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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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I. 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; o-NTX, a-cobratoxin
(a-najatoxin); o-DTX, a-dendrotoxin; x-BGT, x-bungarotoxin; x-FTX, x-flavitoxin; NeSuTx, neosurugarotoxin;
o-CnTx, a-conotoxin; STM, scanning tunneling microscopy; Carb, carbamylcholine; SDS, sodium dodecy! sulfate;
MBTA, 4-(N-malemido)benzyltri[*H]-*H-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
AChHR 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.

Il. THE NICOTINIC ACETYLCHOLINE
RECEPTOR AND MYASTHENIA GRAVIS:
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 nerve/heart 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 (1911) 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 Juncrion, by A. A. Manfredi, M. P. Protti,
M. Bellone, L. Moiola and B. M. Conti-Tronconi, in lon Channels and lon 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 Superfamily of Ligand-Gared 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 (1951) 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 10% 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 similari-
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; Penn et al.,
1993).

Ill. 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 IV.C).

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

Protein sequencing of the four purified Tor-
pedo AChR subunits (a., B, v, and 8) 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 a.,3y0 (Raftery et al., 1980;
Conti-Tronconi et al., 1982a). That was the first
demonstration that AChRs from different species
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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 o-, B-, y-, -, 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 sapiens 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 0-, -, ¥-, and &-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 o,3ed 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 ¥- 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 o-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 B-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 (0-BGT), a snake
toxin that specifically recognizes AChR from

peripheral tissues (Engel et al., 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, o-, B-, ¥-, and &-subunits (Nelson and Conti-
Tronconi, 1990). The presence of mRNA for
AChR muscle a-, -, y-, and 3-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
o-subunit transcripts was demonstrated in
thymormas by southern blot hybridization (Muller-
Hermelink et al., 1993). A large part of the pri-
mary sequence of the o-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 Pomerantz,
1984; Rozzman and Brooks, 1985). The presence
of the neuronal a3 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 (Grando and Conti-Tronconi, unpublished
results).

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

Probe

a3 Mouse muscle a1 subunit
o2, a4, a5, B2, Rat a3 subunit
B3
B4, Rat neuronal
o6, B5° o and B subunits
o2, a3, o4 Chicken muscie
a1 subunit
o5, no3P Chick a3 gene cluster
not, no2b Chicken muscle
ol subunit
of N terminus

{or tBGTBPa1)
o

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

(or aBGTBPa2}
GFo-3, Torpedo and rat
GFna-2, GFna-3 muscle o1
and rodent a4
subunits
ARD Vertebrate AChR
(B homolog), subunits
ALS, or Dat
(=3 homolog)
SAD or Da2 ALS-conserved M4
Da3 oligonucleotides
al1 or ARL2, Chick p2 subunit
oRL1

Source

PC12 cell line
(rat
pheochromocytomay)
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

2 ab, B5 sequences and characterization have not been reported to date.
® no means non-o; also called structural a8 subunits.

Ref.

Boulter et al., 1986

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

1989 .

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;
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

Cauley et al.,, 1989,

1990

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

Schlob et al., 1988;
Gundelfinger, 1992

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

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 channe!l proteins. In: Handbook for Protein
and Peptide Design, Carey, P. R., Ed., Copyright © 1935 by Academic Press, Inc. With permission.

AChHR subunits can be classified on the basis of
the sequence homology among themselves and
with the subunits of peripheral tissue AChRs, as
o-subunits, which contain within their N-termi-
nal extracellular segment a vicinal pair of cys-
teine residues, the hallmark of all AChR o.-sub-
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units, and B (or non-or)-subunits. Conventionally,
muscle AChR subunits are indicated with the
postscript 1 (a1, B1), and neuronal subunits with
postscript numbers that indicate the order in which
a particular subunit was identified and sequenced.
Neuronal subunits from o2 to o8 and from B2 to
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5 have been described to date (Table 1). Subunits
corresponding to the muscle -, €-, and 8-subunits
have not yet been described in neuronal systems.
The amino acid sequences of different rodent
AChR o- and 3-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 III.A.1).
While muscle AChRs contain four different sub-
units, neuronal AChRs may contain only two
subunits, o and B, or even one subunit only (o)
(Goldman et al., 1987; Wada et al., 1988; Duvoisin
et al., 1989; Couturier et al., 1990b; Bertrand et
al., 1992). Coexpression of different neuronal
o-subunits with either the neuronal §2 or B4 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 o-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 ¢t-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. flavus venom distinguish
AChHR subtypes, that is, the a-neurotoxins, such
as a-bungarotoxin (a-BGT), and the x-neurotox-
ins, K-bungarotoxin (K-BGT) and x-flavitoxin
(x-FTX) (Chiappinelli, 1985; Grant et al., 1988).
k-BGT (also referred to as toxin F [Loring et al.,

1984], bungarotoxin 3.1 [Ravdin and Berg, 1979],
and neuronal bungarotoxin [Lindstrom et al.,
1987]) 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.

o-BGT 1irreversibly blocks (t,, > 200 h,
[Blanchard et al, 1979]) AChRs formed by the
subunit combinations alBlyd and o1f2yd
(Deneris et al., 1988). Many avian and rodent
neuronal AChRs comprising different o/ sub-
unit combinations — 022, a3p2, o4f2, and
034 — are insensitive to a-BGT (Deneris et al.,
1988; Wada et al., 1988; Duvoisin et al., 1989),
while neuronal AChRs formed by o332 and o452
subunit combinations are sensitive to xK-BGT
(Deneris et al., 1988). The sensitivity of the 332
ACHR to k-BGT is tenfold greater than the 0432
complex (Luetje et al., 1990a, b). Interestingly,
the a3B4 complex appears to be insensitive to
k-BGT (Duvoisin et al., 1989), indicating that
the B-subunit also affects the ligand binding char-
acteristics (see Section X). The o232 neuronal
AChR is insensitive to both a-BGT and x-BGT
(Wada et al., 1988).

The chicken a7 subunit can form functional
homomeric AChRs sensitive to o-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 o-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 oLl subunits
are blocked by «a-BGT, x-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, Babylonia japonica,
blocks AChRs formed by the B2 subunit in com-
bination with the 02, o3, or a4 subunit, whereas
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the a1B1y3 AChR is relatively insensitive (Luetje
et al., 1990a, b). In contrast, a-conotoxins
(0-CnTx) isolated from the venom of marine snails
(Gray et al., 1988) block only the a1p1y8 AChR.
Lophotoxin, a cyclic diterpene from gorgonian
corals (Culver et al., 1985), covalently labels Tyr,o,
of the Torpedo o-subunit (Abramson et al.,
1989) — a residue conserved in all AChR a-sub-
units with the notable exception of the neuronal
o5 subunit (Boulter et al., 1990a). As predicted
from the presence of this tyrosine, AChRs formed
by combinations of a1f1yd, o282, o3B3, and
042 subunits are sensitive to lophotoxin, al-
though the 0282 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 o5 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

Table 2

the toxin sensitivity of AChRs resnlting from
combinations of different neuronal subunits.
The B-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 o- and f-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
o3/nol and o4/nol demonstrated that the o3
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 a4 subunit indicated that the
N-terminal region of the a-subunit influences
ACh sensitivity (Gross et al., 1991). The B-sub-
unit affects both agonist sensitivity and AChR
activation kinetics. The B2 subunit confers sen-
sitivity to cytisine of the AChR formed with the

Contribution of Different Subunits to the Toxin
Sensitivity of Neuronal AChRs

Neurotoxin
AChR Sensitivity
alp1yd o-BGT sensitive
oip2yd
o7

o232 o-BGT insensitive
o3p34 k-BGT insensitive

o3p2 o-BGT low

o4p2 sensitivity,
x-BGT sensitive

a2f2 NeSuTx sensitive,

o3p2 a-CnTx insensitive

o4f2

a1f1yd NeSuTx insensitive,

a-CnTx sensitive
al1B1yd

o2f2 Lophotoxin sensitive

a3p33
o432

- 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

From MclLane, 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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02, o3, or o4 subunits, and the B4 subunit
forms cytisine-insensitive AChRs (Luetje and
Patrick, 1991). The B-subunit also confers dif-
ferent relative sensitivities to ACh and DMPP
(1,1-dimethyl-4-phenylpiperazinium) (Luetje
and Patrick, 1991).

Chick sympathetic neurons contain four
classes of AChRs and express at least six AChR
subunits (03, o4, oS, o7, B2, and B4). 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 o7 subunit and
sensitive to a-BGT. Because untreated neurons
are o-BGT insensitive, the a7 subunit might
form AChR complexes involving other o-sub-
unit subtypes, with different a-BGT-binding
properties than the complexes formed by o7
subunit alone.

Table 3

Expression of mRNAs for the a2, o3, o4, o5,
and B2 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 32 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 B-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.

{n Situ Hibridization of AChR Subunit
Probes in the Nervous System*

CNS region

Probes

Substantia nigra o3, o4, o5, B2, and B3
Medial habenula a3, o4, 3, and B4
thalamus o3, o4, o5, and f2
Trigeminal ganglia o3, a5, B2, and 83
Interpeduncolar nucleus o2, o3, and B2
Hippocampus o2, o3, o4, a5, and B2
Cerebral cortex o3, o4, o5, and B2

Hypothalamus o3, o4, and B2
Adrenal medulla a3, o4, ob, a7,
B2, and B4

b  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 MclLane, 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., Copy-
right © 1995 by Academic Press, Inc. With permission.
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IV. TRANSMEMBRANE TOPOLOGY OF 1990) identified a long N-terminal region of ~200

THE AChR SUBUNITS amino acids rich in hydrophilic residues that could
form an extracellular domain, followed by four

All Torpedo AChR subunits form both extra- hydrophobic potential o-helices ~20 amino acid
cellular and cytoplasmic domains (Strader, 1979). long (Figure 1), referred to as M1 to M4, which
Because of their sequence similarity, all AChR could cross the membrane (Finer-Moore and
subunits should have similar transmembrane fold- = Stroud, 1984; Guy, 1983). Between M3 and M4
ing. Hydropathy analysis of a “typical” AChR there is a long sequence region, most diverged in
subunit (reviewed in Claudio, 1989; Stroud et al., the different AChR subunits, containing a segment,

MIR Ro P13e

.- _"/
170
s CmC200
_+
P23
B )
Wi120 E87
+ 216
L G 3 200 +
E4- W 1oor
N+ Dgg. o' N
23 popg e
R”lcvzaa. v
[ole e K
P22 \Q o VA pogo\0 oy
§ |
40A between LT c229
head groups. M 5270 M2 M3

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 o 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 disuifide-linked loop in alt four neuromuscular AChR subunits (indicated as
C130-C144, according to the numbering of the consensus alignment, corresponding to Cys,,s and Cys,,, of the
Torpedo a subunit}, enclose the conserved site of the N-linked glycosylation site found in all neuromuscuiar AChR
subunits. The adjacent, disulfide-linked cysteines at the agonist binding site, found only in AChR « subunits, are
labeled C208 and 209, following the numbering of the consensus alignment (corresponding to Cys,q, and Cys, g, of
the Torpedo o 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, 11009-11023. With permission.)
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called MA, which has the periodicity of an
amphipatic o-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 M1 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
etal, 1991.

A. Region between the Amino Terminus
and M1

The Torpedo AChR 8-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 III), 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 o.-subunit sequence contain-
ing novel glycosylation sites. A fragment
terminating at position O, (just before the M1

segment) was a nonintegral membrane protein,
and glycosylation sites introduced at position o,
and oy, 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 M1 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 M1, 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 al., 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);
Lys350, amino terminal to M4, has a cytoplasmic
location, while Lys,yg6, Which is carboxyl-termi-
nal to M4, is extracellular.

The potential amphipathic o-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 B-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 lon
Channel

Hydropathy analysis of the primary structures
of Torpedo AChR subunits led to suggestions
regarding the possible participation of putative
transmembrane segments M1 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 o-helical domains, it was proposed that
M1 and M2 were the most likely candidates for
channel formation (Noda et al., 1983c). 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
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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 o-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 ton channel formed by M2 helices contributed
by each of the subunits (Leonard et al., 1988;
Charnet 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-, B-, ¥-, and &-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 (Konno et al., 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 (Falke
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 o-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 B-, y-, and
&-subunits. Following chemical modification,
voltage-clamp currents were recorded. The re-
sults showed that the alternating residues Ser,,,,
Leu,s,, Sers,, and Thr,, are exposed in the closed
channel. This suggests a B-strand structure for
this region of M2 rather than an o-helix as was
generally assumed. Thus, a channel comprised
(partly or entirely) of M2 segments from five
subunits would consist of some form of B-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 a7 subunits. Mutation of Leu,,, to threonine
altered activation and desensitization properties
and the pharmacological profile of the resulting
AChHR (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.

Photoaffinity-labeling studies using noncom-
petitive inhibitors have been conducted in several
laboratories. The local anesthetic, SH-TPMP+, la-
bels Ser,q, of the 8-subunit, Ser,,, of the B-sub-

unit, and Ser,,; of the a-subunit, all of which are
within the M2 domain (Oberthiir and Hucho, 1988;
Hucho, 1986). *H-Chlorpromazine has labeled
serine residues within the M2 domains of all sub-
units (positions 8-262, §-254, a-248, and y-257), in
addition to leucines at positions 3-257 and y-260
and threonine at y-253 (Giraundat 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
0:208-243 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
SH-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 - and [-subtypes (reviewed in
Claudio, 1989), and it is particularly long in the
o4 subunit (Goldman et al., 1987). This segment
may be involved in the differential functional
characteristics that each o- and -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 IV.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
ACHhR subunits (sequences 0.304-322, a330-346,
0:332-350, 339-378, 0349-364, 0.360-378, B350-
358, B368-406, and y360-377), 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.,
1992).

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,
M1-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 sealed
AChR-rich membrane vesicles concluded that the
sequences 0341-380, B351-385, y353-414, and
0328-341, fragments of which were quickly re-
leased by trypsin treatment, are exposed on the
extracellular surface (Moore et al., 1989),

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
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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
8-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,q, 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 o~ and d-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
O-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 — o, B, v, and
8. 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 d-, B-, ¥-, and 3-subunits is approximately
2:1:1:1 (Lindstrom et al., 1979). Simultaneous
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quantitative amino-terminal microsequencing of
the subunits present in SDS denaturated purified
AChHR (Raftery et al., 1980), directly demonstrat-
ing that the four subunits form a pseudosymmetric
pentameric complex (c0),fy0. 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 o7 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 f-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 a4/32
AChHR subtype has been provided using two dif-
ferent approaches. Quantitative ¥S-methionine
incorporation was used by Lindstrom and co-
workers to determine the stoichiometry of 04 and
B2 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 a4 and B2 subunits, respec-
tively. The same subunit stoichiometry was deter-
mined using site-directed mutagenesis of the o4
and B2 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 (04),(B2); was deduced.

VI. TRIDIMENSI