine hydro-

lvzed � hour per granm of l)rotein. If the specific

activity of (lie pure I)roteilt is 750 tinmes this value

(2()), 0.947� of the total l)roteiul in the extract was

acetvlcholi nesterase.

. . Total Decameth-
‘ :L. 10 decameth- oniumacis.ty onium bound

C/2fl1 100 � nmoles/g

IL! �‘ protein

SW 65K Spimico rotor) sedimemmted up to 50 %

of time total proteimm, including approximately
time same fractiomm of mucetvbcholinesterase and
decamethommiunm- amid gallamine-bimiding ma-
teritul. This nommspecific aggregation was con-
siderabl�- reduced wimemi time extract was cen-

trifuged imi the presence of 1 % deoxycholate.

Tue medium imi which time receptor protein
proved to be time most soluble was 1 ii Tris
(pH 8), 1 ii NtuCl, amid 2% deoxycholate. In

this buffer there was mmoloss of material bind-
ing both decamethmomiium amid gallaminie from

the supernatammt fractiomi after centrifugation
for 1 hr at 100,000 X g. As will be reported

in musubsequemmt paper, the solubilized recep-
tor protein migrates on polyacrylamide gel
electrophoresis, has a sedimentation velocity
of 9.5 5 duriimg sucrose density gradient
centrifugatioim, amid caum be purified by gel

filtratiomm.
Antagonism between decameth onium and

various cholinergic agon isis, cholinergic antag-

onists, an(l snake venom toxins. Bindimig of
‘4C-decamethonium to concentrated deoxy-

cholate extracts was comiducted in Ringer’s
solution, pH 8.0. Table 1 simows that ummder
these coimditiomms a sigimificammt amount of ra-
dioactivity was retained inside the bag. The

mmumber of counts retained varied linearly
w’ith the concemitration of extract, and reten-
tioim was completely reversed w-hien the dialy-

sis bag was re-equilibrated against a large

volume of decamethommium-free Ringer’s so-
lutioii.
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FIG. 3. Antagonism by gallamine to binding of

‘4C-decamethonium (Deca*)

Conditions were the sanme as for Fig. 2, except
that the extract was prepared from the organ of

a different eel Ofl a different day.
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In order to cimaracterize time site(s), we
studied quantitatively time influence omm dcc-
amethonium binding of various characteris-
tic effectors of time ebectroplax membrane in

vivo. Figures 2-6 show the effects of three

typical chiolinergic antagonists (d-tubocura-
rifle, gallamine, amid hexametimonium) and

two typical agonists (carbamylcholine amid
pimenyltrimethylammonium). 1mmthese exper-

iments time concentration of free decamethmo-

mum was kept constamit at 0.56 Mit and time
concentration of nonradioactive cimolinergic
effector was varied. Bound decamethonium
was displaced by each of timese compounds,

P but the total quantity displaced by saturatiumg
levels of these chohinergic agents differed

strikingly betweemi compoummds. Thmree, cmtr-

FIG. 4. Antagonism by hexamethonium to binding

of ‘4C’-decaonelhonium (Deca*)

Conditions were the same as for Fig. 3.

I0’M 2.IO’M
[c.rb.m,kh,l..1

FIG. 5. Antagonism by carbamyicholine to binding

of 14C-decamethoniu,n (Deca *)

Conditioims were the same as for Fig. 3, except
that the concentration of free “C -decarnethoni urn

was 0.86 MM.

FoG. 2. Antagonism by d-tubocurarine to

tnnding of ‘4C-decamethonium (Deca*)

The conditions are described immmder �m1uTEmmm;sLs
AND METHODS. The concentration of free “C-

decamethonium was 0.56 MM. The concentrations of

d-tubocurarine givemi on the abscissa correspommd

to the total concentration of d-tubocurarine added

to the solimtion at the begimmmmiumgof the experiment,
not exactly to the concentration of free d-tuho-

curarimme.

FmG. 6. Antagonism of phenyltrimethylam monium

to binding of ‘4C-deeamethon jam (Deca*)

Commditions were the sanme as for Fig. 3.

bamylcholine, pimenyltrimetimylammonium,
and hexamethonium, displaced all time dcc-
amethonium bound to the extract, which

confirms the reversibility of decamethonium
binding. Two of timem, however, which are

the most characteristic antagonists in vivo-
d-tubocurarimie amid gallamine-dispbaced dcc-
amethonium only partially. Tue fraction

displaced with a given preparatiomm was the
same mit highi levels of d-tubocurarine and
gallminmimme, but varied betweemm preparations,
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from 30 � (below 30 % time prepmuratioim wtus

discarded) to 70 �.

We then tested time effect of tw’o toximms,

purified from snake venom, kmmow-n to be
irreversible blockimig agemmts of time respommse

of various muscle preparations to chobinergic

agoimists (21-24). Time first ms’as a-bungaro-

toximm, a polypeptide of $000 mob wt.
Chmammgeux, Kasai, amid Lee (25) have simo�vn

timtut a-bungarotoximi acts in vivo, on time

electroplax, or in vitro, omi excitable micro-

sacs, as ami irreversible blockimmg agemmt, tumid

partially displaces the bindimmg of decametimo-

mmium to time extract . Figures 7 and S show

thitut the a-toximm of Naja nigricollis (12, 26),
purified by Boquet and associates (13), plays
time same role. Time a-toxin was an irreversible

ammtagonmist of time isolated electroplax tummd

blocked irreversibly, but partially, the bind-
ing of radioactive decamethonium to the de-

oxycholmute extract. Interestingly, t he same

displacememmt was obtained withm the toximm

from N. n igricollis tumid from B. multicinctus.
It has imever been possible to show’ ammy

effect of time two toxins on the catalytic site
of acetyicholinesterase, mmeitimer on the bind-

ing of the substrates or inhibitors, mior on the
catalytic activity of time eimzyme (21, 25);
thus these a-toxins commstitute reageimts
highly specific for the cimolimmergic receptor

site (21, 25).
As showim imi Fig. 8, an excess of a-toxin

from N. nigricollis displaced decametimonium
boummd to our extract almost to the same cx-

temmt as atm excess of d-tubocurarimme or gabba-
mmmc. No further displacemeimt w’as observed
in time presence of both a-toxin and galla-
mimic. Although they are structurally ummre-

lated, d-tubocurarine, gallamimie, amid the
toximms lmad the same action in vwo amid in
vitro. The toxioms, imowever, acted irreversibly.

We timerefore temmtatively coomsidered as
boummd to time physiological receptor sites of
tucetylcimolimme time molecules of decametho-
nium wimicim w’ere displaced in the presence
of 0.56 �im free decamethonium by 10 MM

galbamimme, or 10 /2i[ d-tubocurarine, or after
30 mini of exposure of the extract to 20 �g/

ml of simake toxiim.
1mm commtrast, the displacememit of boummd

decamethoimium by two typictul agonists, car-
bamylclmolimme and phemmyltrimethylammo-

Carb Carb Carb

P0mm

FmG. 7. Irreversible effect of a-toxin from N.

nigricoilis on response (R) of the isolated electroplax
to a cholinergic agonist, carbamylcholine (Garb)

Electrical potemitial was nmeasumred on the iso-
lotted electroplax as described by Higman, Podleski,

and Bartels (5).

201

tO 20 50 COO

k-f... N.eyc&les) .g,�C

FIG. 8. Irreversible antagonism by a-toxin from

.V. nigricollis to binding of ‘4C-decamethonium

(Deca*) to a (leoxycholate extract

The aqueous solution of toxin was added to the
extract, and the mixtumre was gently agitated at

roonm temperature for 1 hr. The concentration of

protein in the extract was 20.9 mg/ml. a-Bgt,

a-bungarotoxin.

mmiunm, mimic! by au ammtagommist, imexametho-
nium, was complete. Interestingly, these

three compounds are all potent inhibitors of
the catalytic site of acetybchobinesterase un-
der the same conditiomms as used in the bind-
iiig experiments. Timus the molecules of

bound decamethonium which were not dis-

placed by d-tubocurarimie, gallamine, or the
a-toxins but were displaced by carbamylcho-
line, phenybtrimethylammommium, or hexa-

methonium w’ere immdeed bound to catalytic
cemmters of acetylcholimmesterase present in our
extracts.

Strong support for this immterpretation
came from selective heat denaturation (Fig.
9). A deoxvcholate extract was imeated at
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48#{176}for various tinmes tumid bimmding of decanme-

thonnum wtus measured iii the presemice amid
absence of 10 Mim galbamine. Time activity of
acetylcimolimmesterase on acetylt hiocimolimme was

followed imi parallel. Intictivationi of time cmi-

zvme amid loss of time sites wimicim bind dcc-
amethonium imi time presence of gailtumimme
follow-ed time same time course. This result

supports time assumptiomi timat in time presence
of 10 Mit gallamimme decamethonium binds
almost exclusively to the catalytic site of

acetylchobimmesterase. Oui time otimer imand, the
rate of inactivation of time sites from wimicim

decamethonium is displaced by gallmumimme
m�-as much slower timami timat of time catalytic

site of time enzyme. After imeating for 10 miii
at 48#{176}the extract still contained about 50�7

of the imuitial amount of decamethonium- amid
gallamine-binding sites but only 5 % of time
acetylchohinesterase active sites. This gives
additiomial support to our tentative assump-

tion timat two distinct classes of decametho-

nium-binding sites are present. Furthermore,

time observation timat all the bouiid decame-
thonium can be assigned to either one or time
otimer of these two classes of sites suggests

that only these sites were detected.

Imiterpretatiomm of time bimidimmg dattu was fa-

Fta. 9. Effect of heat treatment on binding of

‘4C-decamethonium to a deoxycholate extract

P Extract �0.45 ml) containing 20 nmg of protein

per milliliter was heated at 48#{176}for the indicated
times and then immediately cooled to 00. On each
sample were measured the activity of acetyl-

choli nesterase (AcChE) with acetylt hiocholi tie as

the substrate and the capacity to bitmd ‘4C-de-

camethonium in the iresence ([Deca]ni��) and

absence ([Deca]00���) of 10 MM gallamine. The
specific activity of acetyleholiumesterase iii the

extract was 9 moles of acetylthiocholine hydro-
lyzed per hour per grani of proteimm.

cihitated by (htimumitittitive nmeasuremmmemmt of time

dissociatioum commstmummts of time various cimohimm-
ergic mugeumts tested. The bindimmg of decame-

thomumum as a fuimctiomm of imicreasiumg commcen-

tratiomi of time mugoumist was followed mm time

presence timid absence of a-toximi. Time binding
curve obtaimmeci iii time presence of 20 �g, ml

of a-bummgarotoximi mupproximates a imyper-
bola, �tmi(l hi til f-sat urationi occurs mirouumd 1 Mu
This is very close to time K1 of decametho-
miium for time tictive site of acetvlchmohimmester-

muse memusimred uimder time same experimentmul

comiditioums �vithm acetybthmiochohiume as time sub-
strate (Tttble 2). From time differences be-

tweemm time results obtaimied immtime absemice of

toxin and in its I)reSence, one cami draw’ a

curve for thme bimmding of decamethmommium to
sites which are blocked by time toxin (F’ig. 10).
This curve tupproximmutes a imyperbolti, amid

imtulf-saturation occurs witim t hmis prepturmutiomi

mit 0.8 Mit free decametimoniuni, wimichm is
in time range expected for time dissocimutioum

constant of decametimonium bound to time

cimolimmergic receptor site (Table 2). TIme “iii-

trimmsic” dissociatiomm constants of decametimo-
nium for time two classes of bimmdiumg sites are

thus imm comj)iete tigreememit witim the K of

time ligand for time catalytic site of acetylcimo-

limmestertuse timid with its “apparemmt” affiumity

for time excitable membrane.
From time curves of ammtagonisni repre-

sented iii Figs. 2-6 w-e attempted to deter-
mimic time “immtrinsic” dissociation commstmummts
of time various cimolimmergic agonists ammd antag-
onists tested for time two classes of sites pres-

emit in our extrmucts. Experiments were carried

out under coumditiomms (see iIATERIALS AND

METHODS) �ti wimicim at least 70 � of time
bound decametimommium was displaced by mimi

excess of eitimer smmake vemmom toximi, i.e., imi
wimich decamethouuium was boummd largely,
but not exclusively, to the cholinergic recep-
tor sites. Siimce mimi appreciable miumber of
acetvlcimolimiestertuse catalytic sites were still
presemmt in our extracts, time values computed

from these curves are not l)recisel�’ time
“immtrimisic” dissociation coimstamits of time
cimobimmergic effectors for the sites blocked
by toxinms but camm be regarded ommly as first

approximmitions of these dissociat ion comm-

stammts. Dissociation constants were esti-

mated by piottimmg time reciprocal of time



TABLE 2

Comparison of “intrinsic” and “apparent” dissociation constants of cholinergic agonists and antagonists

Acetylcholinesterase activity was measured in Rimmger’s solution. -�__________________

“Apparent”
dissociation constants

Compound

“Intrinsic”
dissociation constants

Agommists

Deoxy-

Isolated
electroplax
(membrane
potential)

(22#{176})#{176}

Excitable microsacs

(#{176}�� �

cholate
extract

(“C-
decameth-

OfliUfli
binding)

(4#{176})

Acetyithiocholine
hydrolysis

(competitive
inhibition)

22#{176} 4#{176} 4#{176} 22#{176}

I

I

/2%!

0.16 0.15 0.15 2.6 61 50
0.3 0.3 0.3 2.2 140 130

30 62 352 420 400

30

2 20

to

relat ion

i’M 5.IO’M I0�M
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i)ecamet honium

Carbamyichohine
Phenyltrimet hylammoniumm

Antagonists
d-Tubocurari ne

Gallamine

Hexamet honiunm

1.2 1.2 1.2
30 40 100
13 20 40

0.8 2.7 2.3

18.3 42 17
13 73 57

o From refs. 5, 17, 19, amid 27.
From ref. 28.

FIG. 10. Specific binding of “C-decamethonium

(Deca*) to cholinergic receptor sites present in a

deoxycholate extract
The values plotted on the ordinate correspond

to the differences betweemm data collected in the
absence of any antagonist amid after 60 miii of

exposure of a deoxycholate extract to an excess

of a-bungarotoxin. The concentration of protein
was 21 mg/nil. Above 0.5 MM decamethonium the

coneentrat ion of ‘4C-decamethonium was kept

constant amid the solution was supplemented with

nonradioactive decamet honium.

amount of decamethonium bound as a func-

tion of immcreasiimg concentration of effector.

Time tangeimt of time curve at its origin w’as
drtuwn, amid on this limie the commcemmtration of
effector (150) giving 50 % displacement of
decamethommiuni w-as measured. The dissocia-
tion commstant K w’as themi calculated by the

K IX Kdeca
- 30 Kdeca + free decamethonium

w’ithm K(m�CC 0.8 MM. This commstant thus

concermms time l)art of the curve which is lo-
cated near its origiim, i.e., the sites presentimig
the imigimest affimmity for the effectors consid-
ered. As expected, with (l-tubocurarine or
gahlamine, compounds which displace dcc-

amethomiium only partially, a similar value

was obtaimmed whemm the residual amount of

decamethomiium boumid at saturating levels
of antagomiist was subtracted from all points

omi the curve.

In Table 2, we have compared these

“immtrinsic” dissociatioim comistants with the
“apparemmt” dissocitutiomi commstants of the

same compoumids measured either on time iso-
lated ebectroplax by following steady-state
membratme potentials (5, 19) or on excitable
microsacs by following 22Na� effiux (28).

Kimmetic data tire also presented for acetyl-
cimobinesterase using acetyithiocholine in

Ringer’s solution at 4#{176}amid 22#{176}.
Time “imitrinsic” affinities of the three

agommists tested were in agreement with their
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“apparemmt “ affimmities, altimoughi a systemtutic

deviatiomm \�.as noticeable. The “apparent”
afflumities were smaller in eacim case thamm time

“imitriimsic” values. Time “intrinsic” affinities

of these agonists for time catalytic site of

mucetylcimoliumesterase were similar in magumi-

tude to time ‘ ‘apparemmt” muffimiities of the same
compoummds for time excitable membramme. 1mm

otimer words, witim timese agommists, the decame-
timonium-bindiumg sites of the chobinergic re-

ceptor cammmmot be distinguished easily from
timose of time ctttalvtic unit of acetylcimolimmes-
terase. Immdeed, we have mentiommec! thtut
these timree mugommists completely’ displace dcc-
ametimonium bound to both the cimolimmergic
receptor site tumid time catalytic site of time

emizyme.
Timis is also time cmuse for omme ammtagoumist,

imexamethoumium, but time situatiomm is differ-
emit witim (/-tubocurarimme tumid gablanmimme. Witim
timese two amitagommists, time “intrimmsic” affiumi-

ties measured by equilibrium dialysis were

23 and 63 times higimer, respectively, thmami
those for time catalytic site of acetylchohimmes-
terase, amid timitagonism was immcompbete. For

d-tubocurmtrimmc amid gallamimme a plateau was

reacimed at concemitrations bess timamm 10� ii;

� at thus concemmtratiomm nminimal bimiding is to

be expected mit the catalytic cemmter of acetyl-
cimolinesterase. Timese high “imitrinsic” affimmi-
ties of f-/-tubocurturimme amid gallamimie were
still less timami their “apparent” affimmities esti-

mated fronu time membramme respommse. Never-
theless, time commomm fimuding that a class of
decanmetimommium-bimmdimmg sites possesses a
high affinity for d-tubocurarimie amid galba-

mine amid is irreversibly blocked by time simake

toxins seems sufficiemmt to idenitify timem as time
cimolimmergic receptor sites.

From these data time numbers of cimoliner-

gic receptor sites presemit iim our extracts cati

readily be calculated. The values obtaimied
varied mmoticeably from omme extract to an-

other. Time total mmumber of decametimonium-
bimmding sites blocked by time a-toxin in the
preparatiomi used imi time experimemmt repre-
semited in Fig. S was 24.7 nmoles/g of pro-
tein, but timis value was rather imigim, amid in

some experiments extracts contained 10

times fewer sites per gram of proteimi. As

shown imi Table 3, the number of receptor
sites camm be estimated by the hindimmg of

1’tIILI- 3

vii iiibe “ of toxin - and (lecante thorn i si,,z -binding sites’

and catalytic sites of acetylcholinesterasc

in (leoxycholate- extracts

The data for a-buiigarotoxin are those of

Chamigeux et a!., (25); the data for .Vaja toxin are

those of Fig. 8. Numbers of catalytic sites were

estimated fronm the value of the specific activity

of acetylcholimiesterase imi the extract, assuming

that 750 nmoles of acetylthiochohine are hydrolyzed

by 1 g of pure enzyme per hour (20) . The nmolecular

weight of the enzyme was assumed to be 260,000,

with four catalytic sites per molecule. In the ex-

perimnemit with a-bungarotoxi n t he extract con-
tamed 18 mg of protein ler milliliter and the spe-

cific activity of the enzyme was 5.85 moie.s/hr/g of

protein. Iii the experiment with the a-toxin the
concentratiomi of proteimi iii the extract was 20.9

nmg/mI and the specific activity of the enzyme was

��i2�5 nmoles/hr/g of protein. _________

a-Bunga- a-Toxin of
ot#{248}xin .� nigrwollis

p,,,zolesj g protein

No. of toxin molecules for

conii�lete blockade

No . of � -decanmet homii nina -

binding sites blocked by

toxin

No. of acet vicholi miesterase

molecules

No. of acetvlcholi nest erase

catalytic sites

eitimer rmudioactive decanmetimomuiunm or time

toximm, assumimmg time toximm to be mum exclusive
mimic!irreversible reagemmt for time receptor (25).
Imiterestimmgly, timese two miunmbers tire similar,
altimougim imi both cases time mmimnmber of toxiim
molecules was foummd to be larger thitumm time
miumber of decametimommium-bimmdi mmg sites

blocked by time toxin.
Time number of catalytic sites of acetyl-

cimoiimmester:Lse presemmt imm our preparatiomi
caum be computed from time specific activity
of the pure protein [assumimmg a molecular
weigimt of 260,000 and a specific activity of
750 moles of acetylcholimme per gram of pro-

teimi per hour (20), tumid four cmitalytic sites

ier molecule of mob wt 260,000 (29)]. Table
3 simoivs that time number of catalytic sites
is close to the mmumber of toxium molecules re-

ciuired to block decametimommiunm biumding at
time cimohimmergic receptor site. In additiomm, time



,noles/ir/g nmoles/g protein mg/mi
protein

9.1 3.0 ± 0.4 15.1

8.0 0.3 ± 0.3 14.2

I

I

a
Treatment

Controls

2 miii, 100#{176}

5 mimi, pH 4.75 17

Pronase, 8 mg/ml, 3 hr 61

o Negligible.
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table show’s timat time imumber of acetylchobin-
esterase catalytic cemiters is similar to but
somewhat greater than time imumber of cho-

linergic receptor sites.
Chemical nature of the molecule binding dcc-

aniethonium, gailamine, and a-toxins. The
capacity to bind decamethonium at the level
of the sites blocked by gabbamine and time
a-toximms wmus preserved after concentration of
the extract on a Diaflo membramie (XM 50).
The chobiimergic receptor sites are thus car-
ried by a macromolecule of molecular weight
larger timan 50,000 daltoims. As shmown immTa-

ble 4, this structure is thermosensitive amid
acid-labile amid is mmo bomiger active upomi

digestion with Promiase; it is thus a proteimi
or, at least, comitaimms a protein moiety.

Separation of polypeptide chains carrying

cholinergic receptor site and catalytic site of

acetyicholinesterase. The a-toxin from N. ni-

gricollis w’a.s coupled to Sepimarose granules
following the technique described by Axen,
Poratim, ammd Ermmback (14). Table 5 show-s

time results of tin expcrimemit in which the
cholimiergic receptor protein w’as adsorbed to
time Sepharose a-toxin. A concentrated de-
oxycholate extract was mixed w’ith an equal
volume of settled Sepharose a-toxin amid in-

cubated mit rooni temperature for 30 mm;
then the mixture was cemmtrifuged at bow’
speed and time suj)ermmataimt fluid was assayed

TABLE 4

Some properties of the cholinergic
receptor inacromolecule

Samples of an extract commtaimmimmg 18 mg of lro-

tein per nmilliliter were subjected to the treatment

indicated amid then dialyzed at pH 8.0 immthe pres-

ence of 0.56 /2M ‘4C-decamethomiium or 0.56 /2M

‘4C-decamethommium amid 10 /2M gallanmine.

Decametho-
nium bound

056�M
056 pM free de- Antag- Prot �n

free cameth- onism Cl

deca- onium
meth- �- I0ps
(mum galla-

mine

nmoles/mi #{182}� mg/mi

352 180 48 18

18

7

TABLE 5

Differential adsorption of cholineigic receptor

protein to a-toxin from N. nigricollis
coupled to Scpharose 4B

One milliliter of decanted Sepharose toxin or

Sepharose alone was suspended in 1.0 ml of extract
containing 20-25 mg of protein per milliliter in 30

m� sodium citrate (pH 8.0) and 1% deoxycholate.

The suspemisiomi was slowly agitated for 30 mm at
20#{176},then cooled to 00, and centrifuged at 2000 rpm
imi a Sorvall SS 34 rotor at 40#{149}Acetylcholinesterase
and ‘4C-decamethonium were assayed in the super-
natant fraction.

Supernatant Acetyicho-Iinesterase
-�

“C-Decametho-
nium displaced

by 1O,�u Protein
gallamine

Sepharose 4B + lC/

deoxycholate

Sepharose 413 a-

toximi + 1C/ de-

oxycholat e

for acetylcimobimiesterase activity and for
bimmding of ‘4C-decametimomiium in the pres-

ence amid absence of 10� ii galbamine.
After exposure to time Sepharose toxin the

extract lost 75-100 % of its capacity to bind
decamethonium at the level of the choliner-
gic receptor site, less than 12 % of its acetyl-
cholinesterase activity, and about 6 % of its
total protein content. Thus selective adsorp-
tioum of the cholinergic receptor protein on
Sepimarose toximi granules physically sepa-
rates it, in vitro, from acetyicholinesterase
(7). This result is in agreement with the
observations that 1) decamethonium bound

to mupreparation of acetylchobinesterase which
coimtaimmed the various isozymes A, C, and D

of Massouli#{233} amid Ri#{233}ger(30), was not sig-
nificantly displaced by 105ii gallamine;
2) acetylchohinesterase (Sigma) was not ad-

sorbed to the Sepharose toxin (Table 5).
Time cholinergic receptor site and the cat-

alytic site of acetylchobinesterase are timus
distimmct proteimi units. Timis finding (7) has
beemi confirmed by Miledi et al. (8) with

Torpedo.

DISCUSSION

The experiments presented above illus-

trate the method that we have followed to
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obtain (a) mu bimiding test characteristic of

the piiysiobogical receptor site of mucetylcimo-
line and (b) a procedure for extrmuctiomi of the
macromolecule(s) which carries this site.

A method of rapid equilibrium dialysis was

selected to measure time reversible bindimig of
cimobinergic agents. I)ecamethonium, a cimo-

linergic agonist, was used as the radioactive

ligammd, siimce it presents a imigim “apparemmt”
affinity in vivo for time excitable membramme

of the eel electroplax tumid it is umot imydrolyzed
by acctybcimolinestera.se. At time iommic strengtim
of pimysiological Rimmger’.s solutiomi, little, if
timmy, mmonspecific bindimmg of decametimommium

occurs. Extraction of membrane fragments
with deoxycimolate yields a soluble crude

preparation of proteins whicim contains two
major clas.ses of specific decamethonium-

biimding sites. Time first commstitutes the cmuta-
lytic site of time eimzyme acetylcholinesterase,

tt proteimi presemmt imm large amounts in our
extracts. Decamethonium bound to this site
is displaced by carbamylcimolimme amid various
competitive imilmibitors of time cmizyme. It is
miot displaced by d-tubocurarimme or gailmu-
mimic, two antmugonists in vivo, except at con-

centrations above l0� �m). Timis would also
be predicted from time K1 estimated by ki-

netic experimemits. In addition, d-tubocura-
rine and gallamine amitagoimize time bimiding of

decametimomiium to amiother class of sites and
at concemitrations whicim are compatible with

time “apparent” affimmity of these compoumids,
measured in vivo witim the isolated ebectro-
plax, or in vitro witim excitable microsacs.

Binding of dectumethommium to this last class
of site is also blocked, selectively and irre-

versibly, by two polypeptidic toxins purified
from snake venoms: a-bungarotoximi (21)
from B. multicinctus and time a-toximi from

N. nigricoilis. These toxins are considered
time most selective reagents for the cimoliner-
gic receptor site. The parallelism between

time effect of these toximms and that of typical
cholinergic antagonists, such mis d-tubocura-

rine and gallamine, strommgby supports the

conclusion that the decametimommium-binding
site on which they act is the cholinergic re-

ceptor site. We thus imave an assay in vitro
for the specific binding of a cholimiergic
agonist to the physiological receptor of ace-
tyicholine.

It is worthwhile to emphasize that chobirm-
ergic amitagonists sucim as d-tubocurarine amid

gallamimme displtuce in vitro time bimmdimmg of a

cimobimmergic agonist , decamet imoumium. 1mm
other words, time classical ammtagonism be-

tween a depolarizing amid a blockiimg ageumt,
observed w’itim the excitable membramie, camm
be repemuted witim time soluble receptor untie-
romolecule presemmt in our extracts. 1mmaddi-

tiomi, time ‘ ‘immtrimmsic” affinities metusured w’ithm

our biumdinmg assay are similar to time � ‘appar-
emit” affinities recorded in vivo. However,
ii slight but consistemmt discrepammcy exists be-

twcen time two sets of results. Time “immtrimmsic”
tuffimmities of the tigoimists ��‘ere systenmatically

higher thtun t heir “ttpparemmt’ ‘ affimmities, tumid the
reverse was true for the amitagonists. Time sig-

nificamicc of timis differemmce is mmot yet clear,
since in timese experimemits time free commeemm-
tration of ammtagommist added was mmever metu-

sured directly. Assuming timtut timis result is

correct, an expbamiation for time apparemmt dis�
crepammcy can be proposed immtime frmtniework
of the general timeory of time allosteric traumsi-
tiomi of time cholimmergic receptor (1). Time iso-

lated receptor macromobecube could be
timoughmt of as stmtbilized, in solution, imi a state
or confornmatiomi whicim would preferemmtiahlY
bind time agommist, i.e., imi mustate close to that
adopted by time receptor �v1men time menmbrane
is depolarized by mieetylcimoline.

Accordimig to time same theory, time (us-
pltucement of decametimonium by the cimolin-

ergic antagommists observed with our soluble

extracts would be mediated by amm allosteric
transitiomi of the receptor nmmucronmohecuie.

This type of displacememmt simould be con-
trmtsted with the displacememmt of (lecaniet ho-
nium by clmoiinergic agommists, whuichm nitty be
understood strictly out time basis of steric
imimmdrammce. Time fact that time smmake vemmonm
toximis block time bimmdimmg of both migommists mimic!
ammttigoumists amid thmut (/-tubocurarimme protects
agmuimmst toximm bimmdimmg has suggested to us

that till these compouumds may bimmd to over-
lapping sites ommtime receptor macromolecule
(25).

Time macromolecule wimich cmurries time cimo-

biumergic receptor site is timermoltibile amid di-
gested by proteolytic emmzymes. It is, as pre-

viouslv predicted by Xachmmammsohmn (3), a
proteimm, or, at least, possesses a protein
moiety. 1mmadditiomm, time receptor proteimm is
adsorbed selectively to snake vemionu a-toximm

covalentby boummd to Sephmarose, and can thus
be readily separated from acetylcimolimiest er-
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ase. Time catalytic site of acetylcimohimmesterase

amid time cimolinmergic receptor site timus are
located omm differemmt polypeptide cimaimis.

Xotimiumg fliore is knowmm about the topograpim-

ical relatiommsimips of these two proteimm ummits
once immtegrmuted witimimm the excitable mem-

bramme. Our extractiomi procedure leads to time
dissocimitiomm of timese elementary units, but
ttltermmmutive methods might preserve their
associatioum (30).

Several vemirs mugo, omme of us showed that
tut low ionic st rengtim acetylcholimmesterase
strommgly binds mu number of chmolimiergic

mtgeimts, amid mummalysis of kinetic data suggested

timtut regulatory sites for chmolinergic agents
uu’ere preseumt Oh time emizyme surface (18).

Timis poimmt w’as recently comifirmed by Ritz
tumid imis tussociates (31). It is now clear tlmat

timese effects dismippear mut time ionic strength

tut ivimicim we mussay time cimolimiergic receptor
sites mimic! thus seem umirebated to a imypo-
thmet ical fummctiomm of acetylcholimmesterase as
time cimoliumergic receptor i)roteilm. However,

time recemmt report timat timis emmzyme is foumid
imi more timaim omme form havimmg strikimmgly dif-
feremmt sedimeumtatiomm velocities (30) indicates
that acetylciiolimmesterase is mmot tu single

molecular species. Agaimm, imypotimeticab a.sso-

cimitiomm of sonic cmutmulytic ummits of acetylcimo-

limmesterase with time receptor protein canmmot
be completely ruled out. 1mmthis respect Kato
et a!. (32) have found thtit mupartially pun-
fled prepmirtut iomm of squid acetylcimolinmester-
ase coumtains aIm atropimme-bimidiimg site dis-
timmct fromim time cmttmulytic site.

Fimmably, our fimmdimmgs may be compared

with publisimed results ommtime much-debuted

subject of time cimoliniergic receptor. Emurly
cltuinms by Chtigmts et al. (33) amid Ehmrenpreis
(34) were subsequemmtly withdrawn (35, 36).

Time probleumi of isolation of the specific

cholimmergic receptor was restated by Beychiok

(37), wimo empimasized that two major crite-
rimu imad to be fuilfilled by the fraction sus-

pected of coumtaimummg time chmolinergic receptor
protein: (a) imomogemmeity of time bindimmg sites
and (b) agreement of time thermodymiamic

biumdiumg constammt of time cimolimmergic effector
measured by equilibrium dialysis with time

“appmurent” biumdiimg commst ammt estimated in
vivo from dose-respomise curves.

Time work of O’Brieum ammd associates (3S-

40) imas beemm carried out largely ivithi insol-
uble membrane fragments from the electric
tissue of Torpedo. These tuuthors claimed

“partial solubilization” of the binding pro-
teimi, but time “solubilized” activity did not

migrate omm ebectrophoresis. Unfortunately,

almost umotiminmg is known of the pharmaco-

logical properties of Torpedo electroplax in
vivo. Assuming that time ebectroplax of this

elasmobranch imas properties similar to the
subsynaptic mcmbraiie of time neuromuscular

jummctiomm from imigher vertebrates, and imi par-
ticular thuut muscaromie is a specific ligammd of
the cholimmergic receptor site, it becomes
plausible timat bindimig occurs at least partly
at time level of time chmolimmergic receptor sites

present iii membraime fragments. In their last
paper, these authors presented a few’ results

obtaimied w-itim a particulate fraction of E.
electricus, but distinctiomm betweemi bimiding at

the chobimiergic receptor site and at the cat-
tulytic site of acetylcimolinesterase was riot
explicitly discussed, pturticularly with dcc-
ametimotmiunm as a ligand. Time very recent

studies of Mibedi, Molimmoff, and Potter (8)
imave beemi carried out, as well, with Torpedo

tissue.

Neverthmeiess, there exists genermul agree-

ment bctweeum the results obtained with
Torpedo amid Electrophorus on the following

poimmts. (a) Decamethonium alone is a rela-
tively umommspccific reagent. (b) Smiake vemmom
a-toximms are imighly specific reagemmts for the

cimolimmergic receptor site (8, 21, 25). (c) Time
receptor comitains a protein moiety, as judged

by its degradability by proteinases. (d) Van-

Otis detergents can sobubibize receptor activ-

ity. (e) Acetylcholinesterase tund receptor

activities are clearly separable.
Time cholimiergic proteobipid receptor of Dc

Robertis amid mussociates (41-43) imtus a hugh
affinity for various chohiumergic agonists amid
muntagoumists. However, under the conditions

described by tiiose tuuthors time bimiding is

irreversible: moreover, time bimidinmg experi-
memmts w’ere carried out imi time presence of or-

gammic sobvents, timid time dissociation constants
measured by them c�imm iiturdly be compared
with time appareumt dissociation constants ob-
tainmed in vito mm time presence of Ringer’s
pimysiobogical solution. Imi addition, although
timeir material tuppemtrs to have been chmromat-
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ographically homogeneous, several classes of
binding sites for cimolimiergic bigamids were
present.

In our case the criteniomi of imomogeneity
is not fulfilled, but we have clearly dis-

tinguished specific from nonspecific binding.
In addition, the “intrinsic” affimmities of the

various effectors tested agree generally with
their “apparemit” affinities in vivo.

Finally, comparison of time mmumber of re-
ceptor sites reported by time various autiiors

might be ami excellent indication of time speci-
ficity of binding. In our soluble preparation

‘ we have found 10-100 mmmoles of decamethmo-

nium-binding sites per gram of protein. Time
number of toxin molecules required for com-
plete blockade of decamethonium receptor

sites falls in the same range but is always
higher. Either time toximi is mmot ami exclusive

reagemit for the cholinmergic receptor site or
several toxin molecules are required for com-
plete blockade of a decamethommium receptor

site. It is interesting to recall thmat decame-

timoniuni is mubisqumutenumary ligand and con-

sequemitly might bind to two acetyicholine
receptor sites.

Time number of catalytic sites of acetyl-
cimolimmesterase, estimated on the basis of tue
preseumtly available data on time structure of

the cmmzymc, is (25) similar to time umumber of
receptor sites estimated with time smmake

vemmom toxins. Immterestingby, the mmumbers of
muscaroume-binmdimmg sites ammd acetylcimoliumes-

terase catalytic sites founmd by O’Bnieum are

very similar to ours and to timose of Miicdi.
The density of cimohinmergic receptor sites per
gram of tissue protein timus seems to be of time
same order of magnitude mm Torpedo and
Elect rophorus electric tissue. The values ob-
taimmed by Karhinm et a!. (44), usiumg an affiumity-
babehimmg reagent, tire lower. However, timey
studied time whole electropiax, tumid our cx-
penimeumts were performed witii ti prepttrtm-

tion emmnicimed in receptor protein.
Time results of Wmtser (45) are ium tugreememmt

witim timose nientiommed mtbove. He immmsesti-

T�um�t: 6

O’Brien et a!. (39)

Karlin et al. (44)

De Robertis el (Il. (42)

Dc Itohertis amid Fiszer

de Plazas (43)

Changeux et al. (6, 25)

Membrane f rag-
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Preparation of sol-
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‘4C-1Iexanuethoimi uni;

dinmethyi-(+ )-‘4C-

tubocurarine

“C-Decametlmoiiiuni;

displacement by

a -bu migarot OXi II
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lechnique

receptor sites

nmoles �,‘

protein
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Alhuiitv itt- 0.3-0.9

beiiiig after

reduction

Column fray- 25,000-250,1)00

tionatiomi

Centrifugation 15,000

2,600

Ultracentrif- 197

mmgation
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mutt (‘(I t imat mouse diapimnagm commt ai mms

5-10 X 10� receptor complexes immtime J)05t

sVmial)tic nmcmbrtumie of one emid I)ltute. Time
mmunmber of syumapses per eiectropiax of .E.

electrieus is 50,000, according to Xacimnimumm-

soimum (3). Assumimmg a 1 : 1 conrespommdemmce be-
tweemm mimi electroplax syntupse timid mt dimt-

pimragni emmd plate, timere �vould be 2.5-5 X
1011 receptors pen ebectroplax muccondimmg to

Waser, wimich is close to time 1.6-4.5 X 10�

receptors per ebectropbttx reported by Kturbimi
el a!. (44).

Time umunmbers reported by 1)e Hobertis timid
co-workers tire stnikimigly different . However,

time receptor proteolipid rcprescmits a very

smmill proportion of the total protein comitemmt

of time electroplax, amid timis might explain the
imigim specific activities reported (see Table
6) . Ammabysis of the data published by La
Tome, Luumt, timid Dc Robertis (41) show’s

timat time miumber of proteobipid molecules per
gruum of fresim tissue is of the order of 6.8 X

10’s imm Torpedo and about half this value in
E!ectroph orus. Time former mmumber appears
to be in mtgreememmt w’ith timose proposed by

Cimaumgeux ci al. (25) and Miledi et al. (8) for
a-bummgarotoximm with Electrophorus (2.4 X
10’� sites/g of fresh tissue) amid Torpedo

(6.6 X 1014 sites/g of fresh tissue), re-
spect ively.

It is plmuusible, but mmot ccrtaimm, that mi all
the cases cited ttbove the tuutimons followed

bimmdimmg at time level of the plmysiologicrtl

cimolimiergic receptor.
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