
Proc. Natl. Acad. Sci. USA
Vol. 82, pp. 2004-2008, April 1985
Biochemistry

Evidence for unpredicted transmembrane domains in acetylcholine
receptor subunits

(monoclonal antibodies/synthetic peptide/transmembrane orientation/nicotinic)

MANUEL CRIADO*, SUSAN HOCHSCHWENDER*, VIRENDER SARINt, J. LAWRENCE Foxt, AND JON LINDSTROM*
*The Salk Institute, P.O. Box 85800, San Diego, CA 92138; and tDepartment of Molecular Biology, Abbott Laboratories, Abbott Park, North Chicago,
IL 60064

Communicated by Robert W. Holley, December 3, 1984

ABSTRACT Two monoclonal antibodies (mAbs 236 and
237) against a synthetic peptide composed of the same amino
acid residues as the sequence 152-167 of the a subunit of the
acetylcholine receptor were obtained, and their crossreaction
with the synthetic peptide, a subunit, and solubilized receptor
was demonstrated. Crossreaction with the synthetic peptide
a159-169 was less by a factor of 104, suggesting that the mAbs
bind primarily to the sequence a152-159. Cholinergic ligands
did not inhibit mAb binding. No crossreaction was observed
with the receptor in native membranes, but the mAbs could
bind to receptor reconstituted into liposomes in which 50% of
the receptors have their cytoplasmic surface oriented outside.
When native membranes were permeabilized with saponin,
mAbs directed against cytoplasmic determinants of the recep-
tor could bind to them, but mAbs 236 and 237 could not. How-
ever, after treatments that removed peripheral proteins from
the cytoplasmic surface, binding of both mAbs was observed.
Further evidence for the cytoplasmic localization of this se-
quence was provided by observation of partial competition for
binding between mAbs 236 and 237 and mAbs previously dem-
onstrated to bind to the cytoplasmic surface of the receptor. To
account for these findings, a model for the organization of the
polypeptide chains in receptor subunits is proposed that has a
total of seven transmembrane domains in each subunit, two of
which are amphipathic and one of which is not a-helical.

The nicotinic acetylcholine receptor from fish electric or-
gans and mammalian skeletal muscle is composed of four
different homologous subunits with a stoichiometry of a2f8y6
(see reviews in ref. 1). Monoclonal antibodies (mAbs) have
been extensively used in the study of the acetylcholine re-
ceptor, helping to identify receptor subunits; to localize sub-
structures within subunits; to compare structures of recep-
tors from different tissues and species; to study the synthe-
sis, conformational maturation, and assembly of receptor
subunits; and to study aspects of receptor function (re-
viewed in ref. 2). About one-half of the antibodies made to
native receptors are directed at a small part of the extracellu-
lar surface of a subunits, termed the main immunogenic re-
gion (3-5). Most antibodies made to denatured receptor sub-
units are directed at the cytoplasmic surface of the receptor
(6-8).
Analyses of the sequences of cDNAs for acetylcholine re-

ceptor subunits have led to several models for the transmem-
brane organization of the polypeptide chains in all of the sub-
units and the localization of particular domains, such as the
acetylcholine binding site and main immunogenic region, on
a subunits (9-13). Antibodies have proven useful in testing
the predictions of such studies (14, 15). For example, the
COOH termini of all subunits were found on the cytoplasmic
surface, and the NH2 termini of all subunits were found to be
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inaccessible to antibodies in the native receptor (14, 15), re-
sults consistent with the idea suggested by their sequence
homologies that all of the subunits should have a fundamen-
tally similar structure (10). Demonstration of the cytoplas-
mic localization of the COOH termini (14, 15, 47) proved that
subunits could not have only the four hydrophobic a-helical
transmembrane domains predicted in the models (9-11) but,
instead, must have an odd number of transmembrane do-
mains to account for an extracellular location of the NH2
termini and a cytoplasmic location of the COOH termini.
This result was consistent with two other models, which pro-
posed a fifth amphipathic a-helical transmembrane domain
(12, 13).
Noda et al. (16) proposed that the sequence a161-166

composed the main immunogenic region, because this se-
quence was highly hydrophilic. In fact, mAbs to the main
immunogenic region do not bind to synthetic peptides con-
taining this sequence (15, 17). Furthermore, we made mAbs
to a synthetic peptide containing this sequence and showed
that they did not compete for binding to native receptor with
mAbs to the main immunogenic region (15). Here we demon-
strate that these mAbs bind to the cytoplasmic surface of the
receptor.
The observation that this part of the a subunit was located

on the cytoplasmic surface was unanticipated by all previous
models, all of which presumed that it was part of an extracel-
lular domain extending from the NH2 terminus to the first
hydrophobic domain, which starts at about a210. Because
this sequence is bracketed by two sequences that must be
located on the extracellular surface, the only site for N-gly-
cosylation (16) and a cysteine demonstrated to be adjacent to
the acetylcholine binding site (18), demonstration of the cy-
toplasmic location of this sequence rather closely defines the
boundaries of two previously unrecognized transmembrane
domains. These domains are especially interesting because
(i) one is too short to be a helical, (ii) the other is an amphi-
pathic a-helix that contains many charged residues, as might
be expected of a component of the cation channel through
the membrane, and (iii) both domains at their extracellular
surfaces have residues likely to be associated with the ace-
tylcholine binding site, which might suggest that they are im-
portant in gating the opening of the cation channel.
Here we describe our evidence for the cytoplasmic loca-

tion of the sequence a152-159 and discuss the implications
of this observation.

MATERIALS AND METHODS
Antibody Preparation. The synthetic peptide Asp-Gly-Thr-

Lys-Val-Ser-Ile-Ser-Pro-Gln-Ser-Asp-Arg-Pro-Asp-
Leu, which corresponds to amino acids 152-167 of the a sub-
unit, was synthesized and coupled to keyhole limpet hemo-
cyanin by glutaraldehyde for use as an immunogen. Hybrid-

Abbreviations: mAb, monoclonal antibody; MBTA, maleimidoben-
zyltrimethylammonium.
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oma cell lines were obtained by fusing the mouse myeloma
cell line S194 with spleen cells from a rat immunized with the
peptide as described (3). Two hybridomas secreting mAbs
236 and 237 were obtained. Other antibodies directed against
the receptor were obtained as described (3-5). The synthetic
peptide Ser-Pro-Glu-Ser-Asp-Arg-Pro-Asp-Leu-Ser-Tyr,
which corresponds to a159-169 plus a COOH-terminal tyro-
sine, was synthesized by Bachem (Torrance, CA).
ELISA. For screening the clones and investigation of anti-

body recognition, an ELISA was used (19). Briefly, receptor
was bound to microtiter dishes (Immulon I, Dynatech, Alex-
andria, VA) by adding 50 pi per well of a 2 x 10-8M solution
in 0.01 M Na bicarbonate buffer (pH 9.5) overnight at 40C.
Addition of 200 gl of 0.5% bovine serum albumin/5% Tween
20/phosphate-buffered saline for 15 min to quench unreact-
ed sites on the plates was followed by four washes with the
same solution. In this way, binding of ligands subsequently
used is prevented. mAbs were allowed to bind to the immo-
bilized receptor for 4 hr at room temperature. mAb binding
was measured using a mAb to rat IgG K chains (MAR 18.5)
(20) coupled to glucose oxidase (21) and sometimes mixed
with goat anti-rat IgG coupled to the same enzyme.
An inhibition assay was designed to test the binding speci-

ficities of mAbs 236 and 237. Antibody (2 nM) was incubated
at 200C with different concentrations of synthetic peptides, a
subunit (22), purified receptor (23), native and treated recep-
tor-rich membranes (23), or receptor, reconstituted into vesi-
cles composed of soybean lipids and cholesterol (4:1, wt/wt)
(24). After 1 hr (in the case of soluble molecules) or over-
night incubation (in the case of membranes), the amount of
bound mAb was measured by ELISA. The same ELISA was
used to test whether mAbs 236 and 237 competed for binding
to the same region as other mAbs whose transmembrane ori-
entation was known. For this purpose, each mAb of the pair
of mAbs to be analyzed was incubated both individually and
as a pair with immobilized receptor. Binding of the mAbs
was detected using MAR 18.5 coupled to glucose oxidase. If
both mAbs tested bound simultaneously, then an absorbance
close to the sum of the absorbances obtained when the mAbs
were incubated alone was obtained. On the contrary, if both
mAbs competed for the same epitope, then only the absor-
bance due to the binding of one of them was obtained. This
was quantitatively expressed with the additivity index of Fri-
guet et al. (25).

RESULTS AND DISCUSSION
As shown in Fig. LA, mAbs 236 and 237 bind to the synthetic
peptide a152-167 against which they were raised. mAb 237
appears to have higher affinity for the peptide than does
mAb 236. mAbs 236 and 237 bound with lower affinity (by a
factor of 104) to a shorter synthetic peptide a159-169 (Ser-
Pro-Glu-Ser-Asp-Arg-Pro-Asp-Leu-Ser-Tyr), which over-
lapped the COOH-terminal sequence of a152-167. This sug-
gests that these mAbs bind amino acids in the sequence
a152-159 and that their binding sites do not extend much
beyond a159. mAb binding sites have been found to be com-
posed of 6-8 amino acids (26). mAbs 236 and 237 bind with
about the same affinity to purified a subunits (Fig. 1B) and
solubilized receptors (Fig. 1C). On the other hand, no bind-
ing of mAbs 236 and 237 to native receptor-rich membranes
was detected (Fig. 2) even with longer incubation times (18
hr). However, when receptor reconstituted into vesicles was
used instead of native vesicles, mAb binding was observed
(Fig. 2). No binding of antibodies to liposomes without re-
ceptor was detected (data not shown), The failure to observe
binding of mAbs 236 and 237 to native vesicles, where the
receptor is oriented almost exclusively right-side out (27),
and evidence of mAb binding to reconstituted vesicles,
where -50% of the receptor is located with its cytoplasmic
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FIG. 1. Binding of mAbs 236 and 237 to synthetic peptides, a
subunit, and soluble receptor. (A) Binding ofmAbs 236 (o *) and 237
(o *) to synthetic peptides corresponding to residues a152-167
(open symbols) or a159-167 (closed symbols) was tested by the inhi-
bition produced by the peptides on the binding of the mAbs to recep-
tor bound to microtiter dishes. (B) Binding of mAbs 236 (o) and 237
(o) to a subunits under the same conditions as in A. (C) Binding of
mAbs 236 (o) and 237 (o) to soluble receptor under same conditions
as in A and B.

surface facing the outside (24), suggests that a152-159 is lo-
cated on the cytoplasmic surface.
To further test the cytoplasmic localization of a152-159,

two different approaches were followed. First, competition
experiments between mAbs 236 and 237 and other mAbs di-
rected against different parts of the receptor were carried out
(Table 1). The cytoplasmic part of the receptor is a relatively
small area in comparison with the extracellular portion (29).
Therefore, if mAbs 236 and 237 bound to the cytoplasmic
surface, one might expect some steric inhibition of the bind-
ing ofmAbs 236 and 237 by some of the other mAbs that bind
to the cytoplasmic face of the receptor. This was observed
with mAbs 149, 111, 142, 151, and 118, which are specific for
a or f subunits (28) and which bind to the cytoplasmic por-
tion of the receptor as demonstrated by electron microscopy
and colloidal gold labeling (6). This competition seems to be
only partial and well differentiated (quantitatively) from the
complete competition observed between mAbs 236 and 237
on one hand and the complete lack of competition with some
other mAbs on the other hand (mAbs 125, 140, 6, 35, 203, 22,
and 188).
The second approach to testing the cytoplasmic localiza-

tion of a152-159 consisted of studying the binding of mAbs
236 and 237 to native membranes permeabilized with sapo-
nin or treated with lithium diiodosalicylate or alkaline pH to
permeabilize and extract peripheral proteins (Table 2). Al-
though saponin treatment was effective in permeabilizing the
membrane and allowing the binding of several mAbs to the
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FIG. 2. Binding of mAbs 236 and 237 to receptor-rich native ves-
icles and receptor reconstituted into liposomes. Binding of mAbs
236 (o *) and 237 (o *) to native vesicles (closed symbols) or recep-
tor reconstituted into vesicles composed of soybean lipids and cho-
lesterol (open symbols) was tested as in the case of soluble mole-
cules in Fig. 1. The indicated receptor concentrations refer to the
total amount present in the membranes. In reconstituted vesicles,
S50% of the receptor is located with its cytoplasmic surface facing
the outside (24).

cytoplasmic part of the receptor, mAbs 236 and 237 could
not bind. However, when the membranes were treated with
alkaline pH or with lithium diiodosalicylate, significant bind-
ing of these mAbs was detected. Furthermore, if alkaline
treatment was followed by saponin permeabilization, in-
creased binding was observed. These data suggest that: (i)
This sequence is located on the cytoplasmic face of the re-
ceptor, and (ii) peripheral protein extraction is necessary to
expose the antigenic determinant. One possibility is that pe-
ripheral proteins bind to this sequence or close to it and only
after their extraction can the mAbs bind. Another possibili-
ty, which does not exclude the first, is that after peripheral
protein extraction, the receptor becomes more flexible, and
the initially buried determinant is exposed. The possibility
that lithium diiodosalicylate or pH 11 denatures the receptor
cannot totally be ruled out; however, receptor function,
which seems to be very sensitive to environmental changes
(31, 32), is not affected by these treatments (30). Further-
more, two chemically unrelated treatments, lithium diiodo-
salicylate and alkaline pH, would not be expected to produce
the same type of local modification if this were not related to
their common target, peripheral protein extraction. Finally,
the possible site(s) of interaction of peripheral proteins with

Table 1. Competition between mAbs 236 and 237, and mAbs
directed against different antigenic determinants of
the receptor

Subunit specificity and . . d.
Competitor transmembrane orientation of Additivity index

mAb antigenic determinant mAb236 mAb237

236 a 17
237 a 17
149 a, cytoplasmict 43.2 41.8
111 /, cytoplasmict 43.9 33.3
142 a,3,y,8, cytoplasmict 54.5 48.3
151 /3, cytoplasmict 64.7 59.1
118 /3, cytoplasmict 56.0 42.9
125 /3, cytoplasmict 100.0 81.0
127 8, cytoplasmict 70.0 61.3
129 8, cytoplasmict 78.3 72.6
131 8, cytoplasmict 84.3 50.9
139 8, cytoplasmict 86.2 66.9
140 8, cytoplasmict 92.7 71.6

6 a, extracellular MIRt 82.0 86.1
35 a, extracellular MIRt 96.0 91.4

203 a, extracellular MIRt 97.1 89.0
22 a, extracellular MIRt 82.7 92.3
188 a, extracellular MIRt 84.4 93.5

*Additivity index (25) is expressed as follows: AI = 100[(2A1+2/Al
+ A2) - 1] where Al is the absorbance with mAbs 236 or 237 alone,
A2 is the absorbance of the competitor mAb alone, and Al +2 iS the
absorbance with the two mAbs together. A low value of the Al
indicates that the two mAbs cannot bind simultaneously and
compete for binding, whereas a value near 100 indicates that both
mAbs can bind to receptor simultaneously and do not compete for
binding. Intermediate values may indicate partial competition.
tTransmembrane orientation of mAb binding determined by elec-
tron microscopy (6). MIR, main immunogenic region.
tTransmembrane orientation of mAb binding determined by pro-
teolytic cleavage and immunoprecipitation (28).

the receptor could be located far away from this sequence
and then the observed effect could simply be due to steric
hindrance exerted by peripheral proteins. However, this
does not seem to be the case, since several mAbs (149, 111,
and 142), which appear to bind to adjacent sites in the recep-
tor molecule because of their partial competition with mAbs
236 and 237, bind to the receptor without extraction of pe-
ripheral proteins.

Fig. 3 compares three models for the transmembrane ori-
entation of the polypeptide chain in a receptor subunit and
shows the model proposed by several groups (Fig. 3A) (9-
11). This model proposes four transmembrane a-helical hy-
drophobic domains on the basis of analysis of the amino acid
sequence of receptor subunits and proposes that a, f, 'y, and
8 subunits have the same basic structure because of the se-
quence homologies of the subunits (10). La Rochelle et al.

Table 2. Reaction of mAbs with native and treated receptor-rich membranes

% inhibition of binding of mAb to immobilized receptor

Native Saponin- LIS- pH 11- pH 11- and
mAb Antigen localization vesicles treated* treated* treated* saponin-treated*
236 a 7.0 21.3 63.1 71.2 93.5
237 a 11.3 26.4 73.0 77.0 95.9
203 a, extracellular MIR 94.6 98.9 92.5
149 a, cytoplasmic 17.5 97.1 92.0 84.7
111 /3, cytoplasmic 21.3 94.0 89.7 85.5
154 y, cytoplasmic 11.5 98.8 90.4
139 8, cytoplasmic 9.1 96.9 84.6 67.7
142 a,/3,y,8, cytoplasmic 19.1 100.0 94.5 88.2

*Native receptor-rich membranes were permeabilized with 0.3% saponin (7) or extracted with pH 11 (30) or 10 mM lithium
diiodosalycilate (LIS) (7). In all cases receptor in membranes was present at 1 ,uM.
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FIG. 3. Models of polypeptide chain organization in acetylcho-
line receptor subunits. (A) The four hydrophobic transmembranous
domain model proposed by Claudio et al. (9), Noda et al. (10), and
Devillers-Thiery et al. (11) on the basis of an analysis of the distribu-
tion of hydrophobic residues in the sequences of receptor subunits.
(B) A model with a fifth amphipathic transmembrane domain pro-

posed by Finer-Moore and Stroud (13) and Guy (12) as a result of a
different theoretical analysis. (C) A model with two additional am-
phipathic domains to account for the transmembrane orientation of
various sequences determined by immunochemical and other tech-
niques. Sequence numbering is for a subunits (16). The organization
of the polypeptide chain in the extramembranous domains is not
specifically depicted, except to suggest that the NH2 terminus is not
exposed on the subunit surface (13, 33). Carbohydrate is shown at-
tached at a141 (16) and a double disulfide bond is shown between
a128 or 142 and a192 or 193 (18). It is proposed that the a subunits
differ in glycosylation (34-36). This may affect which disulfide oc-
curs with a192 or a193, which may in turn account for the observa-
tion (37) that one a is easily reduced and labeled with MBTA, while
the other is difficult to sustain reduced and reactive with MBTA.

(38) have reported that mAbs to the sequence y360-377 bind
to the cytoplasmic surface, which is consistent with this
model and the other models shown. In this model, both the
NH2 terminus and the COOH terminus of each subunit are
on the extracellular surface. Previously, we showed that the
number of transmembrane domains predicted by this model
could not be correct because the COOH termini of a, A, y,

and a were located on the cytoplasmic surface (14, 15). This
feature, along with the accessibility and cytoplasmic location
of all the COOH termini (14, 15, 47), is consistent with the
argument (10) that all of the subunits should have homolo-
gous structures.

Fig. 3B shows the model proposed by Finer-Moore and

Stroud (13) and Guy (12) on the basis of analysis of the sub-
unit's amino acid sequences by another computerized tech-
nique. This model proposes a fifth amphipathic helix and is
consistent with our COOH-terminal orientation data (14, 15)
and that of R. Stroud and co-workers (47). The amphipathic
helix proposed has all of its charged residues on one side,
and it is appealing to think that this side of the helix from
each subunit might form the barrel stave (39), which is be-
lieved to be contributed by each subunit to the lining of the
cation channel through the center of the molecule. Neither
model A nor model B is consistent with the data we present
in this paper, which indicates that the a subunit sequence
152-159 is exposed on the cytoplasmic surface.
Model C adds two transmembrane domains to model B to

account for our observation. This model has several specific
features. It is known that a subunits are cotranslationally
glycosylated at a single site (40, 41). The only site at which
N-glycosidic linkage would be expected is asparagine-141
(16). Therefore, model C proposes that a141 is on the extra-
cellular surface. However, we do not have direct evidence
that glycosylation occurs at a141. If glycosylation does oc-
cur at a141, this only leaves 12 amino acids to a152, which
we find on or close to the cytoplasmic surface. Twelve ami-
no acids could form a chain long enough to extend across the
-32-A hydrophobic core of the membrane in an extended
conformation (43 A, at 3.6 A per residue) but not in an a-
helix (only 18 A, at 1.5 A per residue) (42). Transmembrane
domains need not be a-helical. For example, porin contains
primarily p structure and little a-helix (42, 43). Kao et al.
(18) have shown that the cysteine at a192 is labeled by the
acetylcholine binding site affinity ligand maleimidobenzyltri-
methylammonium (MBTA). Therefore, this residue must be
on the extracellular surface. There are 31 amino acids be-
tween a159, which we know to be on or near the cytoplasmic
surface, and a192, which we know to be on the extracellular
surface. This is sufficient to form an a-helix across the mem-
brane. It is interesting that Finer-Moore and Stroud (13) pre-
dict that part of this region forms an a-helix with all of its
charged residues on one side, just as in the amphipathic he-
lix, which they propose forms part of the lining of the chan-
nel. The two closely adjacent transmembrane domains that
we propose form a loop, which is likely to place the binding
site cysteine residues a192a193 adjacent to the cysteine resi-
due a142. Kao et al. (18) and Luyten et al. (44) have pro-
posed that a142 is disulfide linked to a192 or a193 because it
is known that a192 and a193 are involved in disulfide bonds,
but there is no known example of adjacent cysteines being
disulfide bonded. In addition, if the sequence a152-159 were
close to the binding site, as previously proposed by model B
(13), one should expect at least some steric inhibition be-
tween a-bungarotoxin and mAbs 236 and 237, given the size
of these macromolecules. However, we have observed that
a-bungarotoxin and mAbs 236 and 237 do not compete for
binding to the receptor. Furthermore, it is interesting that
the boundary between exon P5, which encodes a96 to a160
(45), and exon P6, which encodes a161 to a240, comes at the
boundary between the proposed first transmembrane do-
main M6 and the second transmembrane domain M7. This
might be expected if exons correspond to structural domains
in the proteins they encode. This model predicts that adja-
cent residues, asparagine-al41 and cysteine-al42, are in-
volved in glycosylation and the acetylcholine binding site.
This is consistent with several observations that suggest the
two a subunits in a receptor differ in glycosylation near the
cysteine that reacts with MBTA. Hall et al. (34) showed that
a monospecific antibody from a patient with myasthenia gra-
vis bound near to one of the two acetylcholine binding sites.
We (35) and Conti-Tronconi et al. (36) showed that the two a
subunits differ in glycosylation, which could account for
their differential reaction with MBTA (37). Since model C

Biochemistry: Criado et aL
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proposes three amphipathic transmembrane domains (M5,
M6, and M7), it is possible that they could self-associate on
the extracellular surface after they are synthesized and then
coordinately insert across the membrane before the associa-
tion of a with the other subunits. In this respect, it is inter-
esting that a conformation change in a subunits has been
identified that occurs before their association with the other
subunits and that affects the area of the acetylcholine bind-
ing site (46). The present model has been built from data ob-
tained for a very specific sequence of the a subunit and bear-
ing in mind several features very specific for the a subunit
too, so that it can only be rigorously applied to this subunit.
However, given the homologies found between subunits, it
seems reasonable to assume the same structure for every
subunit of the receptor.
Many more experiments will be required to test and refine

the proposed model. For example, current data on the trans-
membrane orientation of a141 (16), a152-159, and a192-193
(18) tightly constrain the existence and orientation of the
transmembrane domains M6 and M7. The cytoplasmic expo-
sure of the COOH terminus of each subunit (14, 15) requires
that each subunit have an odd number of transmembrane do-
mains. However, there is no experimental evidence yet for
the existence or orientation of the domains M1-M5 proposed
according to theoretical analysis of subunit amino acid se-
quences (9-13). We have included all of those domains in
model C because this results in an odd number of transmem-
brane domains. Further experiments using monoclonal anti-
bodies to synthetic peptides and other techniques will be re-
quired to establish which of these subunit sequences in fact
forms transmembrane domains.
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