Acetylcholine Receptor: An
Allosteric Protein
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In 1906, Langley (/) concluded his
experiments on the effects of nicotine on
muscle contraction in the fowl by postu-
lating that a ‘‘receptive substance . . .
combines with nicotine and curari and is
not identical with the substance which
contracts.”” Sixty-five years later, the
nicotinic receptor for acetylcholine was
isolated (2) as the first in a still-increas-
ing list of receptors for neurotransmitters
(3) and remains today the only one for
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Torpedo electric organs (20). Its subunit
composition (2/-24) and the partial pri-
mary (24, 25) structure of its subunits
were later identified, the purified mole-
cule was reconstituted in a functional
state into artificial lipid vesicles (26, 27)
and planar bilayers (28), and the struc-
tural transitions that account for the reg-
ulation of the associated ionic channel
were analyzed (29-34). As a conse-
quence, the acetylcholine receptor has

Summary. The nicotine receptor for the neurotransmitter acetylicholine is an
allosteric protein composed of four different subunits assembled in a transmembrane
pentamer «2Bv8. The protein carries two acetylcholine sites at the level of the o
subunits and contains the ion channel. The complete sequence of the four subunits is
known. The membrane-bound protein undergoes conformational transitions that
regulate the opening of the ion channel and are affected by various categories of

pharmacologically active ligands.

which complete primary structure data
have been obtained via the application of
complementary DNA (cDNA) cloning
and sequencing techniques (4—I1). Sev-
eral factors contributed to such a rapid
progress: (i) the use of the electric organ
from the fish Electrophorus or Torpedo,
a tissue exceptionally rich in a single
class of cholinergic synapse (12); (ii) the
availability of the small polypeptide o-
toxins from snake venom, highly selec-
tive labels of the acetylcholine binding
site (2, 13); and (iii) the hypothesis that
this site should be associated with a
protein (/2) and resemble the regulatory
site of an allosteric protein (14, 15).
The research on the acetylcholine re-
ceptor developed in several successive
steps, beginning with its characterization
in detergent extracts (2, 15) and its purifi-
cation from Electrophorus (16-19) and
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become the most well-characterized re-
ceptor for a neurotransmitter and also
one of the most thoroughly investigated
membrane proteins with unambiguous
allosteric properties (15, 35-41). Finally,
basic studies on this molecule led to the
development of an experimental model
of the human disease, myasthenia gravis
42, 43).

Morphology of the Receptor Protein

The initial work (15) on the character-
ization of the acetylcholine receptor
from detergent extracts of Electrophorus
and Torpedo electric organs revealed an
a-toxin binding component with a 9§
sedimentation coefficient and a 70-A
Stokes radius. The molecular weight of
this component (15, 23, 44) has been
estimated to be 292,000 (292K) to 303K
from laser scattering data (45) and radia-
tion inactivation (46), in close agreement
with the values of 285K to 290K comput-
ed from the amino acid sequences of the
subunits (deduced from cDNA clones)
(7-11) and the covalently linked sugars
(~20K) (47). This light form, which car-

ries two sites for a-bungarotoxin (23),
binds significant amounts of detergents
[up to 0.4 g per gram of protein (44)] and
has a nonglobular shape characterized
by a radius of gyration of 46 = 10 A
given by low-angle neutron scattering
44).

In crude and purified preparations of
Torpedo receptor, a second 13§ a-toxin
binding component (23, 48) with a Stokes
radius of 85 A and a molecular weight
exactly twice that of the light form (23)
coexists with the light form in variable
ratios. Reducing agents, such as 2-mer-
captoethanol or dithiothreiotol, convert
this heavy form in vitro to a state indis-
tinguishable from the light form (15, 35,
40). The heavy form thus represents a
dimer of two light forms linked covalent-
ly by an intermolecular disulfide bridge.

The denaturing detergent sodium do-
decyl sulfate (SDS) dissociates the re-
ceptor protein from electric organs of
fish and muscle tissue of all vertebrate
species studied into four different poly-
peptide subunits that migrate on SDS
gels with apparent molecular weights
(21, 22) of 39K (), 48K (B), S8K (), and
64K (8) (15, 35, 36). The stoichiometry of
the chains within the 290K light form,
originally inferred from molecular weight
measurements (23) and definitively es-
tablished by both preparative gel electro-
phoresis in SDS (49) and cosequencing
(24) of the subunits,is2a - 181y - 135.
The receptor oligomer thus has a rather
uncommon heterologous pentameric or-
ganization.

Solubilization of the receptor oligomer
requires the dispersion of the membrane
by nondenaturing detergents (2). It is an
integral membrane protein. Selective
proteolysis (50-52), antibody binding
(53-59), and radioisotopic iodination (60,
61) of closed and open membrane vesi-
cles further show that its five constitu-
tive polypeptide chains traverse the
membrane.

Electron microscopy of negatively
stained, purified, and membrane-bound
preparations of receptor disclose ringlike
particles or rosettes, 80 to 90 A in diame-
ter, with a stain-filled central pit (38, 62—
66) (Fig. 1A). Each of the rosettes repre-
sents a frontal view of a light form (67).
Computerized image analysis at a resolu-
tion of 17 to 18 A (68) reveals, in agree-
ment with the known stoichiometry of
the chains, five unequal peaks of elec-
tron density distributed around the cen-
tral pit (Fig. 1C). The precise assignment
of each of these peaks to specific sub-
units is not definitely settled except for
the a subunit, which carries at least part
of the a-bungarotoxin binding site. The
two a chains, identified by biotinylated
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a-toxin (69, 70), image analysis (68, 71),
or monoclonal antibody fragments (66),
have been reported to make angles of
110° = 30° (69, 70), 144° = 4° (66), or
160° (68) and thus are not adjacent within
the oligomer. On the basis of cross-
linking experiments, the order o y o 3 B
(36, 69, 70) has been proposed [see how-
ever (64)].

When viewed on the side (Fig. 1B) (38,
63, 65), the light-form molecule appears
roughly as a cylinder (110 A long) with
an axial well (7.2 A in diameter) filled
with stain, which may represent the ion
channel (65, 66). It extends above the
lipid bilayer by 45 to 55 A into the
synaptic cleft and by about 15 to 20 Aon
the cytoplasmic side (65, 66, 72). Small-
angle x-ray diffraction studies provide
evidence for an extension of electron
density of 7 to 8 A above the top of the
synaptic head of the receptor associated
with a-toxin binding, suggesting an api-
cal location of its sites (66). The receptor
molecule thus appears as a roughly cylin-
drical bundle with a transverse polarity
and subunits arranged like staves around
a rotational axis perpendicular to the
plane of the membrane (15, 64, 65, 73)
(Fig. 1B).

Both in purified preparations or in
situ, the heavy form looks, in agreement
with the molecular weight studies (23,
46), like a pair or doublet of light-form
rosettes (68, 74, 75) (or, on the side,
cylinders) juxtaposed at a center-to-cen-
ter distance of 90 to 95 A (Fig. 1A). The
relative orientation of the two rosettes in
a doublet, investigated by image analysis
of negatively stained (68) or antibody-
labeled (66) preparations, varies [see
however (76)] with a privileged side-by-
side (R - R) disposition (64), indicating a
flexibility of the cross-link between the
two light forms.

Binding Sites for Pharmacologically Active

Ligands and Functions of the Subunits

Agonists and competitive antagonists
binding sites. The purified and mem-
brane-bound receptor carries two pri-
mary acetylcholine binding sites to
which the nicotinic agonists and antago-
nists and the snake venom a-toxins at-
tach in a reversible and mutually exclu-
sive manner and with the rank order
expected from their pharmacological ac-
tion (5, 35, 39, 77).

This pair of sites has been covalently
labeled by derivatives of cholinergic ef-
fectors such as p-(trimethylammonium)
benzene diazonium fluoroborate (TDF)
(78, 79) and a closely related compound
4-(N-maleimidophenyltrimethyl ammo-
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nium) (MBTA) (36, 80), which both be-
have as irreversible antagonists. In the
case of MBTA, however, as with a series
of related compounds (36), the covalent
attachment exclusively occurs after
treatment by an agent that breaks disul-
fide bonds (dithiothreiotol), thus expos-
ing a reactive sulfhydryl located close to
the negatively charged subsite of the
acetylcholine binding site (36). Other af-
finity labeling reagents—such as bro-
moacetylcholine (8/) and the photoiso-
merizable 3-(a-bromomethyl)3’-(trimeth-
ylammoniummethyl)azobenzene (82)—
exert an agonistic, a-toxin-sensitive ac-
tion when they bind covalently. This
finding supports the conclusion that the
sites labeled are those involved in the
regulation of ion permeability. The same
sites are, of course, tagged by snake
venom a-toxins after derivatization (83),
addition of cross-linking agents (84), or
simple ultraviolet irradiation (85).

As is commonly found with typical
regulatory proteins (86, 87), the equilibri-
um binding curve of acetylcholine (and
other cholinergic ligands) to these sites
on the membrane-bound (77, 88-9[) or
purified (92) receptor exhibit a sigmoid
shape [Hill coefficient (ny), 1.3 to 1.4].
The two primary sites of the light-form

oligomer thus interact in a positively -

cooperative manner. However, surpris-
ingly, these two sites do not exhibit
perfectly symmetrical properties and dif-
fer, in particular, in their kinetic parame-
ters of the interaction with the snake a-
toxins (88, 93, 94), *H-labeled MBTA,
and *H-labeled bromoacetylcholine (95);
by the equilibrium binding constants of
d-tubocurarine (77, 96); and by the sensi-
tivity to irreversible inactivation by the
coral diterpenoid lophotoxin (97).

The affinity labeling reagents and «-
toxin compounds, which selectively
block these sites, labeled the a subunit
(21, 36) with or without prior reduction
by dithiothreiotol. Also, the « subunit
isolated in SDS still bound a-bungaro-
toxin (98). A perfect agreement exists
between the presence of the two primary
acetylcholine binding sites and the pres-
ence of two a chains per light-form pen-
tamer (Fig. 1D). The a chains therefore
carry at least part of these sites. Since
the two o chains are not adjacent, the
cooperative interactions between acetyl-
choline sites are thus indirect or alloste-
ric. The contribution of other subunits to
binding of the rather large snake venom
a-toxins has been shown under various
conditions of covalent attachment (83—
85, 99).

Binding sites for noncompetitive
blockers. In both the native membranes
and reconstituted (/00) receptor, the ion-

ic response is inhibited by a class of
particularly potent pharmacological
agents, the noncompetitive blockers,
which are postulated to interfere directly
or indirectly (or both) with the ion chan-
nel (101, 102). The light-form pentamer
has sites for these pharmacological
agents that have been analyzed with a
fluorescent ligand [quinacrine (34)] and
various isotopically labeled derivatives
of local anesthetics (103, 104) of the frog
toxin perhydrohistrionicotoxin (/05), of
the hallucinogen phencyclidine (104,
106), and of the neuroleptic chlorproma-
zine (104, 107). Under equilibrium condi-
tions, these noncompetitive blockers re-
versibly enhance (to different degrees)
the binding of cholinergic ligands to the
acetylcholine receptor site, converting
the shape of their binding curves from a
sigmoid to a hyperbola (89). Conversely,
cholinergic ligands potentiate their bind-
ing (34, 103, 104). Reciprocal affinity
interactions take place between the pri-
mary acetylcholine binding sites and the
sites for the noncompetitive blockers,
which are thus viewed as allosteric bind-
ing sites (86). These have been subdi-
vided into two main categories (104): (i)
high-affinity sites, sensitive to histrioni-
cotoxin and present as a unique copy per
receptor pentamer; and (ii) low-affinity
sites, insensitive to histrionicotoxin and
much more numerous (10 to 20 times the
number of a-bungarotoxin sites) and lip-
id dependent, that is, most likely to be
located at the interface of the receptor
with membrane lipids.

Early attempts to identify the chain or
chains of the receptor involved in the
high-affinity site for noncompetitive
blockers were done with T. marmorata
receptor and an azido derivative of the
potent local anesthetic trimethisoquin.
Only the 3 chain incorporated the label in
an agonist-dependent manner (107, 108).
Both >H-labeled perhydrohistrionico-
toxin and phencyclidine, under ultravio-
let irradiation (/07), gave similar results.
However, with T. californica and quina-
crine mustard (36, 109) [or triphenyl-
methylphosphonium (/10)] or with T.
ocellata and azidophencyclidine (/11),
labeling occurred primarily at level of the
o or the B chains, respectively. With 7.
marmorata, *H-labeled chlorpromazine
labeled all four chains, suggesting that
they all contribute to the single high-
affinity site present per oligomer (/04,
107). The most probable position for
such a site is obviously the central hy-
drophilic crevice visualized by electron
microscopy (Fig. 1D), where the dis-

‘tances to all five chains are minimum.

Minor sequence variations (//) would
then probably account for the differences
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between Torpedo species (112). A rather
similar location for an allosteric site has
been described for diphosphoglycerate
in hemoglobin (/13).

Role of the & chains. Finally, it is at
the & chain (/14, 115) where the disulfide
link between the two light forms in a
heavy-form dimer occurs at a cysteinyl
residue located near its carboxyl-termi-
nal end (116).

Chemistry and Molecular Genetics

The gross chemical properties of the
purified receptor protein, such as its
average amino acid composition, state of
glycosylation, and isoelectric point, did
not reveal striking features except, pos-
sibly, a hydrophobic character slightly
higher than that of most globular pro-
teins (15). In contrast, for a regulatory
protein an asymmetrical pentameric or-
ganization from four subunits differing
by their molecular weight and peptide
map (/17) looked unconventional. The

Pseudoaxis
of symmetry

5 transmembrane

development of monoclonal antibodies
to each individual chain first revealed
extensive immunological cross reactions
between subunits (//8). Microsequenc-
ing of the purified subunits (24, 25) then
showed important sequence homologies
(24) between the first amino-terminal
amino acids of the polypeptide chains,
leading to the proposal that the a,Byd
oligomer may, indeed, have some hidden
symmetry (15, 35). The forceful entry of
molecular genetics, while confirming
these views, opened a new era by the
complete deciphering, in less than a
year, of the entire primary structures of
the four receptor subunits.

About 2.4 percent of the total messen-
ger RNA (mRNA) in the electric organ
codes for the receptor polypeptides
(119), and therefore it was used to pre-
pare cDNA libraries from which clones
coding for the receptor subunits have
been successfully selected by two meth-
ods: (i) screening for electric organ
specificity, selection of mRNA on those
clones by the hybridization-selection

D  «-toxin sites (2)

technique, and identification of the prod-
ucts obtained in vitro by immunoprecip-
itation (4, 5); and (ii) direct hybridization
with two different sets of oligodesoxyri-
bonucleotides corresponding to known
fragments of subunit sequences (6-9).
Complementary DNA clones coding
for the a chain of T. marmorata receptor
(3, 6) and for the a (7), B (8), Y 4, 9), and
d (8) chains of T. californica receptor
have been isolated. The mRNA species
encoding them are about 2000 base pairs
for the a (5-7), B (8), and vy (4, 9) subunits
and about 6000 base pairs for the 8
subunit (8, 120). The mRNA'’s are thus
much larger than expected from the
length of the coding sequences, an indi-
cation of the presence of long untranslat-
ed regions. Partial (6) and complete (/1)
nucleotide sequences for the precursor
of the a chain in T. marmorata and the
complete sequence (Fig. 2) coding for
the a (7), B (8), v (9, 10), and 3 (8) chains
in T. californica have been established,
and the corresponding amino acid se-
quences have been deduced. These se-

Noncompetitive blockers

subunits : . il
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Fig. 1. Morphology and binding sites of the acetylcholine receptor from Torpedo electric organ. (A) Electron micrographs of the 290K pentameric
(aBv8) light form and of its heavy-form dimer viewed from the top. [Courtesy of J. Cartand (24)] (B) Schematic model of the.light-form pentamer
viewed on the side. The suggested distribution of protein masses across the lipid bilayer is based on neutron scattering (44) and amino acid
sequence data (7-11). (C) Average image of the light-form pentamer given by computerized image analysis of electron micrographs such as those
of (A). The two peaks indicated by an arrow are reinforced by a-bungarotoxin and thus probably correspond to the o subunits (229). [Courtesy of
the Journal of Molecular Biology (68)] (D) Schematic distribution of the binding sites for pharmacologically active ligands on the light-form
pentamer. (Left) (i) The two primary sites for acetylcholine and snake venom a-toxins have an apical location (66) on the « subunits; (ii) the
unique high-affinity site for noncompetitive blockers is located in or near the ion channel; (iii) multiple low-affinity sites for noncompetitive
blockers are distributed at the lipid-protein interface; (iv) association with the peripheral protein (43K) on the cytoplasmic face immobilizes the
receptor molecules in the membrane by cross-linking with the cytoskeleton. (Right) The top view of the pentamer shows the arrangement of the
subunits around the central ion channel (36). Localization of the B and 3 subunits in the rosette are still debated. The proposed differences in
glycosylation state of the two primary acetylcholine binding sites on the « subunits (131) is schematically represented by a Y. The  chains link
the two light forms of a heavy-form dimer in a flexible manner.
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quences include the amino-terminal pep-
tide sequences formerly identified with
the purified .« chain from T. marmorata
(25) and «, B, v, and & chains from 7.
californica (24). They are preceded by a
signal peptide (/2/) of 24 (« and B), 17
(v), and 21 (3) amino acids, largely hy-
drophobic, that are absent in the mature
subunits. The coding sequences of the
mature subunits in T. californica are 437
(o), 469 (B), 489 (v), and 501 (8) amino
acids long with exact molecular weights
of 50,116 (), 53,681 (B), 56,279 (v), and
57,565 (3). As already noticed with the
partial amino acid sequence data (24),
homology between chains ranges, de-
pending on the region, from 10 to 60
percent amino acid sequence identity
with an average of 40 percent. The close
homology found between a and 8 on one
hand and between vy and & on the other
suggests a phylogenetic tree from a sin-
gle ancestral gene (24) with a first

second branching for the v and § chains
9).

Translation in vitro of each receptor
subunit mRNA requires the presence of
a formylmethionine transfer RNA
(tRNA), indicating that each is translated
from a discrete and separate mRNA
(121). It occurs on membrane-associated
polysomes and involves the cleavage,
soon after synthesis, of the already men-
tioned amino-terminal signal sequences
(121). Neither a-bungarotoxin binding
nor the exact assembly of the four sub-
units into the pentameric light form has
been achieved in these cell-free systems.
However, these processes occur in the
mouse muscle cell line BC3H1 (122, 123)
during the 2 hours subsequent to the
synthesis of the receptor. Only 1 minute,
however, is needed for the polymeriza-
tion of the amino acids, membrane inser-
tion, and cotranslational core glycosyla-
tion at one or several asparagine residues

chains (57, 12/-123). During the suc-
ceeding 15 to 30 minutes, the o subunit
acquires the ability to bind a-bungaro-
toxin but is still in a monomeric (5)
form (122, 123). Tunicamycin blocks the
conversion to this a-toxin binding state,
indicating that glycosylation is necessary
at this step (122, 123). After this confor-
mational maturation, the subunits direct-
ly assemble into the heterologous oli-
gomer, and covalent attachment of lipids
is required for this process (/24). Only
one-third to one-fourth of the total

. amount of the synthesized subunits (at

least for a and B) persists in the mature
protein, the rest being degraded at a very
fast rate (half-life, 0.5 hour) (122, 123).
After transit, possibly in a vesicular form
(125), from the endoplasmic reticulum to
the various subcompartments of the Gol-
gi apparatus, acetylcholine-regulated ion
channels appear on the surface of the
cell.

branching for the o and B chains and a in the amino-terminal region of the Functional acetylcholine channels
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Fig. 2. Amino acid sequences (deduced from cDNA clones) of the a, B, vy, and 8 subunits from Torpedo californica (7-11) aligned as described (9).
Amino acid positions identical in at least two of the subunits are enclosed with solid light lines. An amino acid subtituted at one position by a resi-
due with an equivalent hydrophilic versus hydrophoblc character is enclosed in a light interrupted line. The four transmembrane a-helices are

enclosed by a heavy line. The ‘‘amphipatic’’ helix A (66, 181, 182) is marked by a dark dashed line. S indicates the cleavage site of the signal pep-
tide.
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have been recorded by electrophysiolog-
ical methods in Xenopus oocytes after
injection of total mRNA from Torpedo
(126) or from denervated muscle (127).
The same result was achieved by inject-
ing the four subunit-specific mRNA’s
obtained by transcription of the cDNA’s
in expression vectors (/28). The vectors
contained SV40 (simian virus 40) early
gene promoter, donor, and acceptor
splice sites derived from the rabbit -
globin gene and were transcribed indi-
vidually in subunit-specific mRNA by
transfection of permissive monkey cells
(Cos), enriching the yield 0.9 to 6.8 times
above their amount in 7. californica po-
lyadenylated RNA. The mixture of the
four specific mRNA’s directed the syn-
thesis of a membrane-bound receptor
channel complex indistinguishable from
the normal receptor. Deletion of the o
chain-specific mRNA expectedly abol-
ished a-bungarotoxin binding and the
ionic response. Deletion of the mRNA
coding for any one of the other subunits
preserved the binding of a-toxin (al-
though to a smaller extent than in the
complete mixture). This deletion almost
completely abolished the electrical re-
sponse (a few responsive oocytes were,
however, obtained with the afy and a3
combinations but with a reduced sensi-
tivity), a result leading to the conclusion
that the presence of the four subunits is
required for a fully functional receptor.

Another outcome of the molecular ge-
netics approach bears on the previously
mentioned, although unexplained, asym-
metry between the two primary acetyl-
choline sites present per oligomer. One
possibility was that the two a chains
have different sequences and are thus
coded by different chromosomic genes.
Southern blot hybridization of genomic
DNA with specific cDNA probes sup-
ports the existence of a single gene for
the a chain in Torpedo (129) and in the
mouse (/22, 123) and for the & chain in
Torpedo (120). The difference in stoichi-
ometry of the a and Byd chains in the
mature oligomer thus results from post-
transcriptional events. The most proba-
ble interpretations for the different prop-
erties of the two primary acetylcholine
sites are thus a difference of subunit
environment or a post-translational mod-
ification such as glycosylation (130, 131);
both possibilities can be accounted for
by studies with monoclonal antibodies
(94).

Complete coding sequences of recep-
tor subunits have been deduced from
cDNA or genomic clones for calf o sub-
unit (/32) (for which partial amino-termi-
nal sequences had already been deter-
mined chemically (/33)], calf vy subunit
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(134), and human o subunit (/32), and
partial sequences have been determined
for chick (/35) and mouse (/23) a chains.
The « subunits from the different species
show great similarities. Human and calf
o chains, like that of the Torpedo, have
437 amino acids and show respectively
81 and 80 percent identity with the o
subunit from T. californica (132). The v
subunits of calf and Torpedo (134), in
contrast, show only 56 percent amino
acid homology, possibly because of a
lesser contribution of the vy chain to the
receptor function. The structure of the
acetylcholine receptor protein thus ap-
pears to be exceptionally well conserved
throughout the vertebrate phylum, and
one could almost say that what is true for
the Torpedo receptor is also true for the
human receptor.

Channel Opening and
Acetylcholine Binding

Signal transmission at the neuromus-
cular junction and the electromotor syn-
apse takes place within milliseconds and
involves the fast release (microseconds)
of a pulse of acetylcholine, the local
concentration rising transiently to 1074
to 1075M in the synaptic cleft (136, 137).
Our understanding of the mechanism by
which this acetylcholine pulse opens the
ion channel has significantly increased
since the development of systems in vi-
tro with which both binding and ion flux
can be monitored simultaneously in the
time scale of milliseconds. These sys-
tems include purified, extrasynaptic
membranes from E. electricus (29), re-
ceptor-rich  subsynaptic membranes
from Torpedo (138), and purified, func-

tionally reconstituted receptor incorpo-

rated into liposomes (27). In all these
models, tightly closed vesicles or ‘‘mi-
crosacs’’ form, with which acetylcho-
line-regulated transport of tracer ion can
be measured in the time scale of millisec-
onds to seconds by quench flow and
rapid filtration methods with radioactive
37, 139, 140) or nonradioactive (/41)
permeant ion, by queﬁching with heavy
permeant cations such as thallium (/42)
or cesium (37), or by the fluorescence
emission of a dye like anthracene-1,5-
disulfonic acid entrapped in the vesicles.

Channel opening. Taking the initial
rates of ion transport (influx or efflux) as
an index of channel opening (37, 139,
140, 143), the dose-response curves (37,
141, 143) closely resemble those estab-
lished by electrophysiological recording
under fast electrophoretic release of ago-
nist (/44, 145). The half-maximum re-
sponse occurs at the corresponding con-

centrations of 10 wM suberyldicholine,
45 to 80 wM acetylcholine, and 300 to 800
wM carbamylcholine; the maximum re-
sponses follow the same rank order: sub-
eryldicholine > acetylcholine > carbam-
ylcholine (37, 140, 146). This maximum
value depends on the number of open
channels and on an intrinsic rate con-
stant J (37), which corresponds to the
intrinsic conductance, vy, of the open
channel (147). As was found in ‘‘noise”’
and single channel measurements, this
constant is independent of the nature of
the agonist (37, 142, 147-149) and yields
in both series of data similar estimates of
10® to 107 ions transported per second
and per open channel (/42-149). The
agonist-specific differences in the maxi-
mum number of open channels thus re-
sult from variations in the channel-open-
ing isomerization constant (37, 141) and
probably because of differences in the
rate of channel closing (145, 149).

As has been found with many alloste-
ric proteins (86, 87), and in agreement
with the early recordings of the physio-
logical response (I44, 145, 150), the
shape of the agonist dose-response
curves appears to be systematically sig-
moid (ny, 1.8), suggesting that a mini-
mum of two agonist molecules contrib-
utes to channel opening. This interpreta-
tion is consistent with the presence of
two primary acetylcholine binding sites
per light form that cooperatively interact
under equilibrium binding conditions
ush.

Selective blocking of one of them by
a-bungarotoxin (90) or by the covalent
affinity label MBTA (I52) results in a
large decrease by a factor of at least 20 in
the initial rate of agonist-dependent ion
transport, confirming that channel open-
ing requires a strong cooperation be-
tween the two primary binding sites
(153).

The establishment of an ionic gradient
across the microsac membrane creates
conditions of voltage clamp under which
the dose-response curve for acetylcho-
line changes with electrical potential. At
—45 mV and high acetylcholine concen-
trations (above 300 wM), the initial flux
decreases, indicating (/54), in agreement
with electrophysiological data (153, 155),
a voltage-dependent blocking of the ion
channel by acetylcholine.

Prolonged application of agonist on
the isolated membranes or reconstituted
receptor from Torpedo (143, 156, 157)
and Electrophorus (37, 139, 146) results,
as initially observed in electrophysiologi-
cal experiments (150, 158, 159), in a
time-dependent reversible decrease of
the response called desensitization. This
phenomenon comprises two processes
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(158, 160, 161): a fast one at the rate of 2
to 7 per second (158, 161, 162) up to 75
per second (/41), and a slow one at the
rate of 0.01 to 0.1 per second (141, 143,
162), except in Electrophorus where only
the fast one has been observed (37). The
rapid phase leads to a thousandfold de-
crease in initial flux, the slow one to
undetectable ion transport (162). The rel-
ative amplitude of the two phases ob-
tained by recovery measurements de-
pends on the time of exposure to the
agonist, an indication that the processes
are interdependent (/61). The rate of the
rapid phase varies in a cooperative man-
ner with agonist concentration (/41,
163), while that of the slow phase does
not (141, 143). At low concentrations of
agonist (/43), complete desensitization
can occur without significant activation.

Rapid agonist binding. The early at-
tempts to relate agonist binding and
opening of the ion channel initially per-
formed with membrane fragments, al-
though the same holds for reconstituted
vesicles, met with a puzzling paradox
(89). The dissociation constant for ace-
tylcholine measured at equilibrium ap-
proached 10 nM (88), about 4 to 5 orders
of magnitude below the apparent disso-
ciation constant for the permeability re-
sponse. Assuming that the association
rate for acetylcholine is diffusion-con-
trolled, its dissociation from such high-
affinity sites would occur in 10 to 100
msec, during which time the synapse
would be blocked. Accordingly, high-
affinity binding could not cause channel
opening.

Examination of the evolution of recep-
tor binding properties as a function of
time after agonist mixing resolved the
paradox (30, 32). Acetylcholine and oth-
er cholinergic ligands, including some
agonists, shift the receptor from a state
of low-affinity binding to a high-affinity
state at equilibrium. The various succes-
sive steps in the process have been re-
solved by rapid mixing techniques with
(i) the fluorescent agonists dansyl-6-cho-
line (/164) or NBD-acetylcholine (39,
165), (ii) isotopically labeled cholinergic
ligands and rapid filtration (166), and (iii)
changes of intrinsic (33) or extrinsic fluo-
rescence after covalent modification of
the receptor with a fluorescent probe (5-
iodoacetimidosalycilic acid) (167). Each
method has its drawbacks, including un-
certainties about the quantum yield for
(1) and (iii), time limitation for filtration
for (ii), and alterations of receptor prop-
erties for some in (iii). Studies with dan-
syl-6-choline (164) and [*H]acetylcholine
(166) show that 20 percent of the recep-
tor exists in a state of high affinity (3 nM
for acetylcholine and 2 nM for dansyl-6-
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choline in the absence of agonist (168),
the remaining 80 percent exhibiting a low
affinity for agonists. Beyond the details
of the analysis, which are often linked to
a particular kinetic model, two major
conformational transitions (164, 167,
169) have been resolved. These are a
slow one, with an apparent rate constant
(k) of about 0.01 per second which in-
creases to a plateau (/64) or decreases
after reaching a maximum (/67) with
agonist concentration; and an intermedi-
ate one, with a k of 2 per second (167) to
50 per second (169).

The state stabilized after equilibration
binds acetylcholine and dansyl-6-choline
with respective dissociation constants of
3 nM and 2 nM,; in this respect it does not
differ from that present as 20 percent of
the population in the membrane before
agonist binding [see however (170, 171)].
The state reached by the intermediate
transition has an apparent equilibrium
constant for agonists in the range of 1
wM. Faster events corresponding to acti-
vation have not yet been resolved by the
techniques utilized, with some excep-
tions (/51).

Channel opening and agonist binding.
Comparison of the rapid kinetic mea-
surements of agonist binding and perme-
ability response in the same time scale
and with the same membrane prepara-
tion revealed that the slow transition
coincides exactly with the slow desensi-
tization phase of the ionic response (141,
143) and that the intermediate transition
monitored with dansyl-6-choline fits with
the fast desensitization (/41). These ex-
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Fig. 3. Minimal four-state model for the allo-
steric transitions of the acetylcholine recep-
tor.

periments further showed that the initial
rate of agonist-dependent ion transport
and the apparent rate constant of the
intermediate relaxation process vary in
parallel with agonist concentration (/41);
since both parameters are directly pro-
portional to the low-affinity activatable
conformation of the receptor, it can be
inferred that this low-affinity binding
causes the opening of the ion channel.
Model. The simplest minimal model
(140, 169) compatible with these data is
an adapted version of the concerted
model for allosteric transitions (87) and
of that proposed by Katz and Thesleff
(150) for desensitization (Fig. 3). Here, A

N
I

D

corresponds to the active state with the
channel open, and I and D correspond to
rapidly and slowly desensitized states,
respectively. The same two primary ace-
tylcholine sites are involved in each
state, but their affinity increases from R
to D via A and I. All these states are
discrete, interconvertible, and, for some
of them, present before ligand binding.
Their respective dissociation constants
are at least 50 to 100 uM (R), less than 1
wM (I), and 3 to 5 nM (D) for acetylcho-
line (166) and dansyl-6-choline (164,
169). During transmission, the local con-
centration of acetylcholine is about 5 to
10 times the K, for the R state, yielding
nearly saturation of the low-affinity state
(136). Interestingly, the dissociation con-
stant for the desensitized D state fits
with the nonquantal ‘‘leak’ concentra-
tion of acetylcholine measured at the
level of the postsynaptic membrane in
the presence of esterase inhibitors (/37).
In agreement with this model, a signifi-
cant fraction of the D state is detected in
reversible equilibrium with the resting
conformation before agonist binding,
and the openings of the ion channel
follow all-or-none transitions. However,
substates have been reported for both
the high-affinity (/71) and the active state
(153, 172). Also, the two acetylcholine
binding sites cooperate positively but
exhibit distinct properties that may cre-
ate ordering in the binding of acetylcho-
line (165). All these features should be
included in a complete scheme.
Consequences of the model. The ac-
tion of the noncompetitive blockers on
flux and binding kinetics provides fur-
ther support to the allosteric four-state
model. In agreement with the many re-
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ports of electrophysiologists (101, 102,
173), rapid ion flux measurement with
Torpedo microsacs shows that the non-
competitive blockers, such as procaine,
cocaine, and phencyclidine, decrease the
initial ion flux (/74), a finding that is
consonant with the hypothesis of direct
blocking of the ion channel. However,
these compounds could also increase the
rate of fast desensitization of the ionic
response (173, 174). Rapid binding mea-
surements of agonists show that, at equi-
librium, the noncompetitive blockers
tested shift the receptor toward the D
state to greater or lesser extents depend-
ing on the structure of the compound and
its relative affinity for the R'and D states.
The stabilization occurs either via the
histrionicotoxin-sensitive  high-affinity
site for noncompetitive blockers (me-
proadifen) or their multiple, low-affinity,
lipid-dependent sites (trimethisoquin)
(104). These blockers also accelerate the
slow (164, 170, 171, 175) and intermedi-
ate (104, 164) transitions towards the D
and I states, respectively. Conversely,
the cholinergic ligands affect, through
similar allosteric mechanisms, the rapid
interaction of fluorescent (34, 176) or
isotopically labeled noncompetitive
blockers to the receptor, the association
rate constants of perhydrohistrionico-
toxin (/77) and of phencyclidine (/78)
increasing by a factor of 10° to 10%.

Rapid mixing experiments carried out
under conditions of covalent attachment
of chlorpromazine (/79) or quinacrine
azide (I/80) show an increased rate
(~1000 times faster) of labeling of the
multiple chains which contribute to their
high-affinity site. None of the competi-
tive antagonists tested exert this effect,
and desensitization reduces this en-
hanced labeling. The correlation ob-
served between this fast labeling and
channel opening further supports the hy-
pothesis that these noncompetitive
blockers bind to a site probably located
within the channel, which becomes ac-
cessible when the channel opens.

The precise changes in tertiary or qua-
ternary structure that occur during acti-
vation and desensitization remain to be
explored. An eventual concerted ‘tilt”’
of the subunits, which changes the diam-
eter of the channel while preserving their
‘“‘cryptic’’ symmetry (15, 181), looks at-
tractive but requires experimental dem-
onstration.

Models of Transmembrane Organization

A condition for such hidden symmetry
(15, 35) of receptor quaternary structure
is that the component subunits present
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similar tertiary organization. A straight-
forward inspection of the aligned se-
quences of the four subunits (Fig. 2)
makes this assumption reasonable (9-
11). All show a similar nonuniform distri-
bution of hydrophobic amino acids,
which leads to a common subdivision of
the chains into (i) the amino-terminal
signal sequence cleaved off in the mature
protein; (ii) a large hydrophilic domain of
210 to 224 amino acids; (iii) a composite
hydrophobic region of 68 residues subdi-
vided into three stretches of 19 to 27
amino acids bounded by charged resi-
dues and interpreted as transmembrane
a-helices (numbered I, II, and III in Fig.
2) by analogy with known membrane
proteins such as bacteriorhodopsin and
glycophorin A; (iv) a small hydrophilic
domain of 109 to 146 amino acids; and (v)
a carboxyl-terminal segment of 29 to 46
hydrophobic residues, again interpreted
as a membrane a-helix (IV).

A consensus exists about the inside-
out disposition of the hydrophilic do-
mains. Proteolytic attack from the cyto-
plasmic side of the membrane-bound re-
ceptor preserves the amino-terminal se-
quence and sugar residues of the mature
subunits (50). The large hydrophilic do-
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P1 P2P3 P4 P5P6
1
Signal S-S M1M2 M3

main thus faces the synaptic cleft, and
the small hydrophilic one faces the cyto-
plasm. The large hydrophilic domain
would then carry the glycosyl residues,
the main antigenic determinants (43),
and the primary acetylcholine binding
site on the a subunit. An unusual tandem
of cysteinyl residues, present at amino
acid positions 192 and 193 of the a chain
(6, 7, 11) and absent in the other sub--
units, are potential sites for attachment
of the maleimide affinity labeling re-
agents of the acetylcholine site; cysteinyl
at position 170 has also been considered
(7), even though it has homologous coun-
terparts in the other subunits. The differ-
ences in molecular weight between sub-
units would then become apparent on the
small hydrophilic domain facing the cy-
toplasm.

The number and orientation of the
transmembrane segments, as yet unde-
termined, is critical since it concerns the
disposition of the ‘‘ionic’> channel
viewed in all cases as an ‘‘aqueous pore”’
(182) delimited by the quasisymmetrical
arrangement of the same transmembrane
segment from each subunit. According
to one scheme (9, 11) (Fig. 4A), the chain
traverses the lipid bilayer four times at
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a =210 aa
S
5 = 224 aa
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Fig. 4. Alternative models for the transmembrane organization of Torpedo receptor subunits
inferred from their amino acid sequences (9). (A) Four transmembrane a-helices. Either helix I
(11) or helix III (9) contribute to the uncharged ionic channel common to all five subunits. The
carboxyl-terminal segments face the synapse. (B) Five transmembrane a-helices. An additional
‘‘amphipatic” helix A contributes to the charged ionic channel (/81, 183). The carboxyl-
terminal segments face the cytoplasm. The boxes facing the cleft and the cytoplasm have
surfaces proportional to the protein masses. Numbers of amino acids in each domain are given
inside the boxes. On the synaptic domains the carbohydrates are represented by the symbol Y.
(C) A conspicuous similarity exists between the distribution of exons and introns in the human
chromosomic gene coding for the a subunit and the models of transmembrane organization
except for the putative helix A segment, which is split by an intron.
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helices I to IV and, as a consequence,
the carboxyl-terminal ends of the chains
face the synaptic cleft. Helix I has been
suggested as the component of an un-
charged channel because of its highly
conserved homology from one subunit to
the other (9); alternatively, helix III has
also been considered because of the ver-
tical alignment of polar amino acid side
chains in the middle of the helix, particu-
larly evident on the « and 8 chains (11).
The cationic selectivity filter for the
channel would then be accounted for by
the charged side chains from the extrin-
sic synaptic and cytoplasmic domains.

A second scheme (181, 183) (Fig. 4B)
postulates an additional fifth transmem-
brane segment A formed at the expense
of the cytoplasmic domain, thus reori-
enting helix IV to expose the carboxyl
terminals to the cytoplasmic face. This
model, which is based on computer
probing for periodicities in hydrophobic-
ity by Fourier analysis (/83) or transfer-
energy calculations (/81), assumes that
the additional transmembrane segment A
makes an ‘‘amphipathic”’ helix with a
continuously hydrophobic face on one
side and a hydrophilic face on the other,
yielding a cation-selective charged chan-
nel with 21 negative and 19 positive
charges.

Distinction between the uncharged
channel with four helices and the
charged channel with five helices will
result from the transmembrane mapping
of critical peptides characteristic of each
model and identified either by relevant
monoclonal antibodies (directed, for in-
stance, against the carboxyl-terminal re-
gion) or by covalent derivatives of the
noncompetitive blockers whose multi-
subunit high-affinity site is expected to
lie in or near the ion channel.

This still hypothetical scheme for the
transmembrane folding of the receptor
polypeptides shows large correspon-
dences with the organization of the chro-
mosomic gene (/32). The human chro-
mosomic gene encoding the o« subunit
precursor is split by eight noncoding
sequences, or introns, into nine coding
exons referred to as P1 to P9 (Fig. 4C).
The introns, which altogether amount to
approximately 15 kilobases, do not inter-
vene randomly in the coding sequence of
1383 base pairs. P1 encodes most, but
not all, of the signal peptide; P6 encodes
helix I plus a fragment of the large hydro-
philic domain; P7 encodes helices II and
III; and P9 encodes helix IV. The large
extracellular domain is coded by exons
P3, P4, and PS5 (plus part of P2 and P6),
and the small cytoplasmic domain is cod-
ed by P8. On the other hand, the hypo-
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thetical amphipathic helix A is split by an
intron. These correlations may have evo-
lutionary implications; for instance,
some of these domains might be shared
by the genes coding for different recep-
tors or ion channels. In addition, they
further support the view that the acetyl-
choline binding site and the ion channel
are carried by distinct segments of the
chain and thus that their interaction is
indirect or allosteric (86).

The Receptor in Its Membrane

Environment

In the adult electromotor or neuro-
muscular junction, the distribution of the
acetylcholine receptor is largely restrict-
ed to the cytoplasmic membrane which
underlies the nerve ending. In this re-
gion, the receptor density reaches a val-
ue of about 15,000 to 20,000 molecules
per square micrometer (/84), with a lip-
id-to-protein ratio in Torpedo strongly in
favor of the proteins (0.4 to 0.5) (I85,
186). The lipid composition of this mem-
brane is characterized by a high content
of unesterified cholesterol and the pre-
dominance of long-chain highly unsatu-
rated fatty acids that are precisely those
with which the purified receptor reacts
preferentially in pure lipid monolayer
experiments (/85).

Functional reconstitution of detergent-
purified receptor into lipid vesicles (27)
and planar bilayers (28) reveals a strong
dependence on the presence of lipids
throughout the isolation and purification
procedures. These lipids, such as asolec-
tin, have been found to prevent the re-
ceptor from shifting to a ‘‘degenerate’’
low-affinity state for agonists where they
no longer display the characteristic allo-
steric transitions (/87). Pure phospholip-
ids are inefficient, but neutral lipids such
as tocopherol (/88) and cholesterol (/189-
191) exert a strong protection or even
enhance the recovery of acetylcholine-
dependent ??Na flux. During receptor
purification, up to 60 molecules of phos-
pholipids still bind (some covalently) per
receptor molecule (/92), a number in
agreement with that corresponding to the
immobilized component observed by
ESR spectroscopy in the boundary of the
receptor in native membrane fragments
(192) and reconstituted vesicles (193).

Fatty acids added to the membrane
(194) or generated by phospholipase A,
action (195), detergents (194), or local
(101) and general (170, 171) anesthetics
strongly block the permeability response
to agonists and modify the rapid binding
kinetics, possibly via allosteric effects

mediated by (i) the multiple, low-affinity
histrionicotoxin-insensitive sites for non-
competitive blockers (/04) that are possi-
bly located at the boundary between the
transmembrane « helices and the lipid
bilayer, or (ii) a direct binding to the
high-affinity site. Reciprocal effects of
agonist binding on the relations of the
receptor with the neighboring lipid phase
are suggested by the fluorescence
changes of hydrophobic probes, which
covalently react with the receptor via the
lipid bilayer (196), or by studies on the
partition of a hydrophobic cation (/97).
The lipid environment of the receptor
thus exerts a critical, although mostly
permissive, action on the regulatory
properties of the receptor. ’

The contribution of the protein envi-
ronment might be critical as well. On the
cleft side, components of the basal lami-
na may interact with the receptor and
contribute to its clustering during syn-
apse formation (/98). On the cytoplasmic
side, electron microscopy reveals ‘‘con-
densations’’ beneath the receptor layer
(199, 200) and morphological relations
with the cytoskeleton (201, 202). Pro-
teins with an apparent molecular weight
of 43K on SDS gels purify together with
the receptor-rich membranes (203) and
give on two-dimensional gels one major
component, referred to as the 43K pro-
tein, and at least two others identified
respectively as cytosolic creatine phos-
phokinase (204, 205) and cytoplasmic
actin (205, 206). Selective proteolysis
(50), labeling with isotopic iodine (61),
and gold labeling with specific monoclo-
nal antibodies (207, 208) have shown that
the 43K protein exclusively faces the
cytoplasmic side of the membrane and
distributes along with the acetylcholine
receptor. Brief exposure of the receptor-
rich membranes to pH 11 (209) or lith-
iumdiiodo salicylate (206, 210) releases
the 43K and other peripheral proteins
without significant changes of the recep-
tor functional properties monitored by
ion flux measurements of rapid binding
of agonists and noncompetitive blockers
(187, 209, 210).

In contrast, elimination of the 43K
protein destabilizes the receptor to heat
treatment (2/7) or proteolytic attack (51)
and enhances its motion as monitored
with a spin-labeled (212) or phosphores-
cent (213) derivative of a-bungarotoxin
and by electron microscopy (214). Its
binding to the cytoplasmic domain of the
receptor, at least by way of the B subunit
(215), thus strongly immobilizes the mol-
ecule. A contribution of the heavy-form
dimer to this process has been suggested
(15). The close relation between interme-
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diate filaments and the 43K protein
suggests that this highly insoluble, cyste-
ine-rich molecule may serve as an ‘‘in-
termediate piece’’ between the cytoske-
leton and the postsynaptic membrane
(15, 202) and thus contribute to the high-
1y local distribution of the receptor pro-
tein.

Perspectives of Receptor Research:
Toward a Molecular Biology of Learning

The molecular organization of the ace-
tylcholine receptor conciliates features
that reflect its function as an allosteric
protein and its transmembrane disposi-
tion associated with its role in intercellu-
lar communication. As an allosteric pro-
tein (86, 87) it shows homotropic cooper-
ative interactions between topographi-
cally distinct acetylcholine sites and
heterotropic interactions between the
same sites, the ion channel, and various
allosteric sites for noncompetitive
blockers. Conformational transitions be-
tween discrete states mediate these in-
teractions; the pharmacologically active
ligands, agonists, competitive antago-
nists, and noncompetitive blockers act
through the differential and selective sta-
bilization of some of these preexisting
states. Despite a ‘‘baroque’’ a,pyd qua-
ternary structure, the homology between
subunits may serve as the structural ba-
sis of a cryptic rotational symmetry. An
orientation of this axis perpendicular to
the plane of the membrane is compatible
with a transmembrane polarity of the
tertiary folding of the subunits, giving
access to the neurotransmitter on the
cleft side and anchoring to the cytoskele-
ton at a well-defined locus on the cyto-
plasmic side, and yielding an ion channel
spanning the membrane. Future work
should lead to the description of the
three-dimensional organization of the
molecule and of its conformational tran-
sitions at the atomic scale.

Because of their role in intercellular
communication, postsynaptic receptors
might constitute critical targets for activ-
ity-dependent, long-lasting changes of
synapse efficacy (15, 216) in addition to,
or as alternatives of, presynaptic modifi-
cations (217). The still hypothetical ex-
tension of our present knowledge about
the acetylcholine receptor to central re-
ceptors leads to the suggestion of a num-
ber of plausible but entirely speculative
models for short- and long-term learning
at the neuronal level. A first attractive
hypothesis (216) is that desensitization
may contribute to short-term regulation
in the second-minute time scale of syn-

21 SEPTEMBER 1984

apse efficiency by modulating its own
state of activity [see (/159)]. The same
slow transition between a resting, activa-
table, and desensitized-refractory state
might be affected by ‘‘allosteric’’ signals
generated by synapses impinging on the
same neuron, thus mediating a selective
association between these synapses as a
function of their state of activity (216). In
the case of the nicotinic receptor, exam-
ples of such ‘‘endogenous’ allosteric
effectors are (on the outside surface) still
unknown noncompetitive blockers that
may include opiates (218) or substance P
[in chromaffin cells (279)] and (on the
cytoplasmic side) Ca* ions (89, 164,
220) and of course the membrane electri-
cal potential (/54). Models of heterosyn-
aptic regulation resulting in functional
association between distinct pathways,
including, in particular, the Hebb syn-
apse, have been formalized on this basis
(216). These reasonings have been ex-
tended to eventual mechanisms of ‘‘reso-
nance’’ between spontaneous and exter-
nally evoked activity as a basis for selec-
tion of neuronal assemblies (221). As
allosteric proteins, neuronal receptors
would then serve as molecular devices
specialized in space and time ‘‘integra-
tion”’ of synaptic and neuronal signals.

Such short-term changes of synapse
efficacy, in the minute time scale, might
hypothetically be made to last longer by
covalent modification of the receptor
protein (and of the 43K protein), such as
phosphorylation (47, 222, 223), methyl-
ation (224), and glycosylation (130, 131).
Other possibilities are eventual activity-
dependent changes in local lipid environ-
ment or differential association with pe-
ripheral proteins from the basal lamina
or the cytoskeleton (such as the 43K
protein).

In addition to regulation of ion channel
properties, critical steps in the biogene-
sis of the receptor (122, 123) in its incor-
poration (1/25) and metabolic stabiliza-
tion (15, 225) in the postsynaptic mem-
brane might become critical targets for
long-lasting traces of synaptic activity.
Motor innervation is already known to
regulate the biogenesis of muscle extra-
synaptic acetylcholine receptor (225) at
least at the level of transcription (226),
and electrical activity plays a critical role
in this regulation by intracellular Ca®*
(227) or cyclic nucleotides or both (228).
Long-term changes in the degradation
rate (and channel mean open time) of the
synaptic acetylcholine receptor also oc-
cur in the course of the maturation of the
neuromuscular junction, but their activi-
ty dependence remains uncertain. Work
on the acetylcholine receptor thus offers

hypotheses on plausible molecular
mechanisms of learning which remain to
be tested with specific nerve cells under
unambiguous physiological learning con-
ditions.
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