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ABSTRACT: The nicotinic acetylcholine receptors (AChR) are presently the best-characterized neurotransmitter 
receptors. They are pentamers of homologous or identical subunits, symmetrically arranged to form a transmem- 
brane cation channel. The AChR subunits form a family of homologous proteins, derived from a common ancestor. 
An autoimmune response to muscle AChR causes the disease myasthenia gravis. This review summarizes recent 
developments in the understanding of the AChR structure and its molecular recognition by the immune system in 
myasthenia. 
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1. INTRODUCTION 

The unprecedented popularity enjoyed by the 
nicotinic acetylcholine receptor (AChR*) over the 
last 20 years among biochemists, immunologists, 
and molecular biologists has several reasons. 

First, the AChR is by far the neurotransmitter 
receptor easiest to study because it can be easily 
purified in large amounts and in an active form 
from the electric tissue of Torpedo and Electro- 
phorous fish and because of the existence of high- 
affinity polypeptide antagonists (several snake 

neurotoxins) that bind to different types of nicotinic 
receptors specifically and virtually irreversibly. 

Second, in the 1970s, it was found that a 
syndrome very similar to the human disease 
myasthenia gravis can be induced in experimental 
animals by immunization against the AChR, and 
that the symptoms of human MG are indeed due 
to an autoimmune response to the AChR at the 
neuromuscular junction. 

Third, during the 1980s, it became evident 
that all nicotinic receptors, of which a large vari- 
ety is present in the nervous system, are structur- 

* Abbreviations used: AChR, nicotinic acetycholine receptor; MG, myasthenia gravis; EAMG, experimental autoimmune 
MG; EOM, extrinsic ocular muscle; MIR, main immunogenic region; a-BGT, a-bungarotoxin; a-NTX, a-cobratoxin 
(a-najatoxin); a-DTX, a-dendrotoxin; K-BGT, K-bungarotoxin; K-FTX, K-flavitoxin; NeSuTx, neosurugarotoxin; 
a-CnTx, a-conotoxin; STM, scanning tunneling microscopy; Carb, carbarnylcholie; SDS, sodium dodecyl sulfate; 
MBTA, 4-(N-malemido)benzyltri[3H]-3H-methylammonium; BAC, bromoacetylcholine; DDF, p-(dimethylamino)- 
benzenediazonium fluoroborate; PCP, phencyclidine; Th, T-helper; MHC, major histocompatibility complex. 
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ally similar. They are symmetric or pseudo- 
symmetric pentamers of homologous subunits that 
have all derived from a common ancestor via 
multiple gene duplication. 

Fourth, in more recent years, it was discov- 
ered that several other ligand-gated ion channels 
(“ionotropic” neurotransmitter receptors, for ex- 
ample, the GABA, and glycine receptors and the 
type 3 serotonin receptor) are members of the 
same protein family as the AChR. They appear to 
have a similar complex structure, being composed 
of homologous or identical subunits whose amino 
acid sequence is sufficiently similar to identify 
these functionally and pharmacologically dispar- 
ate neurotransmitter receptors as members of the 
same protein family, originating from a common 
ancestor. This similarity allows the inference that 
the transmembrane folding, tertiary structure, to- 
pography of functionally important domains, 
mechanisms of activation, and ion gating may be 
alike in all members of this protein superfamily. 

Therefore, the study of the AChR has gained 
momentum both because elucidation of its struc- 
ture has implications for understanding how a 
human autoimmune response develops, and be- 
cause it is reasonable to expect that the informa- 
tion acquired about the easily studied AChRs from 
fish electric organ will be relevant to the under- 
standing of the structure and function of the other, 
less tractable members of the AChR ionotropic 
receptor superfamily . 

Several review articles have been published 
in recent years on the structure, function, and 
autoimmune pathology of the AChR (e.g., Claudio, 
1989; Stroud et al., 1990; Lindstrom et al., 1988; 
Levinson et al., 1987; Schonbeck et al., 1990).* 
We refer readers interested in exhaustive summa- 
ries of the field to those reviews. We focus the 
present review on more recent findings on the 
AChR structure and how they relate to its recog- 

nition by the human immune system in MG. We 
also review recent data on the unexpected variety 
of homologous AChRs found in the brain, which 
may be the structural basis for a cholinergic phar- 
macology in the brain whose variety and com- 
plexity had not been anticipated. 

II. THE NICOTINIC ACETYLCHOLINE 
RECEPTOR AND MYASTHENIA GRAVE: 
A BRIEF HISTORY 

The great level of sophistication of our present 
knowledge on the structure and function of the 
AChR, and on the mechanisms of molecular rec- 
ognition of this autoantigen in MG, were antici- 
pated by the fact that some of the pioneering 
studies in physiology that led to the conclusion 
that neuronal transmission was mediated by a 
chemical were carried out on cholinergic systems 
(e.g., the frenic nerveheart preparation). Those 
studies led to the conclusion that an essential 
component of neuronal transmission must be a 
“receptive substance” able to specifically recog- 
nize the chemical message released by the nerve 
and initiate the biochemical events leading to the 
response of the effector organ - in the case of the 
system used to demonstrate this principle, heart 
muscle contraction and a cholinergic receptor of 
muscarinic type. 

Almost 90 years ago, Langley, based on the 
results of his experiments on the action of nico- 
tine on avian muscle contraction, proposed that a 
“receptive substance.. . , combines with nicotine 
and curari and is not identical with the substance 
which contracts” (Langley, 1906; cited in 
Changeux, et al., 1984). Later, the morphological 
studies of neurons of Cajal (191 1 )  revealed 
presynaptic terminals with distinct postsynaptic 
targets separated by a cleft. Since then, much 

* Recent reviews published by our group on these matters include Autoimmunity Against the Nicotinic Acetylcholine 
Receptor and the Presynaptic Calcium Channel at the Neuromuscular Junction, by A. A. Manfredi, M. P. Protti, 
M. Bellone, L. Moiola and B. M. Conti-Tronconi, in Ion Channels and Ion Metabolic and Endocrine Relationships in 
Biology and Clinical Medicine, P. P. Foa and M. F. Walsh, Eds., Springer-Verlag, 1994, and The Nicotinic Acetylcholine 
Receptor as a Model of a Superfamily of Ligand-Gated Ion Channel Proteins. by K. E. McLane, S. J. M. Dunn, A. A. 
Manfredi, B. M. Conti-Tronconi and M. A. Raftery, in Handbook for Protein and Peptide Design, P. R.  Carey, Ed., 
Academic Press, 1993. Portions of this article have been reprinted by permission of the publisher from The Nicotinic 
Acetylcholine Receptor as a Model of a Superjamily of Ligand-Gated Ion Channel Proteins. by K .  E. McLane, S. J. M. 
Dunn, A. A. Manfredi, B. M. Conti-Tronconi and M. A. Raftery, in Handbook for Protein and Peptide Design, P. R. Carey, 
Ed., Copyright 1995 by Academic Press, Inc. 
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knowledge has accumulated regarding the initial 
concepts of peripheral receptors stemming from 
studies of choline esters (Dale, 1914) as well as 
those of the CNS (Dale, 1935) that interact with 
the transmitter acetylcholine (Loewi, 1921). Our 
current understanding of neuronal signaling is 
due in large part to the ionic hypothesis (Hodgkin 
and Huxley, 1952; Hodgkin and Katz, 1949) that 
was put forward to explain how the resting mem- 
brane potential and the mechanisms underlying 
the action potential are generated. Shortly there- 
after, Fatt and Katz (195 1) showed that an exten- 
sion of this hypothesis could also account for 
chemically induced synaptic transmission where 
receptor channels, such as the AChR, are gated by 
the binding of ligands to receptors rather than by 
voltage changes. They further showed that the 
difference between synaptic excitation and inhi- 
bition lay not in the nature of the transmitter, but 
rather was a function of the properties of the 
channels involved. 

With further refinement of electrophysi- 
ological methods (see Neher, 1992; Sakmann, 
1992), it became possible to study ion flow 
through a single channel protein molecule such 
as the AChR, which over a period of 1 to 10 ms 
transports -2 x lo4 cations per channel per 
microsecond, a value consistent with a channel 
rather than a carrier mechanism. Meanwhile, 
over the last 20 years, significant strides were 
made in the isolation and characterization of 
the protein molecule responsible for these ef- 
fects. It became possible to show quantitatively 
that a single AChR molecule either in isolated 
membrane preparations (Moore and Raftery, 
1980) or in reconstituted form, following puri- 
fication to homogeneity in detergent solution 
and reconstituted into phospholipid vesicles (Wu 
et al., 1981) or planar lipid bilayers (Sakmann 
and Neher, 1983), transports cations as effi- 
ciently as shown for AChR channels in vivo. 

MG has also been known for a long time, 
since a myasthenic patient was described by 
Thomas Willis in 1672. In 1892, Herman Hoppe, 
a pathologist from Cincinnati, reported the pres- 
ence of a mediastinal tumor in myasthenic pa- 
tients (Hoppe, 1892). In 1900, Campbell and 
Bramwell described in detail the clinical symp- 
toms of MG, and in 1901, a relationship be- 
tween MG and the thymus was first noted 

(Weigart, 1901). In 1913, a case of MG associ- 
ated with hyperthyroidism (possibly Graves’ 
disease, which is sometimes associated with 
MG) was reported that improved after thy- 
mectomy (Schumacher and Roth, 1913). In the 
1930s, the unfolding of studies on chemical trans- 
mission at the neuromuscular junction (Dale and 
Feldberg, 1934), and the observation of simiIari- 
ties between the symptoms of MG and curare 
poisoning, suggested an impairment of neuro- 
muscular transmission as the functional defect in 
MG and led Mary Walker to treat MG patients 
with anticholinesterase drugs (Walker, 1934). In 
the 1940s, thymectomy became an accepted pro- 
cedure for treatment of MG (Blalock et al., 1941). 
An important step in the understanding of MG 
pathogenesis was the insight by Simpson in 1960 
that MG could have an autoimmune origin 
(Simpson, 1960). In 1966, two groups indepen- 
dently reported the reactivity of MG serum im- 
munoglobulins with skeletal muscle and thymic 
myoid cell determinants (Van De Velde and 
Friedman, 1966; Van Der Geld and Strauss, 1966). 
By the early 1970s, it was recognized that MG 
involved a defect in neuromuscular transmission, 
but, on the basis of electrophysiologic studies of 
MG muscles that revealed a reduced size of the 
miniature end plate potentials, a presynaptic ab- 
normality in the synthesis/storage/release of ACh 
was believed to cause myasthenic symptoms (re- 
viewed in Grob, 1987). Crucial for the under- 
standing of MG pathogenesis was the discovery 
that rabbits immunized with purified AChR de- 
veloped muscular weakness similar to that of MG 
patients (Patrick and Lindstrom, 1973), suggest- 
ing that human MG might have a similar patho- 
genesis. In 1975, Toyka and co-workers reported 
that MG symptoms could be transferred in mice 
by treatment with MG sera or their IgG fraction, 
thus providing a direct demonstration that anti- 
bodies are the effectors of MG symptoms. Those 
fundamental studies and others that followed (re- 
viewed in Lindstrom et al., 1988) strongly sug- 
gested that MG symptoms could result from an 
autoimmune response against muscle AChR. 
Later, autoimmune AChR-specific antibodies and 
T cells were detected in the blood of MG patients, 
demonstrating that MG is indeed due to an au- 
toimmune anti-AChR response (reviewed in 
Engel, 1984; Levinson et al., 1987; Lindstrom 
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et al., 1988; Schonbeck et al., 1990; Perm et al., 
1993). 

111. THE PRIMARY STRUCTURE OF 
AChRs IN PERIPHERAL AND 
NEURONAL TISSUES 

A. Amino Acid Sequence of the AChR 
Subunits 

The constituent subunits of AChRs from dif- 
ferent species and tissues (muscle, electric organ, 
and neurons) have similar amino acid sequences, 
and they should therefore have common struc- 
tural features. 

Sequence characteristics shared by all AChR 
subunits include (1) a large putative extracellular 
N-terminal domain containing two cysteine resi- 
dues separated by -15 amino acids (“Cys-Cys 
loop”), (2) four putative transmembrane regions, 
designated M1 to M4, (3) conservation of a pro- 
line in the M1 segment, (4) an abundance of 
serine, threonine, and small aliphatic amino acids 
in the M2 segment, and ( 5 )  a long nonconserved 
region between M3 and M4 that is at least partly 
cytoplasmic (see also Section 1V.C). 

1. AChRs from Peripheral Tissues: 
Electric Organ, Skeletal Muscle, 
Extraocular Muscle, and Thymus. 
lsoforms of Muscle AChRs 

Protein sequencing of the four purified Tor- 
pedo AChR subunits (a, p, y, and s) and subse- 
quent cloning and sequencing of their encoding 
genes revealed a high degree (40 to 50%) of 
sequence identity among them (Raftery et al., 
1980; Noda et al., 1982, 1983b, c; reviewed in 
Claudio, 1989; Stroud et al., 1990). Protein se- 
quencing of the four subunits of AChRs from the 
electric tissue of Torpedo and Electrophorus - 
two distant species whose similar electric organs 
originated by convergent evolution - showed 
that both these AChRs are pentamers of homolo- 
gous subunits sharing -60% amino acid identity, 
in a stoichiometry of a2pyS (Raftery et al., 1980; 
Conti-Tronconi et al., 1982a). That was the first 
demonstration that AChRs from different species 

are members of the same protein family, and that 
the subunit structure and primary sequence of 
peripheral AChRs is highly conserved through- 
out evolution. This was verified by isolation 
and sequencing of the a-, p-, y-, 6-, and &-sub- 
units - or cloning and sequencing of their 
encoding genes - of calf muscle AChRs (Conti- 
Tronconi et al., 1982b; Noda et al., 1983a; 
Tanabe et al., 1984; Takai et al., 1984, 1985; 
Kubo et al., 1985). The sequences of the con- 
stituent subunits of muscle AChRs from sev- 
eral species, including Homo supiens and co- 
bra, were determined subsequently (Noda et al., 
1983a; Boulter et al., 1985; Barnard et al., 1986; 
Nef et al., 1986, 1988; Baldwin et al., 1988; 
Neumann et al., 1989), and they were all found 
to be highly conserved. 

Mammalian muscle AChR exists in two de- 
velopmentally regulated isoforms (reviewed in 
Schuetze, 1986). Embryonic muscle expresses 
AChRs composed of a-, p-, y-, and S-subunits. 
Upon innervation, the y-subunit is substituted by 
a homologous &-subunit (however, for an excep- 
tion to this rule, see below), to yield adult AChR, 
and a2P&S oligomer (Mishina et al., 1986; Gu and 
Hall, 1988). This change in subunit composition 
alters the pharmacological and metabolic proper- 
ties of the AChR and the conductance character- 
istics of the ion channel (Trautman, 1982; Hall 
et al., 1985; Schuetze, 1986; Mishina et al., 1986; 
Gu and Hall, 1988; Sakmann, 1992). 

An exception to the rule that only denervated 
muscle expresses the y-subunit has been demon- 
strated recently for extrinsic ocular muscles 
(EOM), which in the adult animal express both 
the y- and the &-subunit (Horton et al., 1993). 
EOM have two types of muscle fibers with differ- 
ent functional properties - tonic fibers special- 
ized in sustained tonic contraction, and fast twitch 
fibers. Tonic and twitch fibers have morphologi- 
cally different synapses (en plaque synapses on 
twitch fibers and en grappe synapses on tonic 
fibers) (reviewed in Kaminski et al., 1990). Tonic 
fibers, which have multiple synaptic terminals, 
have slow synaptic current kinetics, which would 
be well explained by the presence of “embryonic” 
AChRs. This may be functionally relevant for 
muscle fibers specialized in sustained tonic con- 
traction, because the long channel-open time of 
embryonic AChR would cause a more uniform 
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spread of depolarization along the fibers, while its 
small conductance would make them more resis- 
tant to desensitization and better able to respond 
to prolonged nerve stimulation. 

EOM are preferentially and sometimes 
uniquely affected by myasthenic symptoms: 
in 50 to 65% of MG patients, the initial symp- 
toms involve only the EOM, and in 10 to 14% 
of MG patients, the symptoms remain restricted 
to the EOM for at least 2 years (ocular MG) 
(Osserman and Genkins, 1971; Drachman et 
al., 1987; Oda, 1993). This may be related to 
the presence of embryonic AChR because, as 
discussed in Section XIII, MG patients have 
antibodies and T-helper (Th) cells specific for 
embryonic AChR, and it is possible that an em- 
bryonic AChR-like protein expressed within the 
thymus (see below) is the primary antigen in MG. 
Furthermore, EOM endplates, and specifically 
those or multiterminal fibers, have unique anti- 
genic properties, and MG patients suffering from 
ocular MG may have antibodies specific for 
epitopes unique to EOM. Such antibodies are 
pathogenic because they cause AChR loss in the 
EOM endplates of mice treated with IgG from 
these patients (Oda et al., 1981). The propensity 
of EOM to develop myasthenic symptoms may 
also be for other reasons, such as a smaller “safety 
factor” for neuromuscular transmission than skel- 
etal muscle, because EOM are preferentially in- 
volved in congenital, nonautoimmune forms of 
myasthenia gravis (Engel, 1987). 

Two isoforms of muscle a-subunits have been 
described in Xenopus (Hartman and Claudio, 1990) 
and in humans (Beeson et al., 1990). The human 
isoforms differ in that one of them contains an 
additional 22 amino acid residues, encoded by a 
separate exon just before the sequence region that 
contributes to formation of the main immuno- 
genic region. Two isoforms of the mammalian 
muscle P-subunit also exist, resulting from alter- 
native splicing of the mRNA (Goldman and Tanai, 
1989). The functional significance of these differ- 
ent AChR subunit isoforms is not known. 

The thymus contains a component(s) immu- 
nologically cross-reactive with muscle AChR 
(Aharonov et al., 1975; Ueno et al., 1980; Schleup 
et al., 1987; Kirchner et al., 1988) as well as 
binding sites for a-bungarotoxin (a-BGT), a snake 
toxin that specifically recognizes AChR from 

peripheral tissues (Engel et a]., 1977; Kao and 
Drachman, 1977; Kawanami et al., 1988). The 
thymus a-BGT binding component has the sub- 
unit structure and physicochemical properties 
expected for a true AChR, and cross-reacts with 
antisera raised against Torpedo AChR (Kawanami 
et al., 1988). Subunit-specific antibodies demon- 
strated that the thymus AChR-like protein con- 
tains subunits immunologically related or identi- 
cal to all those of embryonic muscle AChR, that 
is, a-, p-, ‘y-, and &subunits (Nelson and Conti- 
Tronconi, 1990). The presence of mRNA for 
AChR muscle a-, p-, ‘y-, and &subunits has been 
verified in normal thymus tissue as well as in , 

hyperplastic MG thymuses by dot blot hybrid- 
ization (Geuder et al., 1992). The occurrence of 
a-subunit transcripts was demonstrated in 
thymomas by southern blot hybridization (Muller- 
Hermelink et al., 1993). A large part of the pri- 
mary sequence of the a-subunit expressed in 
mouse and human thymuses was determined. 
Consistently, the regions sequenced were identi- 
cal to the muscle a1 subunit of that species. Hu- 
man thymuses express both the a-subunit isoforms 
found in human muscle (Wheatlay et al., 1993). 

The thymus may also express neuronal AChRs 
because it receives a rich parasympathetic inner- 
vation, which is important for the development 
and possibly the function of thymus (Williams 
and Felten, 1981; Felten et al., 1985; Bullock, 
1987; Magni et al., 1987; Bullock and Pornerantz, 
1984; Rozzman and Brooks, 1985). The presence 
of the neuronal a 3  subunit in normal and hyper- 
trophic thymuses from MG patients was demon- 
strated by PCR analyses and sequencing of thy- 
mus cDNA clones, northern blotting, and RNA 
protection assays (Mihovilovic et al., 1993). Cu- 
riously, a patient has been identified with MG 
and thymoma and also antibodies to the a3 sub- 
unit (Grand0 and Conti-Tronconi, unpublished 
results). 

2. AChRs of Autonomic Ganglia and 
Central Nervous System: Multiple 
Subtypes of a- and P-Subunits 

Several AChR subunits have been identified 
and sequenced from mammalian and non- 
mammalian neuronal tissues (Table 1 ). Neuronal 
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Table 1 
Neuronal AChr Subunits Identified by Low-Stringency Hybridization 

AChR subunit 

a3 

P4, 
a6, P5a 
a2, a3, a4 

a5, na3b 
nal. n d b  

a7 
(or aBGTBPal ) 
a8 
(or aBGTBPa2) 

GFna-2, GFna-3 
GFa-3, 

ARD 
(P homolog), 
ALS, or D a l  
(a3 homolog) 

Da3 

aRLl 

SAD or Da2 

aL1 or ARL2, 

Probe 

Mouse muscle a1 subunit 

Rat a3 subunit 

Rat neuronal 

Chicken muscle 
a and p subunits 

a1 subunit 

Chick a3 gene cluster 
Chicken muscle 
a1 subunit 

N terminus 
of an a-BGT-binding, 
48-kDa subunit 

Torpedo and rat 
muscle a1 
and rodent a4 
subunits 

Vertebrate AChR 
subunits 

ALS-conserved M4 
oligonucleotides 

Chick p2 subunit 

Source 

PC12 cell line 
(rat 
pheochromocytoma) 

PC12 and rodent 
brain 

Rodent brain 

Chicken brain 
and autonomic 
nervous system 

Chicken brain 
Chicken brain 
and autonomic 
nervous system 

Chicken brain 

Common goldfish 
(Carassius auratus) 
brain 

Drosophila 

Drosophila 

Schistocerca 
gregaria 

Ref. 

Boulter el a!., 1986 

Wada et al., 1988; 
Goldrnan et al., 1987; 
Boulter et al., 1990a; 
Deneris et al., 1988, 

Duvoisin et al., 1989; 
Deneris et al., 1991 

Nef et al., 1988; 
Barnard et al., 1986; 
Ballivet et al., 1988; 
Schoepfer et al., 1988 

Couturier et al., 1990a 
Ballivet et al., 1988; 

1989 

Schoepfer et al., 1988; 
Couturier et al., 1990a; 
Deneris et al., 1991 

Conti-Tronconi et al., 
1985; 
Schoepfer et al., 1990; 
Couturier et al., 1990b 

1990 
Cauley et al., 1989, 

Schlob et al., 1988; 
Bossy et al., 1988 

Schlob et al., 1988; 
Gundelfinger, 1992 

Marshall et al., 1990; 
Hermsen et al., 1991; 
Gundelfinger, 1992 

a a6, p5 sequences and characterization have not been reported to date. 
na means non-a; also called structural ap subunits. 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., Conti-Tronconi, B. M., and Raftery, M. A. The nicotinic 
acetylcholine receptor as a model of a superfamily of ligand gated ion channel proteins. In: Handbook for Protein 
and Peptide Design, Carey, P. R., Ed., Copyright 1995 by Academic Press, Inc. With permission. 

AChR subunits can be classified on the basis of 
the sequence homology among themselves and 
with the subunits of peripheral tissue AChRs, as 
a-subunits, which contain within their N-termi- 
nal extracellular segment a vicinal pair of cys- 
teine residues, the hallmark of all AChR a-sub- 

units, and p (or non-a)-subunits. Conventionally, 
muscle AChR subunits are indicated with the 
postscript 1 ( a l ,  pl), and neuronal subunits with 
postscript numbers that indicate the order in which 
a particular subunit was identified and sequenced. 
Neuronal subunits from a 2  to a 8  and from p2 to 
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P5 have been described to date (Table 1). Subunits 
corresponding to the muscle y-, E-, and &subunits 
have not yet been described in neuronal systems. 
The amino acid sequences of different rodent 
AChR a- and P-subunits are 40 to 70% identical 
(Boulter et al., 1990a). It is not surprising that 
neuronal subunits are homologous to the muscle 
AChR sequences and to each other, because they 
were selected on the basis of homology. The num- 
ber of different AChR subunits expressed in the 
brain, however, was not anticipated. 

' 

B. Functional Heterogeneity in AChR 
Subtypes Induced by Different Subunit 
Combinations 

Functional diversity conferred by different 
combinations of subunits was first described for 
the AChRs of embryonic and adult mammalian 
muscle (Mishina et al., 1986) (see Section II1.A. 1). 
While muscle AChRs contain four different sub- 
units, neuronal AChRs may contain only two 
subunits, a and P, or even one subunit only (a) 
(Goldman et al., 1987; Wada et al., 1988; Duvoisin 
et al., 1989; Couturier et al., 1990b; Bertrand et 
al., 1992). Coexpression of different neuronal 
a-subunits with either the neuronal P2 or P4 sub- 
units in Xenopus oocytes results in acetylcholine 
(ACh)-gated cation channels with different con- 
ductance, open times, and burst kinetics (Papke 
and Heinemann, 1991). The different a-subunits 
expressed in the central and autonomic nervous 
systems endow cholinergic neuronal pathways 
with multiple response states of potential func- 
tional significance (Papke et al., 1989; Papke and 
Heinemann, 1991). 

Different subunits of rodent neuronal AChRs 
confer differential pharmacology to AChRs ex- 
pressed in Xenopus oocytes. The a-subunit sub- 
type is important in determining the differential 
sensitivity of the resulting AChR complex to neu- 
rotoxins from invertebrates and snake venoms. 
Two classes of snake neurotoxins from Bungarus 
multicinctus and B. f l a w s  venom distinguish 
AChR subtypes, that is, the a-neurotoxins, such 
as a-bungarotoxin (a-BGT), and the K-neurotox- 
ins, K-bungarotoxin (K-BGT) and K-flavitoxin 
(K-FTX) (Chiappinelli, 1985; Grant et al., 1988). 
K-BGT (also referred to as toxin F [Loring et al., 

19841, bungarotoxin 3.1 [Ravdin and Berg, 19791, 
and neuronal bungarotoxin [Lindstrom et al., 
19871) and a-BGT were initially regarded as spe- 
cific antagonists of ganglionic AChR and muscle 
AChRs, respectively. Molecular genetic ap- 
proaches, however, have revealed that this simple 
dichotomy does not hold. 

a-BGT irreversibly blocks (tlD > 200 h, 
[Blanchard et al, 19791) AChRs formed by the 
subunit combinations a l P l y 8  and alP2yS 
(Deneris et al., 1988). Many avian and rodent 
neuronal AChRs comprising different a@ sub- 
unit combinations - a2P2, a3P2, a4P2, and 
a3P4 - are insensitive to a-BGT (Deneris et al., 
1988; Wada et al., 1988; Duvoisin et al., 1989), 
while neuronal AChRs formed by a3P2 and a4P2 
subunit combinations are sensitive to K-BGT 
(Deneris et al., 1988). The sensitivity of the a3P2 
AChR to K-BGT is tenfold greater than the a4P2 
complex (Luetje et al., 1990a, b). Interestingly, 
the a3P4 complex appears to be insensitive to 
K-BGT (Duvoisin et al., 1989), indicating that 
the P-subunit also affects the ligand binding char- 
acteristics (see Section X). The a2P2 neuronal 
AChR is insensitive to both a-BGT and K-BGT 
(Wada et al., 1988). 

The chicken a 7  subunit can form functional 
homomeric AChRs sensitive to a-BGT (Coutu- 
rier et al., 1990b; Bertrand et al., 1992). Neuronal 
a-subunits from Drosophila (Sawruck et al., 
1990a, b) and locust (Marshall et al., 1990) also 
form functional homomeric AChRs. It remains to 
be determined whether other subunits contribute 
to physiologically relevant AChR complexes com- 
prising a-subunits able to form functional 
homomeric AChRs. The pharmacology of a 
homomeric locust AChR (Marshall et al., 1990) 
is worth noting, as it exemplifies the heterologous 
ligand-binding properties of the AChRs from spe- 
cies representing different levels of evolution. 
Locust AChRs composed of only aL1 subunits 
are blocked by a-BGT, K-BGT, bicuculline 
(a GABA, receptor ligand), and strychnine 
(a glycine receptor antagonist). 

Other neurotoxins can differentially block 
AChRs. Neosurugarotoxin (NeSuTx), isolated 
from the Japanese ivory shell, Babyloniajaponica, 
blocks AChRs formed by the P2 subunit in com- 
bination with the a2, a3, or a4 subunit, whereas 
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the alPly6 AChR is relatively insensitive (Luetje 
et al., 1990a, b). In contrast, a-conotoxins 
(a-CnTx) isolated from the venom of marine snails 
(Gray et al., 1988) block only the alPlyi3 AChR. 
Lophotoxin, a cyclic diterpene from gorgonian 
corals (Culver et al., 1985), covalently labels Tyr,, 
of the Torpedo a-subunit (Abramson et al., 
1989) - a residue conserved in all AChR a-sub- 
units with the notable exception of the neuronal 
a5 subunit (Boulter et al., 1990a). As predicted 
from the presence of this tyrosine, AChRs formed 
by combinations of alPlyG, a2P2, a3P3, and 
a4P2 subunits are sensitive to lophotoxin, al- 
though the a2P2 AChR is less sensitive for rea- 
sons that remain unclear (Luetje et al., 1990a). A 
functional AChR has not been expressed suc- 
cessfully in Xenopus oocytes using the a5 sub- 
unit, which is likely to form a lophotoxin-insen- 
sitive complex, given the absence in the a5 
subunit sequence of a Tyr residue at position 
190 (Boulter et al., 1990a). Table 2 summarizes 

the toxin sensitivity of AChRs resulting from 
combinations of different neuronal subunits. 

The P-subunit affects the time course and 
extent of desensitization in a species-specific 
manner (Sumikawa and Miledi, 1989). Expres- 
sion of neuronal AChR subunits in Xenopus oo- 
cytes indicated that both the a- and P-subunits 
influence agonist sensitivity and desensitization 
(Cachelin and Jaggi, 1991; Gross et al., 1991; 
Luetje and Patrick, 1991; Papke and Heinemann, 
1991). Coexpression of the chick subunit pairs 
a3/na1 and a4/nal demonstrated that the a 3  
subunit lowers the sensitivity for ACh and en- 
hances desensitization (Gross et al., 1991). Hy- 
brid subunits containing the N-terminal sequence 
of either the a3 or a 4  subunit indicated that the 
N-terminal region of the a-subunit influences 
ACh sensitivity (Gross et al., 1991). The P-sub- 
unit affects both agonist sensitivity and AChR 
activation kinetics. The P2 subunit confers sen- 
sitivity to cytisine of the AChR formed with the 

Table 2 
Contribution of Different Subunits to the Toxin 
Sensitivity of Neuronal AChRs 

Neurotoxin 
Sensitivity 

a-BGT sensitive 

a-BGT insensitive 
K-BGT insensitive 

a-BGT low 
sensitivity, 
K-BGT sensitive 

NeSuTx sensitive, 
a-CnTx insensitive 

NeSuTx insensitive, 
a-CnTx sensitive 

' Ref. 

Deneris et al., 1988; 
Couturier et al., 1990b; 
Bertrand et al., 1992 

Deneris et al., 1988; 
Wada et al., 1988; 
Duvoisin et al., 1989 

Deneris et al., 1988; 
Luetje et al., 1990a, b 

Luetje et al., 1990a, b 

Luetje et al., 1990a, b 

Luetje et al., 1990a, b 
Lophotoxin sensitive 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., Conti- 
Tronconi, B. M., and Raftery, M. A. The nicotinic acetylcholine 
receptor as a model of a superfamily of ligand gated ion 
channel proteins. In: Handbook for Protein and Peptide Design, 
Carey, P. R., Ed., Copyright 1995 by Academic Press, Inc. 
With permission. 
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a2, a3, or a4 subunits, and the j34 subunit 
forms cytisine-insensitive AChRs (Luetje and 
Patrick, 1991). The j3-subunit also confers dif- 
ferent relative sensitivities to ACh and DMPP 
(1,l  -dimethyl-4-phenylpiperazinium) (Luetje 
and Patrick, 1991). 

Chick sympathetic neurons contain four 
classes of AChRs and express at least six AChR 
subunits (a3, a4, 1x5, a7, p2, and p4). Listerud 
et al. (1991) used antisense oligonucleotides to 
selectively delete individual different subunits 
and determine their functional contribution to 
cholinergic function. Antisense oligonucleotides 
against the a3 subunit decreased the number of 
channel openings of all four classes of AChRs 
and resulted in the predominance of a new class 
of channels composed of the a 7  subunit and 
sensitive to a-BGT. Because untreated neurons 
are a-BGT insensitive, the a 7  subunit might 
form AChR complexes involving other a-sub- 
unit subtypes, with different a-BGT-binding 
properties than the complexes formed by a7 
subunit alone. 

Expression of mFWAs for the 1x2, a3,a4,a5, 
and p2 subunits has been mapped in rat brain by 
in situ hybridization (Wada et al., 1988, 1989; 
Boulter et al., 1986; Goldman et al., 1986, 1987; 
Deneris et al., 1988). The a4 and j32 subunits are 
the most highly and extensively expressed in 
mammalian brain (Goldman et al., 1987; Deneris 
et al., 1988; Wada et al., 1988, 1989). Other neu- 
ronal AChR subunits have less diffuse expression 
and may be related to specific functions, although 
these remain to be determined (Wada et al., 1988, 
1989; Duvoisin et al., 1989; Boulter et al., 1990a). 
Table 3 lists the most prominent regions of hy- 
bridization of the different a- and j3-probes. 

In summary, functional diversity of neuronal 
AChRs results from different combinations of 
subunits. This diversity is reflected in differences 
in channel conductance and open time, sensitivity 
to neurotoxins, and binding properties for ago- 
nists and antagonists. The regional expression of 
different neuronal AChR subtypes indicates that 
these different functional properties may be of 
physiological importance. 

Table 3 
In Situ Hibriditation of AChR Subunit 
Probes in the Nervous System" 

CNS region 

Substantia nigra 
Medial habenula 
thalamus 

Trigeminal ganglia 
lnterpeduncolar nucleus 
Hi ppocampus 
Cerebral cortex 
Hypothalamus 
Adrenal medulla 

Probes 

a3, a4, a5, p2, and p3 
03, a4, $3, and $4 
a3, a4, a5, and p2 
a3, as, p2, and p3 
a2, a3, and $2 
a2, a3, a4, a5, and p2 
a3, a4, a5, and p2 
a3, a4, and $2 
013, a4, a5, a7, 
p2, and $4 

From Boulter et al., 1986; Deneris et al., 1987,1988; 
Duvoisin et al., 1989; Goldman et al., 1986, 1987; 
Wada et al., 1988, 1989. 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., 
Conti-Tronconi, B. M., and Raftery, M. A. The nicotinic 
acetylcholine receptor as a model of a superfamily of 
ligand gated ion channel proteins. In: Handbook for 
Protein and Pepfide Design, Carey, P. R., Ed., Copy- 
right 1995 by Academic Press, Inc. With permission. 
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IV. TRANSMEMBRANE TOPOLOGY OF 
THE AChR SUBUNITS 

All Torpedo AChR subunits form both extra- 
cellular and cytoplasmic domains (Strader, 1979). 
Because of their sequence similarity, all AChR 
subunits should have similar transmembrane fold- 
ing. Hydropathy analysis of a “typical” AChR 
subunit (reviewed in Claudio, 1989; Stroud et al., 

MI R P138 

P23 

1990) identified a long N-terminal region of -200 
amino acids rich in hydrophilic residues that could 
form an extracellular domain, followed by four 
hydrophobic potential a-helices -20 amino acid 
long (Figure I), referred to as M1 to M4, which 
could cross the membrane (Finer-Moore and 
Stroud, 1984; Guy, 1983). Between M3 and M4 
there is a long sequence region, most diverged in 
the different AChR subunits, containing a segment, 

FIGURE 1. Consensus model of a possible topology of a peripheral AChR subunit and secondary structure 
predicted by amphipatic analysis. The four hydrophobic, putative membrane-spanning a helices are labeled M1 to 
M4. Letters identify the usual amino acid residue of highly conserved positions. Square blocks identify conservation 
of hydrophobic residues in the aminoterminal putative extracellular domain that would tend to fold toward the inside. 
Residues in M2 whose mutation causes a charge in conductance are indicated in narrow letters, with (”) on those 
that are charged. Positive and negative signs identify regions that generally carry charged side chains. The 
conserved cysteines, known to form a disulfide-linked loop in all four neuromuscular AChR subunits (indicated as 
C13O-Cl44, according to the numbering of the consensus alignment, corresponding to Cys,,, and C Y S , ~ ~  of the 
Torpedo a subunit), enclose the conserved site of the N-linked glycosylation site found in all neuromuscular AChR 
subunits. The adjacent, disulfide-linked cysteines at the agonist binding site, found only in AChR a subunits, are 
labeled C208 and 209, following the numbering of the consensus alignment (corresponding to Cys,,, and Cyqg3 of 
the Torpedo a subunit). The MIR is located on the N-terminal putative extracellular domain. Dashed lines indicate 
sequence regions non-conserved between species, and arrows indicate common intron boundaries. (From Stroud, 
R. M., McCarthy, M. P., and Schuster, M. 1990. Biochemistry 29, 11009-1 1023. With permission.) 
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called MA, which has the periodicity of an 
amphipatic a-helix (Finer-Moore and Stroud, 
1984). M4 is followed by a short carboxyl termi- 
nal region. 

Different models of the transmembrane fold- 
ing of the AChR subunits have been proposed, 
with four (M1 to M4) or five (M1 to M4 and MA) 
transmembrane segments. In both models, the 
sequence region preceding M 1 is extracellular, 
while the COOH terminus is extracellular in the 
four-transmembrane-domain model and cytoplas- 
mic in the five-transmembrane-domain model. We 
summarize here the experimental evidence sup- 
porting either model. For more detailed reviews 
on these matters see Maelicke, 1988; Claudio, 
1989; Stroud et al., 1990; Betz, 1990a, b; Galzi 
et al., 1991. 

A. Region between the Amino Terminus 
and M1 

The Torpedo AChR &-subunit contains a pro- 
cessed signal peptide, indicating that the mature 
amino terminus is extracellular (Anderson et al., 
1982). The amino termini of AChR subunits ex- 
pressed in vitro are translocated into the lumen of 
microsomal vesicles (topologically equivalent to 
the extracellular space), as are the amino termini 
of native AChR subunits (Anderson et al., 1983; 
Chavez and Hall, 1991). 

At least part of the sequence region between 
the amino terminus and the putative transmem- 
brane segment M1 is extracellular, because it 
contains ( 1 )  an N-glycosylation site(s) (Asn,,, of 
the muscle-like AChR subunits, Asn,,, and some- 
times Asn,,, of neuronal AChR subunits; reviewed 
in Claudio, 1989), (2) residues involved in the 
formation of a cholinergic ligand-binding site (see 
Section HI), and (3) a sequence region (within 
residues 67-76; see Section X.C) that contains 
important constituent element of the main immu- 
nogenic region (MIR) (Bellone et al., 1989) - an 
extracellular area of the AChR that dominates the 
autoantibody response in MG (reviewed in 
Lindstrom et al., 1988). 

The transmembrane topology of the N termi- 
nus of the a-subunit was investigated by express- 
ing fragments of the a-subunit sequence contain- 
ing novel glycosylation sites. A fragment 
terminating at position qo, uust before the M1 

segment) was a nonintegral membrane protein, 
and glycosylation sites introduced at position aI5, 
and azoo were found on the lumenal side of mi- 
crosomal vesicles (equivalent topologically to the 
extracellular space). This suggests that the entire 
N-terminal domain preceding M 1 is extracellular 
(Chavez and Hall, 1991), a conclusion supported 
by studies on the tridimensional structure of Tor- 
pedo AChR employing low-dose electron micros- 
copy and X-ray diffraction, which concluded that 
the volume of protein protruding toward the ex- 
tracellular space is 215,000 A3 (157 kDa) - the 
predicted molecular mass formed by the N-ter- 
minal region, up to MI, of all five subunits 
(Noda et al., 1983c; Finer-Moore and Stroud, 
1984) plus the oligosaccharide moieties (Poulter 
et al., 1989). 

B. Potential Transmembrane Segments 
(M1 to M4 and MA) 

The hydrophobic domain M2 is rich in un- 
charged hydrophilic residues and may contribute 
to the lining of the ion channel (reviewed in Miller, 
1989; Dani, 1989) because, as described in more 
detail below, mutations of this segment alter the 
ion conductance properties of AChRs expressed 
in Xenopus oocytes (Imoto et al., 1988; Leonard 
et al., 1988) and channel blockers label residues 
within this segment (Hucho, 1986; Hucho et al., 
1986; Giraudat et aI., 1986, 1989). Synthetic pep- 
tides corresponding to the M2 sequence form 
cation channels in lipid bilayers (Oiki et al., 1988). 
The M1 segment may also be involved in forma- 
tion of the channel, as suggested from labeling 
experiments with noncompetitive blockers (Karlin 
et al., 1986). A highly conserved proline residue 
in the middle of the M1 segment of all AChR 
subunits might be important in conferring struc- 
tural flexibility and facilitating ion channel gating 
(Dani, 1989). A transmembrane disposition of 
M4 is suggested by the selective labeling of Lys 
residues of AChR in sealed vesicles, in the pres- 
ence and absence of saponin (Dwyer, 1991); 
Lysa38O, amino terminal to M4, has a cytoplasmic 
location, while Lysy486, which is carboxyl-termi- 
nal to M4, is extracellular. 

The potential amphipathic a-helical MA seg- 
ment (Finer-Moore and Stroud, 1984; Guy, 1983; 
Stroud et al., 1990) was proposed to contribute to 
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the lining of the ion channel. A synthetic peptide 
corresponding to the MA sequence of the Tor- 
pedo AChR P-subunit forms ion channels in arti- 
ficial phospholipid bilayers (Ghosh and' Stroud, 
1991). However, this segment can be deleted from 
the Torpedo sequence without affecting the for- 
mation of the ion channel by subunits expressed 
in Xenopus oocytes (Mishina et al., 1985), and 
antibodies to epitopes within the MA sequence 
region bind to the cytoplasmic surface of the AChR 
(Ratnam et al., 1986b; Maelicke et al., 1989). 
Nonconservative substitution of cysteine residues 
in the region MA of the a-subunit (residues Cys,,, 
and Cys,,,) with bulky substituents such as phe- 
nylalanine had little effect on the function of the 
resulting mutated AChR, suggesting that the pu- 
tative helix MA was not functionally involved in 
ion channel formation (Pradier et al., 1989). That 
MA may not have a transmembrane disposition is 
also supported by the disappearance of antibody 
epitopes comprised of this region after trypsin 
treatment of native AChR (Roth et al., 1987), and 
by the results of experiments where the trans- 
membrane disposition of the different putative 
transmembrane regions of the AChR, including 
MA, was deduced using proteolysis protection 
assays of fusion proteins containing a reporter 
group fused after the nucleic acid sequence en- 
coding each putative transmembrane domain 
(Chavez and Hall, 1992). 

1. Segments M1 and M2 May Be 
Involved in Formation of the Ion 
Channel 

Hydropathy analysis of the primary structures 
of Torpedo AChR subunits led to suggestions 
regarding the possible participation of putative 
transmembrane segments MI and M2 (Noda et 
al., 1983c) or M3 (Devillers-Thiery et al., 1983) 
in the formation of the ion channel. Based on the 
presence of polar, uncharged amino acids in these 
putative a-helical domains, it was proposed that 
M1 and M2 were the most likely candidates for 
channel formation (Noda et al., 1983~). An alter- 
native model postulated M3 as a channel-forming 
structure (Devillers-Thiery et al., 1983). 

Two main experimental approaches have been 
used in attempts to correlate the transmembrane 

segments with channel structure. The first is based 
on the molecular biological techniques of dele- 
tion mutations, point mutations, and the synthesis 
or chimeric receptors (reviewed in Claudio, 1989). 
The second involves photoaffinity labeling utiliz- 
ing channel-specific blockers (reviewed in Karlin 
et al., 1986; Claudio, 1989; Stroud et al., 1990; 
Galzi et al., 1991). 

The possible role of the four putative trans- 
membrane domains in channel formation was first 
studied by making a series of deletion mutations 
in the a-subunit (Mishina et al., 1985). Because 
deletion of any of these domains yielded nonfunc- 
tional AChRs, those experiments did not identify 
possible channel lining sequences. Chimeric Tor- 
pedo-calf AChRs were used to investigate the 
effects of mutations in the &subunits (Imoto et 
al., 1986). Mutations in the M2 region and the 
adjacent segment linking M2 and M3 profoundly 
affected channel conductance and conferred Tor- 
pedo-like or bovine-like channel properties to the 
resulting chimeric or mutated AChRs (Imoto et 
al., 1986; see also Hucho, 1986). Removal of a 
negative charge at the amino terminal (putative 
intracellular) end of M2 resulted in a reduction of 
the outward current through the channel and had 
a lesser effect on the inward current. Conversely, 
removal of one or more negative charges at the 
carboxyl-terminal, putative extracellular end of 
M2 caused a greater reduction of the inward than 
the outward current (Imoto et al., 1988). Thus, 
rings of negative charge at either end of this seg- 
ment are important determinants of channel con- 
ductance. 

Point mutations were introduced in the M2 
segment of mouse AChR to investigate the role of 
serine residues within this domain on the duration 
of the block by QX-222, a relatively pure open- 
channel blocker (Leonard et al., 1988). The ap- 
parent affinity of QX-222 decreased proportion- 
ally to the number of mutated serines, further 
implicating M2 in channel formation. These re- 
sults led to a model in which QX-222 binds within 
an ion channel formed by M2 helices contributed 
by each of the subunits (Leonard et al., 1988; 
Chamet et al., 1990). 

Imoto et al. (1991) altered the size and polar- 
ity of uncharged polar amino acids between the 
putative cytoplasmic and extracellular negatively 
charged rings of M2. They concluded that the 
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threonine and serine residues contained in the M2 
segments of a-, p-, y-, and S-subunits line a short, 
narrow channel close to the cytoplasmic side of 
the membrane. Further studies on Torpedo AChRs 
expressed in Xenopus oocytes, carrying muta- 
tions of charged and polar amino acids in three 
anionic rings (extracellular, intermediate, and 
cytoplasmic), suggested that amino acids in the 
intermediate ring may be part of a cation selectiv- 
ity filter (KOMO et a]., 1991). 

Mutation of amino acid residues to cysteine 
followed by expression and chemical modifica- 
tion of the new thiol groups has been utilized in 
structural and functional studies of a number of 
proteins such as an aspartate-binding protein (Fake 
et al., 1988; Pakula and Simon, 1992), colicin 
(Todd et al., 1989; Jakes et al., 1990), and 
bacteriorhodopsin (Altenbach et al., 1990). This 
approach has been applied to the M2 region of the 
mouse muscle a-subunit (Akabas et al., 1992), 
where nine consecutive residues (at position 241- 
250) were singly mutated to cysteine, and the 
resulting mutated a-subunit was expressed in 
oocytes in combination with wild-type p-, y-, and 
S-subunits. Following chemical modification, 
voltage-clamp currents were recorded. The re- 
sults showed that the alternating residues Ser,,,, 
Leu,,,, Ser252, and Thr254 are exposed in the closed 
channel. This suggests a p-strand structure for 
this region of M2 rather than an a-helix as was 
generally assumed. Thus, a channel comprised 
(partly or entirely) of M2 segments from five 
subunits would consist of some form of P-barrel 
structure. Given these results, it is a noteworthy 
caution that predictive methods for the structure 
of putative membrane spanning regions may err. 

The M2 domain has also been implicated in 
channel formation in the neuronal AChR formed 
by a 7  subunits. Mutation of Leu,, to threonine 
altered activation and desensitization properties 
and the pharmacological profile of the resulting 
AChR (Revah et al., 1991; Bertrand et al., 1992). 
It was suggested that in the desensitized state of 
wild-type AChR, Leu,,, blocks the ion channel, 
but that mutation to a threonine renders this state 
conductive. 

Photoaffmity-labeling studies using noncom- 
petitive inhibitors have been conducted in several 
laboratories. The local anesthetic, 3H-TPMP+, la- 
bels ser,,, of the S-subunit, ser,,, of the p-sub- 

unit, and Ser,,, of the a-subunit, all of which are 
within the M2 domain (Oberthur and Hucho, 1988; 
Hucho, 1986). 3H-Chlorpromazine has labeled 
serine residues within the M2 domains of all sub- 
units (positions 6262, p-254, a-248, and y-257), in 
addition to leucines at positions J3-257 and y-260 
and threonine at y-253 (Giraudat et al., 1986, 
1987, 1989; Revah et al., 1990). These results 
agree with those of mutagenesis studies that im- 
plicate M2 as a channel-forming sequence. How- 
ever, as pointed out by DiPaola et al. (1990), there 
are pitfalls in the interpretation of the photoaffinity- 
labeling results, as neither TPMP' nor chlor- 
promazine have been conclusively demonstrated 
to bind within the ion channel. Furthermore, the 
studies summarized above used AChR in the rest- 
ing or desensitized states rather than the open- 
channel state. 

Time-resolved photoaffinity labeling by 
3H-quinacrine azide has been used in an at- 
tempt to label AChR in the open-channel con- 
formation (DiPaola et al., 1990). The segment 
a208-243 was labeled, which encompasses the 
M1 domain, but not M2. The time frame of these 
experiments was sufficiently fast (irradiation 
within 20 ms of mixing AChR with ACh and 
3H-quinacrine) to evade the faster phases of de- 
sensitization (reviewed in Ochoa et al., 1989). 
However, under the conditions used for prepara- 
tive labeling, the saturating concentrations of ACh 
used make it likely that the flux response would 
be extremely fast, rendering it debatable whether 
the channels would still be open at the time of 
irradiation. 

C. Putative Cytoplasmic Domain 
between the Transmembrane Segments 
M3 and M4 

This sequence region is highly divergent be- 
tween different a- and P-subtypes (reviewed in 
Claudio, 1989), and it is particularly long in the 
a 4  subunit (Goldman et al., 1987). This segment 
may be involved in the differential functional 
characteristics that each a- and P-subunit confer 
to the resulting AChR complexes. The carboxyl- 
terminal part of this sequence region corresponds 
to the proposed MA amphipatic helix described 
in Section 1V.B. The amino terminal part forms a 
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cytoplasmic domain, because several studies us- 
ing sequence-specific antibodies recognizing dif- 
ferent parts of this sequence region in different 
AChR subunits (sequences a304-322, a330-346, 

358, p368-406, and $360-377), in both Torpedo 
and muscle AChRs, consistently found a cyto- 
plasmic location of antibody binding (Ratnam et 
al., 1986a, b; Young et al., 1985; Kordossi and 
Tzartos, 1987; LaRochelle et al., 1985; Lei et al., 
1 992). 

A cytoplasmic disposition of this sequence 
region is also supported by results of experiments 
where the transmembrane topology of the differ- 
ent putative transmembrane regions of the AChR, 
Ml-M4 and MA, was deduced using proteolysis 
protection assays of fusion proteins containing a 
reporter group fused after the nucleic acid se- 
quence encoding each putative transmembrane 
domain (Chavez and Hall, 1992). 

In conflict with the conclusion that most or all 
of the region between M3 and M4 is involved in 
the formation of the cytoplasmic domain, a study 
that determined the sequence of AChR fragments 
released after brief proteolytic treatment of se,aled 
AChR-rich membrane vesicles concluded that the 
sequences a341-380, p351-385, y353-414, and 
6328-341, fragments of which were quickly re- 
leased by trypsin treatment, are exposed on the 
extracellular surface (Moore et al., 1989). 

a332-350, a339-378, a349-364,01360-378, p350- 

D. Carboxyl Terminus 

The transmembrane disposition of the COOH 
terminus of the AChR subunits has been investi- 
gated by immunological, biochemical, and ge- 
netic approaches. 

The results of studies using monoclonal anti- 
bodies directed against the carboxyl terminus of 
different AChR subunits consistently supported a 
cytoplasmic location of the carboxyl terminus, 
because the antibodies bound to the cytoplasmic 
side of the postsynaptic membrane (Young et al., 
1985), or, in immunochemical assays, bound only 
after treatment of the AChR-rich sealed mem- 
brane microsacs with membrane-permeabilizing 
agents (Ratnam and Lindstrom, 1984; Lindstrom 
et al., 1984). An alternative explanation of the 

latter results could be that the carboxyl terminus 
is extracellular but not available to antibody bind- 
ing in its native conformation. 

Opposite results were consistently obtained 
by nonimmunological approaches. Several stud- 
ies took advantage of the fact that Torpedo AChRs 
exist as dimers held together by a disulfide bridge 
occurring between the penultimate residue of the 
&subunit of each monomer, which are cysteines 
(DiPaola et al., 1988). Different studies using 
membrane-impermeable agents and sealed AChR- 
containing vesicles all indicated that disulfide 
bridges holding together AChR dimers can be 
reduced from the extracellular surface (Dunn et 
al., 1986; McCrea et al., 1987; DiPaola et al., 
1988, 1989). In another study (Dwyer, 1991), 
residue Lys,,, of the y-subunit, which is on the 
carboxyl-terminal side of the transmembrane do- 
main M4, could be labeled with membrane-im- 
permeable reagents in sealed AChR-rich microsacs 
from Torpedo electric organ, indicating that this 
residue, and therefore the carboxyl terminus of 
the y-subunit, is extracellular. 

A recent study (Chavez and Hall, 1992) in- 
vestigated the location of the carboxyl terminus 
of the a- and &-subunits of mammalian muscle 
using fusion proteins containing a prolactin re- 
porter sequence attached downstream of the M4 
region. The orientation of the prolactin domain 
relative to the microsomal membrane was deter- 
mined by a proteolysis protection assay. This study 
concluded that the carboxyl termini of the a- and 
&subunits are located on the lumenal side of 
microsomal vesicles, which is the topological 
equivalent of the extracellular space. 

V. PENTAMERIC QUATERNARY 
STRUCTURE OF THE AChRs 

The muscle-type AChR of Torpedo electric 
organ is composed of four subunits - a, p, y, and 
6. The subunit stochiometry of Torpedo AChR 
was directly determined by two different ap- 
proaches. Amino acid analysis of subunits ex- 
tracted from analytical sodium dodecyl sulfate 
(SDS) gels first indicated that the relative ratio of 
the a-, p-, y-, and &-subunits is approximately 
2: 1:l:l (Lindstrom et al., 1979). Simultaneous 
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quantitative amino-terminal microsequencing of 
the subunits present in SDS denaturated purified 
AChR (Raftery et al., 1980), directly demonstrat- 
ing that the four subunits form a pseudosymmetric 
pentameric complex (a)#y& A similar subunit 
stoichiometry was obtained for the AChRs from 
Electrophorus electric organ (Conti-Tronconi 
et al., 1982a) and from fish, calf, and chicken 
muscle (Conti-Tronconi et al., 1982b, 1984, and 
unpublished observations). 

Functional neuronal AChRs can be either 
homomeric complexes, such as the complexes of 
the chick brain a 7  subunit (Couturier et al., 1990b) 
and the a-BGT-sensitive AChRs of Drosophila 
(Sawruck et al., 1990a, b) and locust (Marshall 
et al., 1990), or heteromeric complexes composed 
of a- and P-subunits (reviewed in Deneris et al., 
1991). A pentameric structure for the neuronal 
AChRs is implied by the molecular size of the 
intact receptors (Conti-Tronconi et al., 1985; Smith 
et al., 1985; Whiting and Lindstrom, 1986, 1987, 
1988; Whiting et al., 1987a, 1991). Direct evi- 
dence for a pentameric structure for the a4@2 
AChR subtype has been provided using two dif- 
ferent approaches. Quantitative 35S-methionine 
incorporation was used by Lindstrom and co- 
workers to determine the stoichiometry of a 4  and 
p2 subunits expressed in fibroblasts (Whiting et 
al., 1991) and Xenopus oocytes (Anand et al., 
1991). Their results indicated a relative subunit 
ratio of 2:3 for the a 4  and p2 subunits, respec- 
tively. The same subunit stoichiometry was deter- 
mined using site-directed mutagenesis of the a 4  
and P2 subunits to create hybrid AChR com- 
plexes with distinguishable electrophysiological 
characteristics (Cooper et al., 1991). By quanti- 
tating the hybrid channels formed, a pentameric 
complex of ( ~ ~ 4 ) ~ ( p 2 ) ~  was deduced. 

VI. TRIDIMENSIONAL STRUCTURE OF 
THE AChR FROM TORPEDO ELECTRIC 
ORGAN 

The tridimensional shape of the AChR from 
Torpedo electric organ has been determined by 
different approaches, including electron micros- 
copy and low-dose electron microscopy of nega- 
tively stained AChR molecules - obtaining both 

top views of the extracellular portion of the AChR 
and lateral views of individual molecules - 
metal replicas of freeze-fractured or freeze-etched 
postsynaptic membranes, X-ray diffraction of 
two-dimensional crystalline arrays of AChR in 
postsynaptic membrane fragments, and, more 
recently, scanning tunneling microscopy (STM) 
imaging. Detailed reviews of these structural 
studies are reported in Mitra et al. (1989), Unwin 
et al. (1988), Stroud, et al. (1990), and Bertazzon 
et al. (1992). We summarize here only the over- 
all conclusions of those studies, which all yielded 
consistent, similar pictures of the AChR, although 
at different resolutions (between 22 and 1 1.25 A 
in the more recent studies [Mitra et al., 1989; 
Unwin et al., 1988; Bertazzon et al., 1992]), and 
consequently with different degrees of structural 
detail. 

The AChR is almost cylindrical (mean diam- 
eter of -65 A in the extracellular and transmem- 
brane part, while it is narrower on the cytoplasmic 
side [Brisson and Unwin, 19851). The total length 
of the AChR was originally estimated to be -140 A 
(Brisson and Unwin, 1985). In improved density 
maps obtained by low-density electron micros- 
copy and X-ray diffraction (Mitra et al., 1989), 
the estimated total length of the molecule was 
115 A in native AChR and 130 A after alkali 
treatment (the increased dimensions are probably 
due to disordering of the protein domains induced 
by alkali treatment). 

Native, nondesensitized AChR molecules are 
almost perfectly symmetrical: all subunits are rod- 
shaped structures that lie approximately perpen- 
dicular to the plane of the membrane. They are 
arranged symmetrically around the central pore 
and extend radially toward the surrounding lipids 
by the same distance from the center (Unwin 
et al., 1988; Mitra et al., 1989). They surround a 
water-filled opening, presumed to be the ion chan- 
nel, along the axis of the AChR molecule (Kistler 
et al., 1982); Brisson and Unwin, 1985). The 
pentagonal symmetry of the AChR is most per- 
fect in the transmembrane region and over the 
contiguous regions of the extracellular side 
(Brisson and Unwin, 1985; Unwin et al., 1988). 
Exposure to carbamylcholine (Carb) and conse- 
quent AChR desensitization reduces the AChR 
symmetry because of rearrangement and protru- 
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sion from the center of two subunits that were 
proposed to be the y- and &subunits, assuming 
that the P-subunit lies between the two a-sub- 
units (Unwin et al., 1988), and assumption that 
may or may not be true (Claudio, 1989). The 
almost perfect pentameric symmetry of the AChR 
is also indicated by the angle separating the two 
a-subunits (144 f 4O), which corresponds pre- 
cisely to two sectors of a pentagon (Fairclough 
et al., 1983). Such symmetry and the strong se- 
quence homology of the AChR suggest that the 
individual AChR subunits fold across the mem- 
brane in a similar way and that they have similar 
tertiary structure along the subunit/subunit inter- 
faces. The symmetric organization might have 
an important role for coordinated movement of 
all subunits around the channel and switching to 
different functional states in response to ligand 
binding (Brisson and Unwin, 1985), as it occurs 
to the gap junction subunits after exposure to 
physiological stimuli (Unwin and Ennis, 1984). 
The lateral dimensions of the AChR in its trans- 
membrane portion (cross-sections in this region 
have an area of 540 to 550A2) is compatible 
with the close packing of four or five a-helices 
extending through the membrane (Brisson and 
Unwin, 1985; Stroud et al., 1990). 

The AChR subunits are asymmetrically 
placed in relation to the bilayer because they 
have two to three times more of their combined 
mass on the synaptic than on the cytoplasmic 
side (Kistler et al., 1982; Brisson and Unwin, 
1985). A relatively detailed tridimensional struc- 
ture of the extracellular domain of the AChR has 
been obtained to date by electron microscopy 
and STM approaches. It forms a cylindrical “ves- 
tibule”, which extends 54 8, above the plane of 
the membrane (Mitra et al., 1989) in the native 
postsynaptic membrane. The individual height 
of the subunits above the plane of the synaptic 
membrane ranges from 50 to 60 A, and the total 
outer diameter from 74 to 81 A. The part of the 
channel contained in this vestibule is relatively 
uniform in diameter (25.5 8, in Mitra et al. [ 19891 
and 30 8, in Brisson and Unwin [ 1985]), while it 
becomes more narrow and difficult to follow as 
it approaches the cytoplasmic domain (Kristel et 
al., 1982; Brisson and Unwin, 1985). The walls 
surrounding the cylindrical channel contained in 

the vestibule are 24.5 If: 1.5 A thick (Stroud et 
al., 1990), which would exactly accommodate 
the dimensions of an antiparallel P-barrel struc- 
ture predicted on the basis of amphipatic sec- 
ondary structure analysis for the extracellular 
domain of Torpedo AChR (Finer-Moore and 
Stroud, 1984). 

The structure summarized above emerging 
from electron imaging and X-ray diffraction of 
AChR-rich membranes has been recently con- 
firmed and detailed by STM imaging of Torpedo 
postsynaptic membrane fragments (Bertazzon et 
al., 1992), which yielded a detailed picture of the 
extracellular domain of the AChR. The average 
outer diameter is 69 rt 10 A, while the central 
cavity, taken on contour maps of filtered images 
at the largest delimiting line, is 26 rt 7 A. Con- 
tour maps of STM images of single molecules 
yielded further structural details. The total height 
above the background is 50 A, close to the di- 
mensions reported earlier for the extracellular 
moiety of the molecule (Brisson and Unwin, 
1985; Mitra et al., 1989; Stroud et al., 1990). 
Five peaks can be observed, two of which are 
poorly resolved. The major peak protrudes about 
15 8, from the largest contour line delimiting the 
central pit. On the opposite side of the central 
opening, a second peak protrudes -9 A. On the 
left side of the AChR molecule (as defined by 
the two above peaks), there are two poorly re- 
solved peaks: the lower protrudes 3 8, and the 
upper protrudes 9 8, above this same plane. On 
the right side, a peak protruding to -6 %, can be 
observed. It may be assumed that these five peaks 
are related to the five subunit domains. The av- 
erage width of the walls of the pseudosymmetric 
rosette surrounding the central pit is 25 A. This 
contour image closely matches those previously 
reported from hybrid maps (Mitra et al., 1989). 

VII. STRUCTURE OF CHOLINERGIC 

WITH AFFINITY LABELS AND 
EXPRESSION OF MUTANT AChR 
SUBUNllS 

LIGAND-BINDING SITES: STUDIES 

The AChR has two distinct binding sites for 
agonists and competitive antagonists that are 
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believed to reside primarily on the two a-sub- 
units. The a-subunit of Torpedo AChR was 
identified as containing an a-BGT binding site 
by 1251-a-BGT labeling of protein blots after 
SDS gel electrophoresis (Haggerty and 
Froehner, 1981; Tzartos and Changeux, 1983; 
Gershoni et al., 1983). Also, Torpedo AChR 
expressed in Xenopus oocytes does not bind a- 
BGT unless the a-subunit is expressed (Mishina 
et al., 1984). Other AChR subunits may con- 
tribute to the formation of these and perhaps 
other cholinergic sites, as discussed in Section X. 

A. Potential Sulfhydryl/Disulfide 
Groups Involved in Ligand Binding 

A sulfhydryl group within 1 nm of the bind- 
ing site for ACh on the AChR is specifically 
labeled with cholinergic affinity labels such as 
4-(N-maleimido)benzyltri [3H]-methylammonium 
(,H-MBTA) and bromoacetylcholine (BAC) 
(reviewed in Maelicke, 1988; Claudio, 1989). 
Alkylation with these ligands blocks a-BGT 
binding and AChR function. They label the AChR 
a-subunit (reviewed in Maelicke, 1988; Claudio, 
1989). 

Three potential disulfide bonds exist in the 
Torpedo AChR a-subunit that can be labeled 
with disulfide reagents and distinguished on 
the basis of their sensitivity to reduction: they 
are formed by the Cys pairs Cys,,,/Cys,,,, 
Cys,,,/Cys,,,, and C~s,,$Cys,,, (Kao et al., 
1984; Kao and Karlin, 1986; Mosckovitz and 
Gershoni, 1988). Cys,,,/Cys,,, and Cys,,,/Cys,,, 
are within the amino-terminal putative extra- 
cellular domain, and Cys,,,/Cys,,, within M4 
(Noda et al., 1982). A free cysteine at position 
222, which when alkylated blocks the ion chan- 
nel, has been associated with a hydrophobic 
pocket (Huganir and Racker, 1982; Yee et al., 
1986; Clarke and Martinez-Carrion, 1986). 
Models have been proposed in which Cys,,,/ 
Cys,,, or Cys,,,/Cys,,, were within the cholin- 
ergic binding site (Noda et al., 1982; Smart et 
al., 1984; Criado et al., 1985; Kao et al., 1984; 
Kao and Karlin, 1986). 

That Cys,,,/Cys,,, could be within the cho- 
linergic site was first proposed based on theoreti- 

cal modeling of the AChR sequence (Noda et al., 
1982; Smart et al., 1984). Mutations of either 
Cys,,, or Cys,,, of the Torpedo a-subunit resulted 
in undetectable levels of a-BGT binding and no 
detectable response to ACh (Mishina et al., 1985). 
However, Sumikawa and Gehle (1992) demon- 
strated that mutation of either Cys,,, or Cys,,, 
causes a lower efficiency of complex assembly 
and membrane incorporation, but the few com- 
plexes that do form with either mutant a-subunit 
are responsive to ACh, although insensitive to 
~ - B G T .  Therefore, in the native A&R,  an intact 
disulfide bond of the Cys loop is important for 
formation or accessibility of the a-BGT binding 
site. 

Residues Cys,,, and Cys,,, of the Torpedo 
a-subunit were identified by amino acid sequenc- 
ing as the disulfide pair specifically labeled by 
the cholinergic affinity labels ,H-MBTA and 
3H-p-(dimethylamino)-benzenediazonium fluoro- 
borate (DDF) following reduction (Kao and 
Karlin, 1986; Dennis et al., 1988). The ability of 
a-BGT and MBTA to mutually inhibit labeling 
(Kao et al., 1984; Gershoni et al., 1983) suggests 
that they bind to a common site. When either 
Cys,,, or Cys,,, were mutated to serine and 
coexpressed with the other Torpedo AChR sub- 
units in Xenopus oocytes, a-BGT binding was 
reduced by 60 to 70% (Mishina et al., 1985). 
However, the role of a disulfide bond between 
Cys,,, and Cys,,, in the formation of this ligand- 
binding site remains elusive. In the intact Tor- 
pedo AChR, reduction, or reduction and alkyla- 
tion, does not change the number of a-BGT 
binding sites (Moore and Raftery, 1979; Walker 
et al., 1981). Similarly, selective alkylation of 
the vicinal cysteine residues with a large adduct 
does not interfere with the binding of a-BGT to 
the intact Torpedo a-subunit (Mosckovitz and 
Gershoni, 1988). Expression studies in Xenopus 
oocytes of Torpedo a-subunits carrying muta- 
tions of Cys,,, or Cys,,, also indicated that 
a-BGT binding can occur in the absence of an 
intact disulfide (Mishina et al., 1985). In addi- 
tion, the consensus of the results from binding 
studies of a-BGT to synthetic peptides (discussed 
in Section VII1.A) indicates that, although the 
sequence segment surrounding the vicinal Cys,,, 
and Cys,,, has an important role in forming a 

85 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



binding site for a-BGT, a vicinal disulfide bridge 
between Cys,,, and Cys,,, is not critical for 
a-BGT binding. 

B. Other Amino Acid Residues in 
Proximity to Cholinergic Ligand-Binding 
Sites Identified by Affinity Labeling 

Studies employing affinity labeling identi- 
fied other amino residues within the amino- 
terminal extracellular domain of the Torpedo 
a-subunit as involved in the formation of cho- 
linergic binding sites. Lophotoxin competes di- 
rectly with the a-BGT binding and covalently 
labels Tyr,,, of the AChR a-subunit via a reac- 
tive epoxide linkage (Abramson et al., 1989). 
The photoaffinity cholinergic reagent DDF la- 
bels Tyr,,, as efficiently as c y ~ ~ , ~  and Cys,,,, 
and to a lesser extent Trp149 and Tyr,, (Dennis 
et al., 1988; Galzi et al., 1990). 

Amino acid residues involved in the forma- 
tion of an agonist binding site(s) have been iden- 
tified by affinity labeling of Torpedo AChR with 
3H-ACh mustard (Middleton and Cohen, 1991) 
and a 3H-nicotine photoaffinity analog (Cohen 
et al., 1991). ,H-ACh (Middleton and Cohen, 
1991) and ,H-nicotine (Cohen et al., 1991) spe- 
cifically labeled Tyr,, and Tyr,,, of the a-subunit, 
respectively. Therefore, a binding site for ACh 
may be distinct from that for nicotine and other 
agonists, and formation of these (sub)sites may 
involve several sequence regions of the a-sub- 
unit. This conclusion is supported by studies us- 
ing monoclonal antibodies recognizing different 
epitopes within the cholinergic binding site. Com- 
petition studies using such antibodies indicate that 
different subregions within the cholinergic site 
may form the ligand binding interfaces for 
Carb, a-BGT, and S-tubocurare (Watters and 
Maelicke, 1983; Mihovilovic and Richman, 
1987). For example, antibodies that blocked 
both a-BGT and Carb binding to Torpedo 
AChR did not affect S-tubocurare binding, thus 
distinguishing between agonist and antagonist 
subsites, while another antibody did not affect 
agonist binding but inhibited -50% of a-BGT 
binding and the high-affinity 8-tubocurare bind- 
ing. 

VIII. STRUCTURE OF CHOLINERGIC 

IDENTIFICATION OF SEQUENCE 
SEGMENTS AND INDIVIDUAL 
RESIDUES CONTRIBUTING TO 
CHOLINERGIC BINDING SITES ON THE 

PROTEOLYTIC, SYNTHETIC, AND 
BlOSY NTH ETlC PEPTIDES 

LIGAND-BINDING SITES: 

a-SUBUNIT BY THE USE OF 

A. Studies on Torpedo AChR and 
Muscle AChRs from Different Species 

1. The Torpedo AChR a-Subunit 

Several laboratories have used proteolytic 
fragments (Wilson et al., 1984, 1985; Pederson 
et al., 1986; Oblas et al., 1986; Neumann et al., 
1986a), synthetic peptides (Neumann et al., 1986b; 
Ralston et al., 1987; Wilson et al., 1988; Wilson 
and Lentz, 1988; Conti-Tronconi et al., 1988, 
1989, 1990a, 1991; McLane et al., 1990a, b, 
1991a-d,1993; Gotti et al., 1987,1988; Greisman 
et al., 1990), and biosynthetic peptides (Barkas 
et al., 1987; Aronheim et al., 1988; Ohana and 
Gershoni, 1990; Ohana et a]., 1991) to locate 
sequence regions of the Torpedo AChR a-sub- 
unit able to bind a-BGT and perhaps other cho- 
linergic ligands. Such continuous peptide se- 
quences, able to form independent ligand-binding 
sites in the absence of surrounding structural ele- 
ments, have been called “prototypes” (Wilson 
et al., 1988). 

Proteolytic mapping of the Torpedo AChR 
a-subunit was initially used to study the cholin- 
ergic and a-BGT binding site(s) (Wilson et al., 
1984, 1985; Oblas et al., 1986; Pederson et al., 
1986; Neumann et al., 1985, 1986a). The results 
of those studies are summarized in Table 4. 

Synthetic peptides have been used widely to 
investigate the sequence requirements of the 
cholinergic site that binds a-BGT. Atassi and co- 
workers identified several sequence segments 
of the Torpedo AChR a-subunit that bound 
a-BGT- a125-148, a182-198, and a388- 
408 (McCormick and Atassi, 1984; Mulac- 
Jericevic and Atassi, 1987; Atassi et al., 1988). 
While a-BGT binding to peptides containing the 
Cys-Cys loop (Cys,,$Cys14,) and the sequence 
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Table 4 
Proteolytic Mapping of the Cholinergic Binding Site on the Torpedo 01 Subunit Using 
V8 Protease 

Fragment binding Residues identified Other binding 
a-BGT within the peptide fragment ligands Ref. 

18 kDa 
20 kDa 
17 kDa 
19 kDa 
18 kDa 
18 kDa 

Asn,,,, CYSlZB, CYS142 None Pederson et al., 1986 
cYs192f cYs193 d-TC Pederson et al., 1986 
Asn,,,, CYSIZB. CYS142 None Oblas et al., 1986 
cYs192, cYs193 MBTA Obfas et at., 1986 
CYS192, CYS193 MBTA Wilson et a}., 1984, 1985 
Residues 169-1 81 None Neumann et al., 1985, 1986a 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., Conti-Tronconi, B. M., and Raftery, M. A. The 
nicotinic acetylcholine receptor as a model of a superfarnify of ligand gated ion channel proteins. In: 
Handbook for Profein and Peptide Design, Carey, P. R., Ed., Copyright @ 1995 by Academic Press, Inc. 
With Permission. 

a388-408 has not been reproducible, several stud- 
ies confirmed that the sequence region of the 
Torpedo a-subunit flanking the vicinal Cys resi- 
dues at position 192 and 193 forms a prototype 
for a-BGT (Neumann et al., 1986b; Ralston et al., 
1987; Wilson et al., 1988; Wilson and Lentz, 
1988; Conti-Tronconi et al., 1988, 1989, 1990a, 
1991; McLane et al., 1991a; Gotti et al., 1987, 
1988; Greisman et al., 1990). The results of those 
studies are summarized in Table 5. 

Conti-Tronconi et al. (1989, 1990a) further 
defined the structural elements of a-BGT binding 
site(s) on Torpedo AChR by testing a panel of 
overlapping synthetic peptides corresponding to 
the complete a-subunit sequence. Two sequence 
segments corresponding to a55-74 and a181-200 
bound Iz5I-a-BGT and several monoclonal anti- 
bodies that compete for a-BGT binding (Watters 
and Maelicke, 1983; Fels et al., 1986). Therefore, 
both sequence segments may contribute to a cho- 
linergic binding site recognized by a-BGT: the 
multipoint attachments of a-BGT to the a-sub- 
unit is the structural basis of the high-affmity 
a-neurotoxinlAChR complex. 

The structural characteristics of the Torpedo 
peptides 055-74 and a 1  8 1-200 have been studied 
by circular dichroism (CD) and fluorescence spec- 
troscopy (Conti-Tronconi et al., 1991; Raftery et 
al., unpublished observations). Both peptides have 
a high content of P-sheet and p-turn (Table 6).  
Differential CD spectroscopy, in the presence and 
absence of a-BGT, indicates that peptides 

a55-74 and a181-200 undergo structural changes 
upon a-BGT binding, with a net increase in the 
p-structure component (Conti-Tronconi et al., 
1991). These structural changes may reflect a 
mechanistic basis for the essentially irreversible 
inactivation of the AChR by a-BGT. 

Noncompetitive AChR inhibitors bind to at 
least three sites on the Torpedo AChR: (1) a 
binding site for ACh, (2) a high-affinity site within 
the ion channel, and (3) several low-affinity bind- 
ing sites. Sequence regions contributing to bind- 
ing sites for the noncompetitive inhibitor 
phencyclidine (PCP) have been identified using 
synthetic peptides corresponding to amino acid 
residues a72-227 on the Torpedo AChR a-sub- 
unit (Donnelly-Roberts and Lentz, 1991). PCP 
bound a 56-mer synthetic peptide (a172-227) and 
two shorter peptide segments (a173-204 and 
a205-227). Two distinguishable sites that bind 
PCP within this region were identified - a low- 
affinity site within amino acid residues a173- 
204, competitive with a-BGT, and a high-affinity 
site within residues a205-227. The latter segment 
contains the transmembrane segment M1, which 
may be exposed to the inner lining of the ion 
channel (as discussed in Section IV.B.l). Both 
high- and low-affinity PCP binding were inhib- 
ited by other noncompetitive inhibitors, chloro- 
promazine, tetracaine, and dibucaine, suggesting 
that PCP specifically binds to a common binding 
site for noncompetitive inhibitors. This study 
clearly indicated that the use of synthetic peptide 
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Table 5 
Mapping of the Cholinergic Binding Site on the a Subunit of AChRs from Torpedo Electric 
Organ and Vertebrate Muscle Using Synthetic Peptides and Fusion Proteins 

Isolated a 
subunitb 

a1 73-204 

a185-196 

a125-148 

a1 82-1 98 

a3 8 8 - 4 0 8 

a[Lys]388-408 

a1 72-205 
a1 85- 1 99 
a1 73-204 
AChR 

Isolated a 
subunit 

a1 73-204 

a1 81 -1 98 
a1 85-1 96 
a1 93-204 
a1 73-1 80 
a1 94-204 
a1 79-1 92 
AChRC 

Isolated a 
subunit 

a1 73-204 

a1 81 -1 98 
a1 79-1 92 
a1 85-1 96 
a1 86-1 96 
a1 93-204 
a1 73-1 80 
a1 94-204 
a1 81 -200 

88 

Source 

Torpedo 

Torpedo 

Torpedo 

Torpedo, 
human 

Torpedo 

Torpedo 

Torpedo 

Torpedo 
Torpedo 
Torpedo 
Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Torpedo 

Apparent & or IC,. Type of assay 

Synthetic Peptides 

100-200 n M 

500 nM; 
IC, for d-TC: 2 mM 

inhibited by 10 mM d-TC 
35 pM 

150 nM 

lCs0: 70 nM 

IC,: 100 nM 

1 phn; 

200 nM 
20 pM 
500 nM 
0.4 nM 

IC, for d-TC: 500 mM 

46 nM 

42 nM 
(10 nM with 0.01% SDS); 
lCs0: 86 pM for d-TC, 
8 mM for nicotine, 
16 mM for NaCl 
44 nM for a-cobratoxin 

20 pM 
24 pM 
24 pM 
>I00 pM 
>lo0 pM 
>lo0 pM 
3 nM 

10 nM 

100 nM 

IC,: 9 pM 
IC,: 17 pM 

13 pM 
IC,: 22 pM 
87 pM 
>400 pM 
A 0 0  pM 
1-3 pM 

Membrane blot assay 

Membrane blot assay 

Peptide-conjugated 

Peptide-conjugated 

Peptide-conjugated 

Peptide-conjugated 

Peptide-conjugated 

Membrane blot assay 
Membrane blot assay 
Membrane blot assay 
Plate assay 

sepharose 

sepharose 

sepharose 

sepharose 

sepharose 

Plate assay 

Plate assay 

Plate assay 

Ref. 

Gershoni et al., 1983; 
Haggerty and Froehner, 
1981 ; 
Oblas et al., 1986 

Wilson et al., 1985 

Neumann et al., 1986b 

McCormick and Atassi, 

Mulac-Jericevic and 

Atassi et al.. 1988 

1984 

Atassi, 1986 

Gotti et al., 1987 

Ralston et al., 1987 
Ralston et al., 1987 
Wilson et al., 1985 
Wilson et al., 1988; 

Wilson et al., 1988; 

Wilson et al., 1988; 

Wilson and Lentz, 1988 

Wilson and Lentz, 1988 

Wilson and Lentz, 1988 

Wilson et al., 1988; 
Wilson and Lentz, 1988 

Competition assay with 

Competition assay with 

Competition assay with 

Competition assay with 

Wilson et al., 1988 

Wilson et al., 1988 

Wilson et al., 1988 

Wilson et al., 1988 

Torpedo AChR 

Torpedo AChR 

Torpedo AChR 

Torpedo AChR 

Cornpetition assay with Wilson et al., 1988 
Torpedo AChR 

Membrane blot assay Conti-Tronconi 
et al., 1990a, 1991 
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Table 5 (continued) 
Mapping of the Cholinergic Binding Site on the a Subunit of AChRs from Torpedo Electric 
Organ and Vertebrate Muscle Using Synthetic Peptides and Fusion Proteins 

a181 -199 
a1 85-1 99 
a1 93-208 
a1 77-1 92 

a1 73-204 

a1 73-204 

a1 79.1 91 * 
al79-191 

a1 81 -200 
a1 81 -200 
a1 81 -200 
a1 81 -200 
a1 81 -200 
a1 8 1 -200 

a1 60-21 6 
Isolated a 
subunit 
a1 66-31 5 
al66-200 
a1 84-1 96 

a1 84-200 

a1 83-204 

Source 

Human 

Human 

Bovine 

Human 

Bovine 

Frog 
Chicken 
Mouse 
Calf 
Human 
Cobra 

Mouse 
Torpedo 

Torpedo 

Torpedo 
Xenopus 
Chick 
Mouse 
Calf 
Human 
Cobra 

Apparent & or ICma Type of assay 

Synthetic Peptides (continued) 

25 pM Membrane blot assay 
80 pM 
Inactive 
40% binding of a1 85-1 99 

1 CIM Plate assay 

IC, for d-TC: 48 1M 
226 n M  Plate assay 

IC,, for d-TC: 250 pM 
aCTX 100 n M 
ErabuT a inactive TrD fluorescence 

(861 nM with 0.01 % SDS); 

(48 n M  with 0.01 o/o SDS); 

Quenching of intrinsic 

aCTX 50 n M 
ErabuT a 50 nM 
ICs0: 1-2 pM 
ICs0: 1-2 pM 
IC,,: -150 pM 
ICs0: -150 pM 
lCso: -150 pM 
Inactive 

75 n M  
-20 n M  

-20 n M  
-20 n M  
-400 n M  
-20 n M  

Quenching of intrinsic 
Trp fluorescence 

Competition assay with 
Torpedo AChR 

Fusion Proteins 

Filtration assay 
Filtration assay 

Membrane blot assay 
C5,: 600 pM DTC 
ICs0: 20 m M Carb 
ICsD: 3 pM aCTX 
63 nM Membrane blot assay 
536 nM 
150 n M  
3200 n M  
6200 n M  
6470 n M  
Inactive 

Ref. 

Griesman et al., 1990 

Wilson and Lentz, 1988 

Wilson and Lentz, 1988 

Radding et al., 1988 
Radding et al., 1988 

McLane Ot al., 1991 b 

Barkas et al., 1987 
Aronheim et al., 1988 

Aronheim et al., 1988 

Ohana and Gershoni, 
1990 

Ohana et at., 1991 

a K,s were obtained when direct binding of a-BGT (or a-cobratoxin or erabutoxin-a; see footnote b) to peptides immobilized on 
a solid support was measured. IC,s were obtained when competition assays were used, measuring the ability of the synthetic 
or biosynthetic sequence to compete with native AChR for cholinergic ligand binding. Unless specified (see footnote #2), 
a-BGT binding was measured. 
The affinity of a-BGT for the isolated a subunit of Torpedo AChR, measured in the same type of assay as the peptides listed 
in the box below, is reported for the sake of comparison. 

c The affinity of a-BGT for the intact Torpedo AChR, measured in the same type of assay as the peptides listed in the box below, 
is reported for the sake of comparison. 

d In these studies, the binding of a-cobratoxin and erabutoxin-a, not of a-BGT, was assessed. 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., Conti-Tronconi, B. M., and Raftery, M.A. The nicotinic acetylcholine receptor 
as a model of a superfamily of ligand gated ion channel proteins. In: Handbook for Protein and Peptide Design, Carey, P. R., Ed., 
Copyright 1995 by Academic Press, Inc. With permission. 
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Table 6 
Secondary Structure of Synthetic Sequences of Torpedo 
AChR a Subunit That Bind a-BGT, in the Absence and 
Presence of Denaturants 

Random 
Synthetic sequence a-Helix @Sheet @Turn Coil 

a55-74= 0 64.1 10.9 25 
65 -74  (GuCI, 7 M) 0 20.8 30.9 48.3 
a181-200b 0 68.1 14.8 17.1 
a1 81 -2OOc 11.5 47.7 28.3 12.5 
a181-200 (DTT, 10 m w c  8.5 58.3 27.1 16.1 
a181-200 (GuCI, 7 M) 0 76.5 12.3 11.2 

a 1 mg/ml in 10 mMTrisHCl buffer, pH 8.0. 
At pH 4.2. 
At pH 8.2. 

From McLane, K. E., Dunn, S. J. M., Manfredi, A. A., Conti-Tronconi, 
B. M., and Raftery, M. A. 1993. The nicotinic acetylcholine receptor as 
a model of a superfamily of ligand gated ion channel protein. In: Handbook 
for Protein and Peptide Design, Carey, P. R., Ed., Copyright 1995 by 
Academic Press, Inc. With permission. 

sequences is a powerful approach for studying the 
binding sites of multiple ligands. 

2. Muscle AChR a-Subunits 

1251-a-BGT binds to the sequence regions of 
human and calf muscle AChR a-subunits flank- 
ing Cyslg2/Cys,,, (Gotti et al., 1988; Griesman 
et al., 1990; Wilson and Lentz, 1988). The a-BGT 
binding properties of synthetic peptides corre- 
sponding to the sequence segment 18 1-200 from 
muscle AChR a-subunits of different species have 
been studied (McLane et al., 1991a) (Table 5). 
The Torpedo, frog, and chicken muscle synthetic 
sequences bound 1251-a-BGT with relatively high 
affinity (apparent 1C5& 1 to 2 CLM), whereas the 
mammalian muscle peptides (human, murine, and 
bovine) had lower affinity (apparent IC$ -15 clM> 
(McLane et al., 1991a). The use of a homologous 
peptide corresponding to the cobra muscle AChR 
a-subunit demonstrated that the snake insensitiv- 
ity to its own toxin may be due to the inability of 
this sequence segment to form a prototype for 
a-BGT (McLane et al., 1991a). 

A disulfide between Cys,,, and Cys,,, exists 
in the native Torpedo a-subunit (Kellaris et al., 
1989). A role of such a disulfide in a-BGT bind- 

ing to the synthetic sequences a18 1-200 of muscle 
AChRs from different species was tested by cys- 
teine/cystine modifications (McLane et al., 1991a). 
Reduction and alkylation reduced a-BGT bind- 
ing, whereas oxidation to a disulfide-containing 
peptide monomer had no effect. Therefore, a vici- 
nal disulfide is a possible structure formed by the 
synthetic peptides but is not critical for a-BGT 
binding. 

Nuclear magnetic resonance (NMR) spectros- 
copy studies of the low-affinity interaction of 
ACh with the peptide sequences Torpedo a184- 
200 and human a183-206 expressed in a TrpE 
fusion protein (Fraenkel et al., 1991) indicated 
that the quaternary ammonium methyl groups of 
ACh interact with Trp,,, of both peptides. This 
suggests that the a-BGT binding site formed by 
this sequence region is also a competitive binding 
site for ACh. 

B. Studies on Different Neuronal AChR 
Subtypes 

1. K- Toxin-Sensitive Neuronal A Ch Rs 

The deduced amino acid sequences for a num- 
ber of a- and P-subunits of avian and rodent 
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neuronal AChRs have been reported (see Section 
III.A.2 and Table 1). Different alp subunit pairs 
affect the pharmacological profile of the resulting 
AChR complex (Luetje et al., 1990b; Papke et al., 
1989; see also Section 1II.B and Table 2). 

Using overlapping peptides corresponding to 
the a3 subunit sequence, a potential constituent 
segment of the binding sites for K-bungarotoxin 
(K-BGT) and K-flavitoxin (K-FTX) was mapped 
to the sequence region a3(51-70) (McLane et al., 
1990a, 1993). K-BGT binds to this sequence with 
a K, of -300 nM, a-BGT does not bind to any a 3  
peptides. The sequence a3(5 1-70) contains sev- 
eral negatively charged residues that may interact 
with the Lys and Arg residues present in the 
disulfide-stabilized sequence loops of K-BGT 
believed to interact with the AChR. It also con- 
tains several aromatic amino acids, which are 
a consistent structural feature of the a-BGT, 
K-BGT and K-FTX binding prototypes. 

Two other largely overlapping peptide se- 
quences that bind K-BGT, a3(180-199) and 
a3( 183-201), were identified using a competition 
assay with native neuronal AChR on PC- 12 cells 
(most likely the a3/P2 subtype) (McLane et al., 
1990a). Both peptides contain the vicinal Cys pair 
and are homologous to, although relatively diver- 
gent from, the muscle-type a-BGT binding se- 
quence al 8 1-200 of different species. Therefore, 
also in the a3 neuronal AChR, the sequence re- 
gion surrounding the vicinal cysteines, which are 
the hallmark of the a-subunits, is likely to con- 
tribute to the cholinergic binding site. An involve- 
ment of this region of the a 3  subunit in K-BGT 
binding is supported by Xenopus oocyte expres- 
sion studies using a2/a3 chimeras (Luetje and 
Patrick, 1991; Luetje et al., 1992). Thus, like a-BGT, 
K-BGT appears to have multipoint attachments to 
the a3 subunit, and the segments of the a3 sub- 
unit contributing to the K-BGT and K-FTX bind- 
ing site are homologous to those contributing to 
that a-BGT site in the Torpedo a-subunits. 

2. a-Bungarofoxin-Sensifiwe Neuronal 
AChRs 

Synthetic peptides have been used to obtain 
clues about the neurotoxin sensitivity of neuronal 
AChRs containing a-subunits not successfully 

expressed in Xenopus oocytes as functional com- 
plexes, such as the a5 subunit. It is unclear if 
failure to demonstrate a-BGT binding to Xenopus 
ooxytes injected with a5 transcripts is the result 
of low levels of expression (Sumikawa and Gehle, 
1992), failure of assembly of complexes and/or 
membrane insertion, or if other unidentified sub- 
units are required for functional expression 
(Boulter et al., 1990a; Couturier et al., 1990a). 
However, a5 mRNA expression correlates di- 
rectly with the expression of neuronal a-BGT 
binding AChRs in several cell lines (Chini et al., 
1992). 

Overlapping peptides corresponding to the 
sequence region 171-205 of the a5 subunit, and 
of the mouse muscle a 1  and rat neuronal a2, a3, 
and a 4  subunits, which all contain the vicinal 
Cys,,, and Cys,,,, were compared for their ability 
to bind a-BGT. Peptides corresponding to this 
region of the Torpedo a-subunit (Conti-Tronconi 
et al., 1990a) and the muscle a-subunits of a 
number of species (McLane et al., 1991a) form 
prototopes for a-BGT (see Section VII1.A). In a 
solid-phase assay testing the direct binding of 
12~I-a-BGT to synthetic peptides, and in two dif- 
ferent competition assays, in which peptides were 
tested for their ability to sequester *251-a-BGT 
from binding to native AChR on postsynaptic 
membrane fragments of Torpedo or electric organ 
or PC-12 cells, only peptides corresponding to the 
mouse muscle a 1  and rat neuronal a5 subunits 
bound a-BGT (McLane et al., 1990b). These re- 
sults are consistent with the known pharmacology 
of the al, a2, a3, and a 4  AChR subtypes, and 
suggest that the a5 subunit is able to bind a-BGT. 
The most prominent a-BGT-binding peptide 6e- 
quence of the a5 subunit was a5 (180-199). 

Synthetic peptide mapping studies of a-BGT 
binding regions on the complete sequence of the 
chick brain a 7  subunit, and on selected sequence 
regions of the highly homologous a 8  subunit, 
were also carried out (McLane et al., 1991~). The 
cDNAs for these neuronal a-subunits were iso- 
lated using oligonucleotides corresponding to the 
amino-terminal sequence region of an a-subunit 
from AChR proteins isolated from chick brain 
using a-BGT affinity chromatography (Conti- 
Tronconi et al., 1985; Schoepfer et al., 1990). 
Peptides corresponding to the sequence segments 
a7(181-200) and a8(181-200) bound a-BGT with 
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affinities similar to those reported for the muscle 
AChR a-subunits (McLane et al., 1991a). The 
ability of the a 7  and a 8  subunit peptides to bind 
a-BGT was surprising, given their highly diver- 
gent sequences relative to the muscle a-subunits. 
These results have been confirmed by expression 
studies that indicate that AChR homomeric com- 
plexes formed by the a 7  subunit are blocked by 
a-BGT (Couturier et al., 1990b; Bertrand et al., 
1992). 

The peptide studies of the a5, a7, and a 8  
a-BGT binding sites illustrate how the synthetic 
peptide approach can be used to predict the poten- 
tial pharmacology of an a-subunit subtype prior 
to its functional reconstitution. 

C. Identification of Individual Residues 
Interacting with a-Bungarotoxin: 
Comparison of Homologous Sequences 

1. Sequences a(181-200) from Muscle 
AChR of Different Species 

Naturally occurring species-specific amino 
acid substitutions provided a first step toward 
identification of individual residues important for 
a-BGT binding. Muscle a-subunits are highly 
conserved between different species, and all con- 
tain sin a-BGT-binding prototype within amino 
acid residues a181-200, with the notable excep- 
tions of the a-subunits of snake species resistant 
to the blocking action of a-BGT (e.g., cobra, 
natrix) (Ohana and Gershoni, 1990; McLane et al., 
1991a; Ohana et al., 1991; Fuchs et al., 1993), and 
of the mongoose, a mammalian resistant to snake 
neurotoxins (Ovadia and Kochva, 1977), well 
known for its ability to kill and eat poisonous 
snakes (e.g., see Kipling, 1895) (Figure 2). Six 
amino acid residues of this sequence region in the 
snake a-subunit differ from the other a-subunits 
and may represent important residues for a-BGT 
binding. Nonconservative substitutions in the 
snake a 1  8 1-200 sequence include replacements 

Asn, and Leu, respectively. Single-residue muta- 
tions of the Torpedo a-sequence to each of the six 
substitutions of the cobra a-sequence demon- 
strated that conversion of Tyr,,, to Asn or Pro,,, 
to Leu in the Torpedo sequence suffices to 

of LYS185, TrP1879 Tyr189, and pro194 by Trp, Ser, 

Torpedo a 

Human a1 

Calf a1 

Mouse a1 

Chicken a1 

Frog a1 

Cobra a1 

Mongoose a1 

181 185 190 195 200 

I I  I l l  
YRGWKHWVYY TCCPDTPYLD 

RGWKHBV 

RGWKHWV 

RGWKHWV 

YRGWKHWVY~CCPDTPY LD 

Y W K H W Y Y  TCCPDWY LD 

FIGURE 2. Alignment of the sequence region 
181-200 from the a subunit of different vertebrate 
muscle AChRs. The amino acid residues that are 
substituted, when compared with the Torpedo a 
subunit, are boxed. This sequence region is highly 
conserved in most muscle a subunits. Several 
nonconservative substitutions within this region are 
present in the a subunits of cobra and mongoose 
muscle AChRs. This may be related to the resis- 
tance of muscle from these species to a-neurotoxin 
block, and the inability of synthetic peptides corre- 
sponding to the cobra and mongoose sequence 
region a1 81 -200 to bind a-BTX. See text for further 
details. 

eliminate a-BGT binding (Ohana et al., 1991; 
Chaturvedi et al., 1992). In the mongoose se- 
quence, Trp187, Tyr,,,, and Pr0,g4 are non-con- 
servatively substituted to Asn, Thr, and Leu, re- 
spectively (Fuchs et al., 1993). In addition, the 
invariant Pro197, conserved in all known periph- 
eral AChR a-subunits, is nonconservatively sub- 
stituted to His, and at position 195, the negatively 
charged residue present on most a-BGT-bind- 
ing prototopes and proposed to be involved 
in interaction with a-BGT (Tzartos and 
Remoundos, 1990), is conservatively substi- 
tuted by Thr. 

Comparison of the vertebrate muscle a-se- 
quences (Figure 2) shows that the sequence 
Val-Val-Tyr at positions 188-190 is common to 
the peptides that bind a-BGT with high affinity 
(Torpedo, frog, and chick), and that substitu- 
tion of amino acids at position 189 to Phe (calf 
and mouse sequences), Asn (cobra sequence), 
or Thr (human and mongoose sequence) corre- 
lates with a reduced affinity of this sequence 
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region for a-BGT (McLane et al., 1990a). The AChR a subunit sequences that bind aBGT 
convergence of these results strongly indicates 181 185 190 195 200 

Tyr,,, as a critical residue in the interaction of 
a-subunits from different muscle AChRs with 
a-BGT. 

2. Sequences a(181-200) from Neuronal 
AChRs of Different Species and 
Subtypes 

The sequence region surrounding the vicinal 
cysteines 192/193 of the neuronal a-BGT binding 
a-subunits is highly diverged with respect to the 
Torpedo and muscle a 1  subunits (Figure 3). The 
low predictive value of sequence homology to 
infer neurotoxin sensitivity can be best appreci- 
ated by comparison of the sequence regions of 

Torpit? a 

Human a1 

Calf a 1  

Mouse a 1  

Chicken a1 

Frog a 1  

Chick BGTBP a1 

Chick BGTBP a 2  

Dnm?ythXv ALS 

~nxqt-&h SAD 

Ratbrain a 5  

AChR a-subunits that bind a-BGT (Torpedo a ,  
vertebrate muscle a l ,  rat neuronal a5,  chick 
brain a 7  and a8, and Drosophila ALS and SAD 
subunits) (Figure 3, top panel), with the homolo- 
gous sequence regions of AChRs that do not 
bind a-BGT (the cobra and mongoose muscle 
al,  and the neuronal a2, a3, and a 4  subunits) 
(Figure 3, bottom panel). Seven amino acid resi- 

A 

AChR a subunit sequences that do not bind aBGT 

181 185 190 195 200 

dues are Characteristic of all a-subunits regard- X’TMi’ a YRGWKHWYYY TCCPDTPY LD 
I t  I l l  

less of their a-BGT binding ability: Gly,,, (or 
the conservative substitution Ala), T Y ~ , , ~ ,  CYS,,~, 
CYS],~, Asp,,, (or the conservative substitution 
Glu), Tyr,,,, and Asp,,. All of the a-subunits in 
Figure 3 that bind a-BGT have Tyr,,, (or the 
conservative substitution Phe) and Pro,,,, 
whereas Lys189 and Ile197 are characteristic of 
a-subunits that do not bind a-BGT. This general 
rule, however, does not hold for the a5 subunit 
sequence, which is highly divergent from other 
AChR a-subunits and offers a unique opportu- 
nity to study the structural requirements for 
a-BGT binding. The inability to correlate criti- 
cal structural features required for a-BGT bind- 
ing with a particular amino acid sequence indi- 
cates, in a broader sense, a serious limitation to 
the use of sequence homology to define families 
of functionally and structurally related proteins. 
It is obvious from comparison of the a-BGT 
binding sequences that different primary se- 
quences must fold into three-dimensional struc- 
h u e s  with comparable hydrophobic, hydrogen- 
bonding, and charge interactions. Compensatory, 

Mongoose muscle 

Cobra muscle 

Chick brain 

Chick brain 

Chick brain 

Rat brain 

Rat brain ’ 

Rat brain 

a1 

a 2  

a 2  

a 3  

a4 

a2 

a 3  

a4 

B 

FIGURE 3. Alignment of the sequence region 181 - 
200 from the a subunit of different muscle and neu- 
ronal AChRs. The residue are numbered with refer- 
ence to the Torpedo a subunit sequence. Identical 
residues (when compared with the Torpedo se- 
quence, which, for sake of comparison, is also aligned 
at the top of the sequences that cannot bind a-5TX) 
are enclosed in black boxes, conservative substitu- 
tions in dotted boxes. See text for further details. 
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multiple nonconservative substitutions that 
occurred during the evolution of a-BGT binding 
proteins have obscured a “universal” a-BGT bind- 
ing motif. This fact is also illustrated by the lack 
of sequence homology between any of the nico- 
tinic AChR a-subunits and the ACh binding sites 
of the muscarinic ACh receptor and acetylcho- 
linesterase (Schumacher et al., 1986; Hulme et 
al., 1990). The failure to frnd a common a-BGT 
binding motif is similar to the search for targeting 
sequence signals involved in sorting proteins into 
different cellular compartments. In those cases, 
instead of primary sequence conservation, com- 
positional motifs are found in which certain amino 
acids or residues with similar physical character- 
istics are common among proteins destined to the 
same cellular organelle or membrane compart- 
ment (e.g., see Dice, 1990). 

D. Individual Residues Interacting 
with a-Bungarotoxin, K-Bungarotoxin, 
and K-Flavitoxin: Studies with 
Single-Residue-Substituted Peptide 
Analogs 

Given the lack of sequence motifs identifying 
a-BGT binding proteins, mutational analysis has 
been used in attempts to determine the structural 
requirements for a-BGT binding. 

1. Torpedo and Muscle a-Subunit 
Sequences 

Substituted peptide analogs of the Torpedo 
sequence a 1  8 1-200 have been used with single 
amino acid substitutions of glycine for each na- 
tive residue (Conti-Tronconi et al., 1991). CD 
spectral analysis indicated that the substituted 
analogs had comparable structure. However, they 
differed in their 12,1-a-BGT binding activity. These 
studies identified distinct clusters of amino acid 
residues, discontinuously positioned along the 
sequence 18 1-200, which are critical for a-BGT 
binding and should serve as attachment points for 
a-BGT (residues 188- 190 [Val-Tyr-Tyr] and 192- 
194 [Cy s-Cys-Phe]). 

Tzartos and Remoundos (1990) used over- 
lapping peptides to define the minimum a-BGT 
binding sequence as Torpedo a 1  88-197. Single 
amino acid substitutions (to Gly or Ala) of this 

sequence segment indicated that Tyr,,,, Tyr,,,, 
and Asp,,, are important for a-BGT binding. 

Chaturvedi et al., (1992) tested the effect of 
multiple amino acid substitutions of the Torpedo 
sequence a166-211 expressed as a bacterial fu- 
sion protein. Several substitutions were admin- 
istered, based on nonconserved residues of the 
rat neuronal a3 and cobra muscle a1 subunits, 
neither of which bind a-BGT: (1) substitution of 

respectively (as found in the cobra a 1  subunit) 
had no effect on a-BGT binding, while intro- 
duction of two more mutations, Thr,,, to Ser and 
Pro,,, to Leu, abolished a-BGT binding, (2) 
single amino acid residue mutations of the 
Torpedo sequence to cobra a 1  residues, Pro,,, to 
Leu or Tyr,,, to Asn, abolished a-BGT binding, 
and (3) mutation of the Torpedo sequence with 
three substitutions found in the a3 subunit (TrpIg7, 
Tyr,,,, and Thr,,, to Asp, Lys, and Asn, respec- 
tively) eliminated a-BGT binding activity. These 
results confirmed that Tyr,,, and Pro,,, are criti- 
cal for a-BGT binding. 

Several mouse muscle a-subunit mutants ex- 
pressed as native AChR complexes in Xenopus 
oocytes were tested for a-BGT binding (Tomaselli 
et al., 1991). None of the following mutations 
affected the affinity of a-BGT binding: His,,, to 
Phe, Tyr,,, to Phe, Pro,,, to Ser, and Tyr,,, to Phe. 
On the other hand, the affinity for ACh was mark- 
edly reduced when Tyr,,, was substituted to Phe, 
suggesting that a-BGT and ACh have different 
structural requirements for binding. The different 
results obtained when using synthetic and biosyn- 
thetic mutated sequences of Torpedo and mouse 
a-subunits, and when using AChR complexes 
mutated at individual residues could be because 
of species differences, to differences in the amino 
acid substitutions made, or, most likely, to the 
fact that binding of a-BGT to native AChR oc- 
curs via large interacting surfaces, and mutation 
of one of the several residues involved in such an 
interaction may not suffice to change the binding 
affinity detect abl y . 

Trp184, Lys185, and Trp,,, to Phe, Trp, and Ser, 

2. Neuronal AChR a-Bungarotoxin 
Binding Sequences 

The a-BGT binding sequence region 180- 
200 of the rat a5 subunit is relatively divergent 

94 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



when compared with the homologous sequence 
regions of Torpedo and muscle AChRs (see Sec- 
tion VIII.B .2). Amino acid residues critical for a-BGT 
binding were identified by testing the effects of 
single amino acid substitutions to Gly or Ala for 
each residue of the rat a5( 180- 199) sequence on 
binding of a-BGT to the substituted peptide ana- 
logs (McLane et al., 1991d). Substitutions of four 
residues (LySl84, Arg18,, CYS,,~, and Pro,,,) abol- 
ished a-BGT binding; other substitutions (GIyIg5, 

its affinity. The importance of several aromatic 
amino acids for a-BGT binding to the a5 peptide 
is analogous to the findings reported above for the 
Torpedo a1 80-200 sequence. Thus, despite the 
apparent divergence of the a5 sequence from other 
a-BGT-binding a-subunits, some structural fea- 
tures, such as an abundance of aromatic residues 
and amino acids able to contribute electrostatic 
and/or hydrogen bond interactions, have been 
conserved. 

ASn18rj, ASP189, Tv193, Tyr,93, and Tyr196) lowered 

3. Neuronal AChR K-Toxin Binding 
Sequences 

The sequence segment a3(50-7 1) forms a 
prototope for K-BGT and K-FTX in the rat a 3  
subunit (McLane et al., 1990a, 1993). Synthetic 
peptide analogs of the sequence a3(50-71), in 
which each amino acid was sequentially replaced 
by Gly, were tested for their ability to bind 
lz5I-~-BGT and I2,I-~-FTX (McLane et al., 
199 1 b, 1993). No single substitution obliterated 
K-BGT binding, but several substitutions lowered 
the affinity of this peptide sequence for K-BGT - 
two negatively charged residues (Glu,, and Asp,,) 
and several aliphatic and aromatic residues (Leu54, 
Leu,,, and Tyr,,). Similar to K-BGT, aliphatic and 
aromatic amino acid residues were important for 
K-FTX binding (Leu,,, Leu,,, and Tyr,,, also in- 
volved in K-BGT binding, and additional Trp 
residues at positions 55, 60, and 67). In contrast 
to K-BGT, however, positively rather than nega- 
tively charged amino acids appeared to mediate 
electrostatic interactions with K-FTX - Lys resi- 
dues at positions 57,64,66, and 68. These differ- 
ences in amino acid specificity can be correlated 
with sequence differences of K-BGT and K-FTX, 
and provide clues as to the residue interactions at 
the K-toxin subunit interface (McLane et al., 1993). 

E. A Welcome Summary of the Results 
of Studies on the Structure of 
Cholinergic Binding Sites by the Use of 
Synthetic or Biosynthetic Peptides 

The studies summarized in the previous sec- 
tions allow the following conclusions: 

1. 

2. 

3. 

4. 

Two or three sequence segments of the 
a-subunit contribute to form the cholinergic 
binding sites recognized by snake a- and 
K-neurotoxins (a-BGT, K-BGT, and K-FTX). 
These sites therefore are complex surface 
areas, formed by clusters of amino acid resi- 
dues from different sequence regions, simi- 
lar to the “discontinous epitopes” of anti- 
body-antigen complexes (Davies et al., 
1988). 
In all the AChRs studied, the sequence seg- 
ments contributing to the cholinergic site 
are in similar positions along the a-subunit 
sequence, suggesting that the extracellular 
domain of all a-subunits folds in a similar 
manner. The sequence segment containing 
CysI9,/Cys,,, is part of a cholinergic site in 
all a-subunits. 
In peripheral AChRs, the sequence region 
a 1  80-200 is well conserved, and well-de- 
fined clusters of residues surrounding and 
including the residues Cys,,, and Cys,,, are 
involved in interaction with a-BGT. The 
corresponding sequence region is not well 
conserved in the neuronal AChRs that bind 
a-BGT, and the residues identified as cru- 
cial for interaction with a-BGT are at po- 
sitions different than those of peripheral 
AChRs. Therefore, there is no universal 
sequence motif with predictive value for 
a-BGT binding, and multiple, noncon- 
servative substitutions in these sequence 
regions that occurred during evolution of 
the AChR proteins have both obscured the 
original ancestral sequence and reestab- 
lished, as a result of new mutual interac- 
tions, a structure compatible with a-BGT 
binding. 
Although Cys,,,/Cys,,, are involved in form- 
ing the toxinla-subunit interface, a vicinal 
disulfide bond is not required for a-BGT 
binding. 
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5.  

6. 

Within the relatively large area forming the 
cholinergic site, cholinergic ligands bind with 
multiple points of attachment, and ligand- 
specific patterns of attachment points exist. 
This may be the molecular basis of the broad 
spectra of binding affinities, kinetic param- 
eters, and pharmacologic properties observed 
for the different cholinergic ligands. 
The sequence regions a 1  8 1-200 and a50-75 
are unusually rich in aromatic residues, and 
substitution of aromatic residues frequently 
abrogates or decreases a-BGT (or K-BGT 
or K-FTX) binding. These findings are com- 
patible with the suggested model for the 
anionic cholinergic binding site of the 
AChR as formed not by a single negatively 
charged residue, but rather by interaction 
of the n-electrons of aromatic rings 
(Dougherty and Stauffer, 1990), as has been 
demonstrated for the cholinergic site of ace- 
tylcholinesterase (Sussman et al., 1991) 
(discussed in Section VIII). 

IX. ATOMIC STRUCTURE OF THE ACh 
BINDING SITE OF 
ACETYLCHOLINESTERASE: 
IMPLICATIONS FOR STRUCTURAL 
REQUIREMENTS OF THE CHOLINERGIC 
SITE OF THE AChR 

The binding site for acetylcholinesterase has 
been well characterized through the use of dif- 
ferent types of inhibitors. It has been proposed 
that an anionic site within the enzymatic pocket 
of acetylcholinesterase stabilizes binding of the 
quaternary ammonium group of ACh. However, 
the existence of a charged site is incompatible 
with the high-affinity binding of neutral analogs 
of ACh (Dougherty and Stauffer, 1990, and ref- 
erences therein). Photoaffinity labeling of acetyl- 
cholinesterases from different sources consis- 
tently identified aromatic amino acids as 
contributing to the active site, whereas no charged 
residues have been found (Dougherty and 
Stauffer, 1990). Based on these findings, it was 
suggested that a binding site containing aromatic 
amino acid residues could stabilize the binding 
of the quaternary ammonium group through cat- 
ionln-electron interactions (Dougherty and 

Stauffer, 1990). Using a synthetic receptor com- 
posed of aromatic rings, it was demonstrated 
that a n-electron-rich system can indeed bind the 
positive charge of ACh. 

More recently, the atomic structure of acetyl- 
cholinesterase has been determined (Sussman et 
al., 1991). The catalytic triad of the enzyme Ser- 
His-Glu lies at the end of a gorge lined with -14 
aromatic residues. Thus, the predictions that aro- 
matic residues may form a binding site for ACh 
and that catiodn-electron interactions stabilize 
the binding of the quaternary ammonium group 
have been fulfilled. 

These results relate to studies of the effects on 
the binding of ACh (Tomaselli et al., 1991) and 
a- and K-neurotoxins of amino acid substitutions 
within sequence regions of different AChR a-sub- 
units likely to contribute to the formation of a 
binding site for ACh and a-BGT (regions a181- 
200 and a50-75; see Section VIII). Those studies 
consistently demonstrated that aromatic residues 
are abundant in this region and are important for 
ligand binding. Furthermore, aromatic residues 
are frequently labeled by cholinergic affinity la- 
bels (see Section VI1.B). It is likely that, as in the 
binding site of acetylcholinesterase, in the AChR 
n-electrons contributed by several aromatic rings, 
rather than a single negatively charged residue, 
stabilize the positive charge of ACh and other 
cholinergic ligands. 

X. SUBUNITS OTHER THAN THE a ARE 
INVOLVED IN THE FORMATION OF 
CHOLINERGIC SITES, WHICH APPEAR 
TO BE AT SUBUNlT/SUBUNlT 
INTERFACES 

A vast body of information on the binding of 
peptide neurotoxins to AChRs has been reviewed 
previously (e.g., see Katz and Miledi, 197 1 ; Land 
et al., 1981; Adams, 1981; Conti-Tronconi and 
Raftery, 1982; Karlin et al., 1986; Lentz and 
Wilson, 1988; Claudio, 1989; Stroud et al., 1990; 
Galzi et al., 1991). a-BGT has been of major 
importance in the isolation and characterization 
of peripheral AChRs and certain neuronal AChRs. 
In Torpedo AChR, a-BGT binds to two sites per 
AChR molecule. For membrane-bound AChR, 
these sites have different affhties (Conti-Tronconi 
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et al., 1990b). One has very high affinity, and the 
complex dissociates with a half-life of -250 h 
(Conti-Tronconi and Raftery, 1986); the other has 
lower affinity, and the complex is readily revers- 
ible (Conti-Tronconi et al., 1990b). Other neuro- 
toxins, including a-cobrotoxin (a-NTX) from 
Naju nuja siumensis (Conti-Tronconi and Raftery, 
1986) and the coral neurotoxin, lophotoxin 
(Culver et al., 1984), aIso bind to two sites on the 
AChR. By contrast, a-dendrotoxin (a-DTX) 
from Dendroaspis viridis binds to the membrane- 
bound Torpedo AChR with a stoichiometry of 
four toxins per receptor molecule (Conti-Tronconi 
and Raftery, 1986). Furthermore, when a-DTX 
binds to preformed AChRIa-BGT complexes, 
the rate of dissociation of a-BGT is increased 
from a tl,2 of 250 h to 4.5 h, suggesting that there 
are cooperative interactions between the addi- 
tional sites for a-DTX and the sites for a-BGT 
(Conti-Tronconi and Raftery, 1986). 

A. Use of Peptide Neurotoxins as 
Affinity Labels and as Probes of 
Cholinergic Site Stoichiometry 

Snake a-neurotoxins have been used to affin- 
ity label AChR (reviewed in Lentz and Wilson, 
1988). In all studies using native or derivatized 
a-BGT, cross-linking to the a-subunits was ob- 
served. This has been confirmed in several stud- 
ies in which a-BGT was shown to bind to isolated 
a-subunits, albeit with lower affinity (reviewed 
in Lentz and Wilson, 1988). a-BGT labeling of 
other Torpedo AChR subunits was also observed. 
In some studies, a-BGT cross-linked the a- and 
&subunits (Witzemann and Raftery, 1979); 
Witzemann et al., 1979). In another study, a-BGT 
photolabeled the a-, y-, and 6-subunits (Oswald 
and Changeux, 1982). These results have been 
interpreted to indicate that the a-neurotoxins bind 
mainly to the a-subunits, with perhaps some over- 
lap with respect to adjacent subunits. However, 
a-BGT labeling of subunits other than the a-, and 
of the y- and &subunits in particular, may indi- 
cate that the two sites for a-BGT are at interfaces 
between subunits, and in particular at the a/y and 
a/S interfaces. 

Some a-conotoxins block AChR function 
(Olivera et al., 1990). Cross-linking of AChR by 

derivatized a-conotoxins or photoaffinity label- 
ing covalently labeled the p- and y-subunits, with 
little or no labeling of the a- or &subunits (Myers 
et al., 1991). These results clearly demonstrate 
the importance of subunits other than the a in 
ligand binding site formation. The y- and 8-sub- 
units have also been implicated in forming at least 
part of the binding sites for 3H-tubocurare (Blount 
and Merlie, 1989; Pederson and Cohen, 1990) 
and 3H-nicotine (Middleton and Cohen, 1991), 
and it has been suggested that binding sites for 
these ligands lie at the a/y and a/6 subunit inter- 
faces (see Section X.B and C). 

6. Expression Studies Indicate that 
Subunits Other Than the a Contribute to 
the Formation of Cholinergic Sites 

For all AChR subunits studied so far, expres- 
sion of the a-subunit is necessary to reproduce 
Iigand binding activity (reviewed in Claudio, 
1989). For reconstitution of a functional AChR, 
however, other subunits are needed (Blount and 
Merlie, 1989; Kurosaki et al., 1987), with the 
exception of the vertebrate neuronal a7 subunit 
(Couturier et al., 1990b) and a-subunits from in- 
sect neurons (see Section II1.B). Experiments test- 
ing expression of different types of neuronal ksub- 
units in association with the same a-subunit 
indicated that the P-subunit influences the 
pharmacologic properties of the resulting ACNis 
(Goldman et al., 1987; Wada et al., 1988; Duvoisin 
et al., 1989; Luetje et al., 1990a, b) - for example, 
K-BGT blocks AChR formed by coexpression of 
a3 and P2 subunits, but not a 3  and p4 subunits 
(Duvoisin et al., 1989; Luetje et al., 1990a, b). In 
muscle AChRs, coexpression of a- plus y- and/or 
&subunits is necessary for 6-tubocurare binding, 
and expression of a/y or a/6 subunit pairs deter- 
mines the binding affinity for 6-tubocurare (Blount 
and Merlie, 1989; Blount et al., 1990; Gu et al., 
1991; Sine and Claudio, 1991). Thus, these two 
subunit pairs well account for the two non- 
equivalent 8-tubocurare binding sites of na- 
tive AChR, which must be at the subunit/subunit 
interface. 

Cooperativity of agonist binding is also a 
function of intersubunit interactions. Expression 
of triplets of muscle AChR subunits on the sur- 
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face of mammalian cells demonstrated that coop- 
erative agonist binding is lost if the y- or &sub- 
units are not coexpressed with the a-subunit (Sine 
and Claudio, 1991). 

C. Labeling of d y  and d6 Subunit Pairs 
with Affinity Labels 

Affinity photolabeling of Torpedo AChR with 
3H-&tubocurare further proved that the two 
nonequivalent 6-tubocurare binding sites are at 
the a/y and a/6 subunit interfaces. The a-, y-, and 
&subunits were specifically labeled, with dose 
dependence consistent with a high-affinity site at 
the a/y and low-affinity site at the a/6 interface 
(Pedersen and Cohen, 1990). Photoaffinity label- 
ing with 3H-nicotine verified this interpretation, 
further indicating that cholinergic sites are lo- 
cated at the a /y  and a/6 interfaces (Middleton and 
Cohen, 1991). Formation of binding sites at the 
interfaces of two subunit domains follows the 
same structural motif as several active sites of 
enzymes. 

Using particular conditions for disulfide bond 
reduction, 3H-BAC labels both a- and y-subunits 
(Dunn et al., 1993), further implicating the y-sub- 
unit as contributing to an agonist binding site. An 
earlier study also suggested that the y-subunit was 
in close proximity to the binding site for the cho- 
linergic affinity label dimethylamino-benzene- 
diazonium fluoroborate (DDF), which is incorpo- 
rated into the y-subunit, as well as the a-subunit 
(Dennis et al., 1988). 

The involvement of the &subunit in forming 
a cholinergic binding site is supported by the 
cross-linking of Cys,,,/Cys,,, with a carboxylate 
group within the sequence segment 6164-224 
(Czajkowski and Karlin, 1991). Another 
conclusion from that study was that a carboxy- 
late group from Asp and/or Glu residue(s) of 
the &-subunit could stabilize the binding of the 
quaternary ammonium group of ACh bound to 
the a-subunit in the vicinity of (actually -9 A 
away) the region containing Cys,,,/Cys,,,. The 
requirement for a negatively charged group for 
stabilizing the quaternary ammonium ion of ACh, 
however, is currently being questioned, as dis- 
cussed in Section IX. 

D. Differential Protection by Cholinergic 
Ligands of the Labeling of Particular 
Subunit Pairs by DAPA, a Cholinergic 
Affinity Ligand Able to Label all AChR 
Subunits 

3H-DAPA, a cholinergic affinity label, labels 
multiple AChR subunits in an a-BGT-sensitive 
manner (Witzemann and Raftery, 1977). Recent 
results have shown that all four Torpedo AChR 
subunits are labeled by 3H-DAPA (Tine and 
Raftery, 1993). Labeling of the a-subunits was 
the least sensitive to inhibition by cholinergic 
agonists. Furthermore, if AChR was previously 
saturated by covalent labeling of the a-subunits 
by BAC (2 mol/mol AChR), labeling of all sub- 
units except a was inhibited. These findings sug- 
gest that the a-subunits contain binding sites for 
cholinergic ligands unaffected by covalently bound 
BAC. 

XI. ANTIBODIES TO MUSCLE AChR 
ARE THE EFFECTORS OF MG 
SYMPTOMS 

A. Anti-AChR Antibodies Are Polyclonal 
High-Affinity lgGs 

MG symptoms can be transferred to healthy 
animals, or reproduced in vitro with nerve/muscle 
preparations, by administering the IgG fraction 
from the sera of MG patients, or polyclonal or 
monoclonal anti-AChR antibodies from animals 
that developed experimental autoimmune MG 
(EAMG) (Toyka et al., 1975; Lindstrom et al., 
1976; Berti et al., 1976; Richman et al., 1980; 
Lemon and Lambert, 1980; Tzartos et al., 1987). 
Anti-AChR antibodies are likely to be the only 
effectors of MG symptoms, because no cytotoxic 
phenomena have been demonstrated in MG pa- 
tients (Engel, 1984; Levinson et al., 1988; 
Lindstrom et al., 1988; Schonbeck et al., 1990). 
Antibodies against non-AChR muscle or synaptic 
proteins are present in sera from myasthenic pa- 
tients. Some such antibodies (e.g., antibodies 
against a presynaptic membrane protein that bind 
P-bungarotoxin [Lu et al., 19911 or a calcium- 
releasing sarcoplasmic membrane protein 
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[Mygland et al., 19921) may cause myasthenic 
symptoms, especially in MG cases without mea- 
surable anti-AChR antibodies (see below). 

Anti-AChR antibodies from MG patients sel- 
dom recognize and block the cholinergic binding 
site (reviewed in Engel, 1984; Levinson et al., 
1988; Lindstrom et al., 1988; Schonbeck et al., 
1990). They cause increased AChR destruction 
either by causing accelerated degradation of the 
AChR, triggered by antibody cross-linking of two 
nearby AChR molecules (antigenic modulation), 
or by complement activation and complement- 
mediated lysis of the postsynaptic membrane (re- 
viewed in Engel, 1984; Levinson et al., 1988; 
Lindstrom et al., 1988; Schonbeck et al., 1990). 
The postsynaptic membrane at the neuromuscular 
junction of MG patients is impoverished in AChR 
and has a simplified structure, without the normal 
postsynaptic folding (Engel et al., 1981; Engel 
and Santa, 1971). The intersynaptic space con- 
tains immunoglobulins and complement (Sahash 
et al., 1980). 

Anti-AChR antibodies in MG patients are 
polyclonal (reviewed in Engel, 1984; Levinson et 
al., 1988; Lindstrom et al., 1988; Schonbeck et 
al., 1990), and even antibodies against an indi- 
vidual AChR epitope do not have preferential 
idiotype(s) (Killen et al., 1985; Dwyer et al., 1984). 
Therefore, MG is not caused by the expansion of 
a single “forbidden” B-cell clone. Although anti- 
AChR antibodies are the hallmark of MG, there is 
very poor or no correlation between antibody titer 
and severity of the disease (Engel, 1984; Levinson 
et al., 1988; Lindstrom et al., 1988; Schonbeck et 
al., 1990; Roses et al., 1981; Besingeret al., 1983). 
This suggests that only particular subpopulations 
of anti-AChR antibodies are pathogenetic, per- 
haps because they are better able to cause anti- 
genic modulation and/or complement activation. 
In support of this possibility, a study using dif- 
ferent monoclonal antibodies against the AChR 
a-subunit demonstrated that few of them cross- 
linked AChR molecules and induced antigen 
modulation, perhaps because of the geometry of 
the epitope location on the AChR surface (Conti- 
Tronconi et al., 1981). 

Some MG patients do not have detectable 
anti-AChR antibodies (Mossman, 1986; Evoli 
et al., 1989). They may produce antibodies against 

non-AChR components of the neuromuscular junc- 
tion (see above) because their symptoms frequently 
improve after plasrnapheresis (Miller et al., 198 l), 
and injection into mice of their immunoglobulins 
causes impairment of neuromuscular transmis- 
sion without detectable antibodies bound to mouse 
AChR (Schonbeck et al., 1990). 

B. The Main Immunogenic Region (MIR), 
a Small Extracellular Area of Muscle 
AChR, Dominates the Anti-AChR 
Antibody Response 

Most anti-AChR antibodies in the sera of rats 
that, after immunization with AChR develop 
EAMG, recognize a small extracellular region of 
the a-subunit, called the main immunogenic re- 
gion (MIR) (reviewed in Lindstrom et al., 1988; 
Schonbeck et al., 1990). The MIR is highly con- 
served in AChRs from different species, and anti- 
MIR antibodies are highly cross-reactive (Tzartos 
and Lindstrom, 1980; Tzartos et al., 1982). Anti- 
MIR antibodies have a high pathogenetic poten- 
tial, because their addition to muscle cell cultures 
causes AChR loss (Conti-Tronconi et al., 1981) 
and their injection into rats causes myasthenic 
symptoms (Tzartos et al., 1987). 

A single anti-MIR monoclonal antibody in- 
hibits an average of -60% of the binding of the 
anti-AChR antibodies in the sera of MG patients, 
strongly suggesting that this epitope - or this set 
of largely overlapping epitopes - also dominates 
the antibody response in human MG (Tzartos et 
al., 1982). Anti-MIR antibodies are primarily re- 
sponsible for the ability of the sera from MG 
patients to cause AChR loss in cell cultures 
(Tzartos et al., 1985). 

The existence of the MIR as the immuno- 
dominant B-cell epitope in MG has been ques- 
tioned by one study that proposed that anti-MIR 
antibodies inhibit binding to AChR of the anti- 
bodies in MG sera unspecifically because of al- 
losteric hindrance (Lemon and Griesman, 1989). 

It is not known why the MIR dominates the 
anti-AChR antibody response. T- and B-cell 
immunodominance of a relatively small number 
of epitopes on a protein antigen in a given animal 
or inbred strain is a common occurrence. The 
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MIR may represent an extreme case of “focused” 
antibody response. However, the MIR is immuno- 
dominant in patients of different major histo- 
compatiblity complex (MHC) haplotype and in 
different species, such as humans and rats 
(Lindstrom et al., 1988), suggesting that the MIR 
immunodominance could be related to structural 
features that make it more antigenic for B-cells, 
or result from antibody cross-reactivity with 
epitope(s) on microbial or autologous antigens. 
The AChR sequence a65-80, which contains the 
MIR (see below), is very similar to a sequence 
region of the U1 small nuclear ribonucleopro- 
tein-one of the key autoantigens in systemic 
lupus erythematosus - and to a region of the pol- 
polyprotein of several human retroviruses 
(Manfredi et al., 1991). 

C. Sequence Mapping of Constituent 
Elements of the MIR 

The MIR is a conformational determinant, 
and many anti-MIR antibodies do not bind to 
denatured AChR (Tzartos et al., 1981; Conti- 
Tronconi et al., 1981; Tzartos and Lindstrom, 
1980). However, some anti-MIR antibodies rec- 
ognize the denatured AChR a-subunit, albeit with 
lower affinity than native AChR (Tzartos et al., 
1988, 1990; Barkas et al., 1989; Bellone et al., 
1989; Das and Lindstrom, 1989). This allowed 
the use of synthetic peptides to identify sequence 
regions and individual residues involved in MIR 
formation. 

A sequence region contributing important 
constituent elements of the MIR has been local- 
ized within residues 67-76 of both the human and 
the Torpedo AChR a-subunits. Synthetic pep- 
tides containing this sequence segment consis- 
tently bound anti-MIR monoclonal antibodies 
(Tzartos et al., 1988; Barkas et al., 1989; Bellone 
et al., 1989). Another study attempted MIR local- 
ization by the use of biosynthetic a-subunit frag- 
ments, and restricted MIR localization to residues 
61-70 of the Torpedo AChR a-subunit (Tzartos et 
al., 1990). Another study, which also utilized syn- 
thetic peptides, localized constituent elements of 
the MIR to residues 66-76 of the human muscle 
a-subunit (Das and Lindstrom, 1989). The man- 
ner of binding of different anti-MIR monoclonal 

antibodies to synthetic peptides corresponding to 
the sequence a67-76 plus different lengths of the 
flanking sequences indicated that the MIR con- 
tains different, largely overlapping epitopes 
(Tzartos et al., 1990). 

Although the structure of the MIR is highly 
conserved, anti-MIR antibodies cross-react with 
AChRs of different species with different affini- 
ties (Tzartos and Lindstrom, 1980; Tzartos et al., 
1982). Anti-MIR antibodies recognize synthetic 
peptides containing the sequence a67-76 from 
different animal species with the specificity cor- 
responding to that displayed when bound to the 
native form of the corresponding AChRs (Tzartos 
et al., 1988; Barkas et al., 1988), supporting the 
possibility that the segment a67-76 indeed con- 
tains crucial structural components of the MIR. 
Comparison of the ability of different anti-MIR 
monoclonal antibodies to bind the synthetic se- 
quence 0167-76 of human muscle and Torpedo 
AChRs indicated that the residues at position 70 
and 75, which are different in those AChRs, de- 
termine the binding preference of the antibody to 
the synthetic MIR sequence (Tzartos et al., 1990a). 

Structural predictions suggest that the se- 
quence region a67-76 in both Torpedo and hu- 
man muscle AChRs is a hydrophilic hairpin loop, 
whose negatively charged apex is a type I p-turn 
formed by residues a68-71 and whose arms are 
P-strands (Bellone et al., 1989). Residues com- 
prising the apex of this proposed loop are indeed 
involved in interaction with anti-MIR antibodies 
because studies of the binding of the anti-MIR 
monoclonal antibodies to single-residue-substi- 
tuted analogs of this sequence indicated that resi- 
dues a68-72, and most notably Pro,,, Asp,,, 
and Tyq2, are crucial or important for anti-MIR 
antibody binding (Bellone et al., 1989). Substi- 
tutions of Asp,, of the human sequence with an 
Ala residue, as in Torpedo AChR, affected the 
binding of anti-human MIR antibodies, while it 
was irrelevant for the binding of other anti-MIR 
antibodies which, although cross-reacting with 
human AChR, were originally raised - and pref- 
erentially recognized - fish AChR. 

That several amino acid residues are impor- 
tant for the binding of anti-MIR antibodies agrees 
with the accepted view that antibody epitopes 
include a relatively large area of protein anti- 
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gens, formed by several amino acid residues, 
and that antibody binding occurs through 
multipoint attachments (Davies et al., 1988). 

The use of single-residue-substituted pep- 
tide analogs of the sequence a67-76 containing 
different conservative substitutions of residues 
previously identified as involved in anti-MIR 
antibody binding confirmed their role as impor- 
tant for MIR antigenicity and offered clues to its 
three-dimensional structure (Wahlsten et al., 
1993). Conservative substitutions of residues 
Asn,, and Asp,, obliterated binding, identifying 
them as necessary for anti-MIR antibody inter- 
action, whereas conservative substitutions at 
Asp,o and Tyr,, diminished binding only mar- 
ginally. Identification of residues As%,, and Asp,, 
of the a-subunit as crucial for MIR formation is 
supported by the fact that they are highly con- 
served in all known AChRs which bind anti- 
MIR antibodies, and nonconservatively substi- 
tuted in a frog muscle AChR isomer, which is 
the only known muscle AChR unable to bind 
anti-MIR antibodies (Hartman and Claudio, 
1990). A study that used synthetic peptides cor- 
responding to the sequence region a67-76 of 
human and frog muscle verified that anti-MIR 
antibodies recognized only the human sequence, 
further suggesting that residues Arg,, and Asp,, 
are important for anti-MIR antibody binding (Das 
and Lindstrom, 1989). Furthermore, mutation of 
Torpedo AChR at these positions obliterates its 
ability to bind anti-MIR antibodies (Saedi et al., 
1990). 

A study which employed synthetic peptide 
analogs carrying different substitutions of the 
sequence a67-76 of Torpedo and human muscle 
AChRs confirmed that amino acids critical for 
anti-MIR antibody binding are within the seg- 
ment a67-71; among them, Asn,, and Asp,, were 
crucial for binding of all the antibodies tested 
(Papodouli et al., 1990). 

Some anti-MIR antibodies also bind a syn- 
thetic peptide corresponding to the sequence re- 
gion a55-74 of Torpedo AChR, which includes 
the amino terminal of the sequence segment 
a67-76 (Tzartos et al., 1990). The use of single- 
residue-substituted synthetic analogs of the Tor- 
pedo sequence 055-74 identified further amino 
acids involved in MIR formation. Substitution 

of Trp, and Asp,, affected the binding of some 
anti-MIR monoclonal antibodies, suggesting that 
these residues may be at the periphery of the 
MIR area (Wahlsten et al., 1993). 

Many MG patients have low titers of anti- 
AChR antibodies that recognize the cholin- 
ergic site, as determined by their ability to 
block a-BGT binding (Engel, 1984; Levinson 
et al., 1987). Because residues from the se- 
quence region a55-74, which is adjacent to 
the MIR, might contribute to formation of the 
cholinergic site (see Sections VII1.A and E), the 
MIR and a-BGT site may be in closer spatial 
proximity, on the AChR surface, than antici- 
pated from the finding that a-BGT and anti-MIR 
antibodies are not mutually inhibitory (Tzartos 
and Lindstrom, 1980; Tzartos et al., 1981, 1983, 
1985,1987; Gullik and Lindstrom, 1983; Tzartos 
and Starzinski-Powitz, 1986). Studies on the 
binding of a-BGT and a-NTX to single-residue- 
substituted synthetic analogs of the sequence 
region a55-74 of Torpedo AChR concluded that 

and Asn,, are involved in the interaction with 
a-neurotoxins because their substitution drasti- 
cally affected the binding of both a-BGT and 
a-NTX. Among these residues, only is 
important for formation of the MIR, while Trp, 
might be at the periphery of the MIR surface (see 
above). These results agree with a model where 
the MIR and the a-neurotoxin binding site, al- 
though spatially close, overlap minimally if at all 
(Tzartos andLindstrom, 1980; Tzartoset al., 1981, 
1983, 1985, 1987; Gullik and Lindstrom, 1983; 
Tzartos and Starzinski-Powitz, 1986). 

Tv,, Leu659 Argfj6, Tqrj7, 

XII. SEQUENCE REGIONS OF MUSCLE 

CELLS 
AChR RECOGNIZED BY ANTI-AChR Th 

Anti-AChR antibodies in MG patients are 
high-affmity IgG, and their production requires 
the intervention of specific CD4+ T-helper (Th) 
cells (Hohlfeld et al., 1984, 1986). An important 
role of anti-AChR Th cells in the pathogenesis of 
MG is supported by the findings that MG can be 
ameliorated by treatment with anti-CD4 antibod- 
ies (Waldor et al., 1983), and that the only obvi- 
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ous and early effect on the anti-AChR response of 
thymectomy - a staple in MG treatment - is a 
pronounced decrease in anti-AChR reactivity of 
circulating T-cells (Morgutti et al., 1979). The 
blood and thymus of MG patients contain anti- 
AChR CD4' Th cells that can be propagated in 
vitro by stimulation with AChR antigens (Hohlfeld 
et al., 1987, Melms et al., 1988; Harcourt et al., 
1988; Protti et al., 1990, 1990a, 1991, 1991a; 
Manfredi et al., 1992,1993; Moiola et al., submit- 
ted). They stimulate production of anti-AChR 
antibodies in vitro (Hohlfeld et al., 1986) and 
recognize the AChR in association with HLA-DR 
molecules (Hohlfeld et al., 1985; Manfredi et al., 
submitted; Moiola et al., submitted). 

A. Experimental Approaches for 
Identification of the Epitope Repertoire 
of Anti-AChR Th Cells from MG Patients 

Identification of the AChR sequence regions 
forming epitopes recognized by the autoimmune 
Th cells is important both for obvious theoretical 
considerations and for potential practical pur- 
poses, such as the design of specific immuno- 
suppressive therapies. 

Th cells recognize denatured, excised se- 
quence segments of the antigen, in association 
with MHC class I1 molecules on the surface of 
antigen-presenting cells (APC) (Davis and 
Bjorkman, 1988; Ashwell and Schwartz, 1986). 
AChR-specific CD4' Th cells from the blood of 
MG patients recognize native or fully denatured 
AChR equally well (Hohlfeld et al., 1987). There- 
fore, biosynthetic and synthetic peptides corre- 
sponding to different subunits of the human 
AChR, whose sequence is known, can be used to 
propagate the autoimmune anti-AChR Th cells 
in vitro and identify the epitopes they recognize 
(see below). Biosynthetic AChR subunits, which 
can be produced with relative ease and in large 
amounts, are in principle ideal for propagation 
of subunit-specific Th lines (see below). On the 
other hand, relatively short peptides screening 
the sequences of the different AChR subunits 
are necessary to identify sequence regions form- 
ing T-epitopes. Synthetic peptides in principle 
could be processed differently than the cognate 

native antigen and result in epitopes different 
from those produced in vivo. The usefulness and 
legitimacy of the use of synthetic AChR se- 
quences for the study of the anti-AChR CD4+ 
response was verified by several studies on the 
response of unselected CD4+ cells from the blood 
of MG patients to pools of synthetic peptides 
corresponding to the complete human muscle 
AChR a-, y-, and &subunits (Protti et al., 1990; 
Manfredi et al., 1992, 1993). A CD4+ response to 
the AChR peptides could be detected, whose in- 
tensity correlated with the seventy of the disease 
(Protti et al., 1990; Manfredi et al., 1992, 1993). 
This relationship was particularly clear in long- 
term studies of the same MG patients. These 
results strongly support the possibility that the 
CD4+ response detected by synthetic AChR se- 
quences is involved in MG pathogenesis. Fur- 
thermore, as discussed below, CD4+ cell lines 
propagated from MG patients by stimulation with 
synthetic AChR sequences respond vigorously 
to purified mammalian muscle AChR. 

Identification of the epitope repertoire of 
anti-AChR Th cells has been pursued by test- 
ing the response to synthetic or biosynthetic 
AChR sequences of the total CD4+ T-cells from 
the peripheral blood of MG patients, or of 
CD4+ T-cell lines enriched in AChR-specific 
cells by in v i m  culture with AChR antigens. 
These two approaches - use of unselected 
blood CD4+ cells or of CD4+ lines - have 
different advantages and caveats. 

The use of unselected blood CD4' T-cells 
avoids detection of a biased repertoire due to 
selective clonal loss/enrichment during in vitro 
propagation of the lines. Studies that used the 
same panels of AChR synthetic sequences to test 
the response of AChR-specific CD4+ cell lines 
(Protti et al., 1990a, 1991, 1991a, 1992), or 
unselected peripheral blood CD4+ T cells 
(Manfredi et al., 1992,1993) found that the CD4+ 
blood cells responded far less vigorously than 
the CD4+ lines, but to a larger repertoire of AChR 
epitopes. Because of the low frequency of AChR- 
specific Th cells in the blood (Sun et al., 1992), 
reliable testing of unselected peripheral blood 
CD4+ T-cells is successful only in the most se- 
verely affected patients (Protti et al., 1990; 
Manfredi et al., 1992, 1993). 
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Long-term cell lines highly enriched in 
AChR-specific Th cells can be propagated in 
vitro from the blood or thymus of MG patients 
by cycles of stimulation with AChR antigens, 
such as purified AChR or synthetic or biosyn- 
thetic AChR sequences (reviewed in Protti et al., 
1993). Polyclonal and monoclonal Th lines spe- 
cific for one defined AChR epitope can also be 
obtained by stimulation with the corresponding 
synthetic or biosynthetic AChR sequence. Such 
lines allow studies of the structure of individual 
AChR epitopes and of their structural relation- 
ship with' the specific T-cell receptors. 

Successful propagation of AChR-specific 
long-term CD4+ cell lines was first obtained by 
cycles of stimulation with Torpedo AChR 
(Hohlfeld et al., 1984). Given the limited se- 
quence similarity between Torpedo electric or- 
gan and human muscle AChRs (reviewed in 
Claudio, 1989), such lines should be biased to- 
ward epitopes formed by the most conserved 
sequence regions. In agreement with this predic- 
tion, the lines recognized preferentially or ex- 
clusively epitopes on the AChR a-subunit, which 
is most conserved among nonneuronal AChRs 
from different species. Synthetic AChR se- 
quences have been used for propagation of anti- 
AChR T-cell lines. This approach has the impor- 
tant caveat that short synthetic sequences might 
be processed differently than the complete AChR 
molecule. Indeed, a study that used synthetic 
AChR sequences for propagation of CD4+ T-cell 
lines described lines that did not cross-react with 
native mammalian muscle AChR (Willcox et al., 
1993). On the other hand, in several other stud- 
ies, Th lines propagated from MG patients by 
stimulation with pools of synthetic AChR pep- 
tides responded vigorously to mammalian muscle 
AChR (Protti et al., 1991, 1992; Moiola et al., 
submitted). Taken together, these results indi- 
cate that the use of synthetic AChR antigens for 
propagation is legitimate, but caution needs to 
be exercised, and the AChR specificity of the 
lines must be verified by challenging them with 
the purified mammalian muscle AChR molecule 
before their further use for studies on the struc- 
ture of autoimmune AChR epitopes. 

The combined results of these approaches 
has identified many AChR sequence regions 

forming CD4+ epitopes, as discussed in the fol- 
lowing sections. 

B. Identification of a Large Th 
Repertoire on Each AChR Subunit 

Most studies on the Th repertoire have fo- 
cused on the AChR a-subunit, perhaps because of 
its importance in the anti-AChR antibody response 
(Schonbeck et al., 1990; Protti et al., 1990b; 
Manfredi et al., 1992; Oshima et al., 1990; Sommer 
et al., 1991; Brocke et al., 1989; Melms et al., 
1989). Other studies have employed overlapping 
synthetic peptides corresponding to the complete 
sequence of p-, y-, and &subunits to investigate 
whether these subunits are involved in the patho- 
genesis of MG and to identify sequence regions 
forming epitopes for CD4+ T-cells (Protti et al.! 
1991, 1991a, 1992; Manfredi et al., 1993; Moiola 
et al., 1994a). The several epitopes identified in 
those studies are summarized in Table 7. 

Numerous sequence regions recognized bq 
anti-AChR Th cells were identified on each sub- 
unit (Table 7). Several 20-residue regions were 
recognized by Th cells from most patients, irre- 
spective of their MHC haplotype: they might have 
a dominant role for Th sensitization. Figure 4 
indicates the putative transmembrane topology 01 
the AChR sequence regions recognized by CD4' 
T-cells. 

The T-cell epitope repertoire identified so fat 
is certainly not an exhaustive representation of 
the actual repertoire in the MG patient popula- 
tion. On the other hand, the T-cell repertoire pres- 
ently identified suffices to conclude that while the 
antibody response in MG is focused on the MIR 
(Lindstrom et al., 1988; Schonbeck et al., 1990), 
the anti-AChR CD4+ T-cells recognize a large 
number of epitopes. Even the relatively imrnuno- 
dominant epitopes recognized by most MG pa- 
tients are numerous. This clearly indicates that 
during the fully developed anti-AChR response, 
the AChR itself is the target of the CD4' T-cells. 
However, it does not exclude the possibility that 
the anti-AChR response may be triggered by 
molecular mimicry between an individual AChR 
epitope and some other microbial structure 
(Oldstone, 1987). Once the tolerance is broken 
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Table 7 
Human AChR Sequence Regions Known to Form T-cell Epitopes 

Region Region Region Region Region Region Reglon Region Region Region Region 
al-38 a48-71 a85143 a146-181 a182-212 a257-269 a293-308 a304-337 a351-368 u381-405 a403437 

a1 -34. a48-673=a a85-142' a1 46-1 62b a182-198b ~257-269Q.~ a293-30Ec a304-322C.d a351-36Eh a387-405c a403-42Ic 
a12-27b a56-71b a89-104b a151-168C a191-207c a31 0-327h a419-437cd 

a23-3Eb a101-120c~d a169-18Ih ~195-212p.~ 
a1 9-34c a99-116' a158-174b al94-210b ~320-337~ .~  

a1 1 1-126b 
a1 18-1 37= 
al25-1430 

Region Region Region Region Reglon Region Reglon 
81-20 81-60 691-185 6196-290 6346-362 6363-392 s446-496 

61-2O'J 661-80'J 691-1 10' 6196-215'J 6346-362' 6363-386' 6446-465' 
61 06-125' 621 3-230 6373-392' 6461 -480'4 
61 21 -1 40'J 6226-245' 6476-496' 
61 36-1 59 6241 -260'J 
61 51 -1 70' 6256-275' 
61 66-1 89 6271 -290'5 

Region Region Region Region Region Region Region 
y1549 @O-124 y135-154 080-202 $?03-400 y411-430 y470-495 

71 5-34' y60-79'" ~135-154'" ~180-202' $203-222' y411-430'~' y470-488 
$30-49',' ~75-94',' $1 8-237' y472-495' 

P O -  1 09' $233-252' 
71 05-1 24' $248-267' 

@63-273' 
969-288' 
$284-303' 

$306-325' 
$321 -340'.k 
e36-355" 
$351-370' 
$366-385' 
$381-400' 

997-3 121.k 

Region Region Region Region Region Region Region 
p16-50 p76-95 pl81-200 8271-290 p316-350 p361-425 p436-455 

p16-35' p76-95' B181-200' p271-290' 8316-335' 8361-380' p36-455' 
831 -50' 8331 -350 p376-395' 

8391-410' 
0406-425' 

aHohifeld, 1988. Wshirna, 1990. %anfredi, 1992. dProtti, 1990. "Melrns, 1988. 'Sornrner, 1991. QHarcourt, 1988. hBrocke, 1989. 'Manfredi, 
1993. IProtti, 1991. 'Protti, 1992. 'Moiola, 1994a. 

for a single epitope, an autoimmune response can 
extend to other Th epitopes within an autoantigen 
(Lehmann et al., 1992). 

C. Structure of lmmunodominant Th 
Epitopes on Muscle AChR: Studies with 
Single-Residue-Substituted Peptides 

Although the Th cells against the AChR in 
MG recognize many epitopes, a few 20-residue 

sequence regions are the most frequent target 
of autoimmune Th cells. This finding could be 
exploited for development of epitope-specific 
immunosuppressive procedures, as was done 
for experimental autoimmune encephalomyelitis 
(EAE). Four immunodominant regions were 
identified on the 01 (Protti et al., 1990b)-, three 
on the p (Moiola et al., 1994a)-, and two on the 
y-subunit (Protti et al., 1992). Because those 
immunodominant sequence regions are 20 resi- 
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IW a subunit  

w 350 

400 

6 subun i t  
150 

FIGURE 4. Schematic representation of the transmembrane folding of the AChR subunits and location of 
sequence regions identified as forming epitopes for anti-AChR T cell. The epitopes forming sequence regions are 
indicated as gray segments, while white dotted segments indicate “immunodominant” peptides recognized by 
patients of different class II haplotype. The four putative transmembrane regions (M1 -M4) are indicated in black. 
The sequence segment aminoterminal to the M1 region (residues 1 to -220) is believed to form an extracellular 
domain; the segment between M3 and M4 forms a cytoplasmic domain. The transmembrane topology of the 
carboxyl terminal sequence segment following M4 is still under debate but is probably extracellular (see text). (From 
Protti, M. P., Manfredi, A. A., Horton, R. M., Bellone, M., and Conti-Tronconi, B. M. 1993. immunol. Today 14:363- 
368. With permission.) 

dues long, and class II-restricted epitopes are 9 
to 15 residues (Nicholas et al., 1989; Michalek 
et al., 1989), each immunodominant synthetic 
sequence could accommodate several nested 
epitopes, as described for immunodominant re- 
gions of myelin basic protein (Sakai et al., 1988). 

The presence of short sequence regions 
immunodominant for Th sensitization is not 
unique to the anti-AChR autoimmune response, 
as it occurs in the human CD4+ T-cell response 
to foreign protein antigens (Panina-Bordignon 
et al., 1989; O’Sullivan et al., 1991). This may 
occur because a variety of peptides contain a 

consensus sequence compatible with binding to 
different DR molecules because of the promis- 
cuous nature of the binding of human DR mol- 
ecules to peptide epitopes: most or all human 
DR molecules bind a wide spectrum of peptide 
sequences, and about 25% of the peptide se- 
quences tested bound to any DR molecule 
(O’Sullivan et al., 1990). It is possible that for 
any protein antigen, the sequence regions most 
easily excised during proteolytic processing 
(e.g., regions largely exposed on the antigen 
surface, which could be “stripped” with mini- 
mal denaturation of the protein) will occupy the 
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available DR molecules, outcompete antigen 
sequences processed with slower kinetics, and 
thus dominate the Th response. 

A study employing single-residue-substi- 
tuted analogs of sequence regions of the human 
muscle a- and y-subunits immunodominant for 
Th sensitization in MG patients indicated that 
CD4+ T-cells from different patients recognize 
the same 10- to 12-residue sequence segments 
(Moiola et al., 1994b). That study also found 
that in the same patient, the CD4+ T cells rec- 
ognizing a given immunodominant region are 
polyclonal and recognize different, overlapping 
epitopes (Moiola et al., 1994b). 

D. Anti-AChR Th Cells Exist in Healthy 
Subjects and in Experimental Animals 

Th cells against autoantigens have been dem- 
onstrated in normal subjects (Kartik et al., 1990; 
Pette et al., 1990; Sommer et al., 1991). Periph- 
eral blood lymphocytes from normal subjects may 
respond to synthetic sequence segments of the 
AChR a-subunit (Harcourt et al., 1988), although 
they do not respond to the complete AChR mol- 
ecule (Protti et al., 1990b; Conti-Tronconi et al., 
1979). AChR-specific T-cell clones were obtained 
from healthy subjects using a biosynthetic frag- 
ment of mouse AChR a-subunit, but much less 
frequently than from MG patients (Zhang et al., 
1990). Propagation of specific Th cell lines from 
healthy controls using pools of synthetic peptides 
corresponding to the complete sequence of hu- 
man AChR subunits was seldom successful (Protti 
et al., 1990a, b, 1991, 1991a, 1992), although 
CD4+ lines specific for the human muscle AChR 
y- and &subunits have been propagated for a 
short time from normal subjects (Protti et al., 
1991, 1991a, 1992). Among the y-subunit-spe- 
cific lines, one responded detectably to a pool of 
synthetic peptides corresponding to the complete 
y-subunit sequence, but not any individual pep- 
tide, suggesting that the CD4+ T-cells interacted 
with y-subunit epitopes with too low affinity for 
any one peptide epitope to be clearly recognized 
in vitro. Other y-specific lines recognized some 
individual peptides, but could not be propagated 
for longer than 4 to 5 weeks, consistent with 
inefficient recognition of their epitopes (Protti 

et al., 1992). Th cells recognizing AChR epitopes 
with high affinity, which can be propagated in 
v i m  for long periods of time by stimulation with 
AChR antigens, seem to be uniquely characteris- 
tic of MG patients. 

The results summarized above clearly indi- 
cate that potential anti-AChR autoimmune Th cells 
exist in the healthy population and that, as Barkas 
and co-workers pointed out, “immunoregulatory 
imbalance rather than the presence of autoreactive 
T cell clones is responsible for the pathogenesis 
of MG” (Zhang et al., 1990). Autoreactive T-cells 
have been demonstrated in many experimental 
systems where the host does not normally de- 
velop autoimmune diseases (Gammon and Sercaz, 
1990), including CD4+ cells able to recognize 
autologous muscle AChR in mice (Bellone et al., 
1991, 1993). Balb/c mice develop EAMG after 
injection of rat AChR, which is presumably very 
similar, if not identical, to the autologous murine 
AChR (Granato et al., 1986), and this mouse 
strain has CD4+ T-cells that recognize the murine 
sequence region a304-322 (Bellone et al., 1991). 
The presence of CD4’ cells reactive to self-anti- 
gens does not indicate a failure of tolerance, be- 
cause the many autoreactive cells that are deleted 
from the T-cell repertoire during maturation within 
the thymus are probably those with optimal affin- 
ity for the self-antigen/MHC complex (reviewed 
in Gammon and Sercarz, 1990). T-cells with low- 
affinity antigen receptors may escape clonal dele- 
tion (Gammon and Sercarz, 1989, 1990), but be- 
cause of the similarity between the mechanism of 
thymic clonal deletion and peripheral T-cell acti- 
vation - which both require optimal formation 
of a ternary complex between the T-cell antigen 
receptor (TCR), the MHC-restricting element, and 
the T-epitope - the autoreactive T-cells may 
never be activated at the periphery because of the 
low affinity of their TCRs (Gammon and Sercarz, 
1989,1990). Potentially autoreactive T-cells could 
be activated under special conditions and cause 
autoimmune responses. 

XIII. THE ORIGINAL AUTOANTIGEN IN 
MG: WHICH AND WHENCE? 

It is not known whether the anti-AChR re- 
sponse in MG is initiated by muscle AChR, an 
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AChR-like protein expressed in another tissue, or 
a cross-reactive protein. The thymus has been 
proposed as the organ where the original anti- 
AChR sensitization takes place. In myasthenic 
patients, it is frequently hypertrophic, may have a 
thymoma (Engel, 1987; Levinson et al., 1987; 
Lindstrom et al., 1988; Schonbeck et al., 1990), 
and may contain anti-AChR T- and B-cells 
(Schonbeck et al., 1990). Thymectomy is com- 
monly done in MG patients and is beneficial for 
their symptoms. Transplantation of thymus frag- 
ments from MG patients into SCID mice results 
in the appearance of human anti-AChR antibod- 
ies that bind at the mouse neuromuscular junction 
and cause a reduced content of muscle AChR 
(Schonbeck et al., 1992). Therefore, the thymus 
from MG patients contains all the functional com- 
ponents for development of a pathogenic anti- 
AChR response. 

Different AChR-like proteins have been de- 
scribed in the thymus. One is expressed in 
thymomas and is not a true AChR because, al- 
though it binds certain anti-AChR antibodies, it 
does not bind a-BTG and contains a single sub- 
unit of 153 KDa, approximately three times as 
large as a true AChR subunit (Schonbeck, et al., 
1990). This protein may be involved in the anti- 
AChR response in MG associated with thymoma 
but, as it is not expressed in hypertrophic thymus, 
is unlikely to be involved in the pathogenesis of 
most cases of MG. Normal thymus and thymomas 
contain a-BTG-binding proteins that are prob- 
ably bona fide AChRs, similar or identical to 
embryonic muscle AChR (see Section 1II.A. 1). 

The thymus embryonic AChR may have a 
role in the pathogenesis of MG, explaining the 
dilemma that myasthenic patients produce anti- 
bodies that uniquely recognize embryonic muscle 
AChR (Weinberg and Hall, 1979; Vincent et al., 
1987). Indeed, it has been proposed that anti- 
AChR antibodies in MG recognize epitopes ei- 
ther unique to embryonic AChR or common to 
both the embryonic and the adult form, never 
epitopes unique to adult AChR (Weinberg and 
Hall, 1979; Vincent et al., 1987). Most MG pa- 
tients have Th cells specific for the embryonic 
AChR, which recognize several epitopes on the 
y-subunit (Protti et al., 1991a, 1992), indicating 
that a true sensitization to embryonic AChR has 
taken place. 

That the anti-AChR response may be initi- 
ated by embryonic AChR is supported by the 
finding, discussed in Section 1II.A. 1, that adult 
extrinsic ocular muscles - which are preferen- 
tially and sometimes uniquely affected by 
myasthenic symptoms (reviewed in Kaminski et 
al., 1990) - express both E- and y-subunits 
(Horton et al., 1993). 

Other muscle groups might also express em- 
bryonic AChR in addition to, or instead of, the 
adult form. This is suggested by preliminary stud- 
ies on the expression of y- and &-subunits in dif- 
ferent adult muscles (Kaminski et al., 1991). Fur- 
thermore, isoforms of the a-and P-subunits exist 
(Claudio, 1989; Goldman and Tanai, 1989; Beeson 
et al., 1990) (see Section 1II.A. 1). The presence of 
different AChR isoforms might explain the dif- 
ferential susceptibility of muscle groups to MG 
symptoms, and special forms of MG where un- 
usual groups of muscle are preferentially or 
uniquely affected, such as the chronic limb-girdle 
MG (Oh and Kuruoglu, 1992) or the forms start- 
ing with respiratory failure due to involvement of 
the diaphragm (Nagappan and Klechtko, 1992). 

AChR isoforms other than embryonic muscle 
AChR may exist in the thymus, which receives a 
cholinergic innervation, as mRNA encoding the 
neuronal AChR a 3  subunit has been detected by 
PCR (Mihovilovic and Roses, 1993). The im- 
paired cognitive function occasionally described 
in myasthenia gravis patients could be related to 
antibodies active against neuronal AChRs (Iwasaki 
et al., 1990). 

XIV. SUMMARY AND CONCLUSIONS 

The AChR is the best characterized member 
of a large family of structurally related ligand- 
gated ion channel proteins. They have likely 
evolved from an ancestor ligand-gated ion chan- 
nel that probably existed as a homomeric com- 
plex. Duplication of the gene encoding such an 
ancestor and its subsequent divergence yielded 
different subunits comprising a single receptor 
complex, then various receptor subtypes, and ul- 
timately receptors that bind different ligands. 

The AChR subunits were highly conserved 
through the course of evolution. For instance, 
corresponding subunits of Torpedo and mamma- 
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lian muscle AChRs share -60 to 70% amino acid 
sequence identity, the different subunits forming 
muscle AChRs (all pl,  y, E, 6) share -31 to 49% 
identity, and the neuronal AChR subunits se- 
quenced to date (a2 to a8 and p2 to p4) share -37 
to 68% sequence identity. The subunits of the 
other members of the AChR family are less con- 
served. For example, the glycine and GABA, 
receptors share only 22 to 34% amino acid se- 
quence identity with the muscle AChR subunits, 
and more distant relatives of the AChR superfam- 
ily - the NMDA and non-NMDA receptors - 
share ~ 2 0 %  sequence identity with the AChR 
subunits. 

Despite the different degrees of sequence di- 
vergence among the different members of this 
family of proteins, several fundamental structural 
features - such as their pentameric structure 
formed by homologous or identical subunits simi- 
larly arranged around the central ion channel and 
the transmembrane folding of their subunits - 
have been preserved in all members of the AChR 
family. The AChRs therefore are an excellent 
system to study the structural features required 
for ion channel gating. 

Due to the ease with which the AChR can be 
purified, especially from fish electric organ, and 
as a result of almost 20 years of intensive inves- 
tigations, several structural features of the AChRs 
are known, even in the absence of high-resolution 
crystallographic data. These include the overall 
tridimensional shape of the AChR molecule, the 
transmembrane folding of at least some regions 
of its constituent subunits, the identification of 
sequence regions which contribute to the lining of 
the ion channel and elucidation of their likely 
secondary structure, and the identification of the 
subunits, sequence regions, and individual resi- 
dues that contribute to the formation of cholin- 
ergic binding sites. 

MG is a relatively uncommon autoimmune 
disease, but, because its symptoms are primarily 
or exclusively because of an autoimmune response 
against the muscle AChR, which is so well char- 
acterized, it is an excellent system to investigate 
the molecular interactions occurring in a human 
autoimmune response. Therefore, MG has been, 
and still is, the target of intensive investigations. 
A detailed picture at the molecular level of the 

interactions of this autoantigen with the key ele- 
ments involved in the autoimmune response, such 
as the anti-AChR antibodies and the specific 
Th cells, is now emerging. The structure of 
epitopes recognized on the human muscle AChR 
by the autoantibodies and by CD4' Th cells of 
myasthenic patients has been, or is being, eluci- 
dated. These studies will ultimately result in a 
better understanding of the pathogenetic mecha- 
nisms of an autoimmune response and, hopefully, 
in the design of antigen-specific immunosuppres- 
sive treatments. 
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