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Synthetic Peptides Used To Locate the a-Bungarotoxin Binding Site and
Immunogenic Regions on « Subunits of the Nicotinic Acetylcholine Receptor?
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ABSTRACT: Synthetic peptides corresponding to 57% of the sequence of « subunits of acetylcholine receptors
from Torpedo californica electric organ and extending from the NH, to the COOCH terminus have been
synthesized. The a-bungarotoxin binding site on denatured « subunits was mapped within the sequence
«185-199 by assaying binding of '2’I-a-bungarotoxin to slot blots of synthetic peptides. Further studies
showed that residues in the sequence «190-194, especially cysteines-a192,193, were critical for binding
a-bungarotoxin. Reduction and alkylation studies suggested that these cysteines must be disulfide linked
for a-bungarotoxin to bind. Binding sites for serum antibodies to native receptors or « subunits were mapped
by indirect immunoprecipitation of '>°I-peptides. Several antigenic sequences were identified, but a synthetic
peptide corresponding to the main immunogenic region (which is highly conformation dependent) was not

identified.

Synthetic peptides corresponding to segments of the primary
sequence of the nicotinic acetylcholine receptor have been used
extensively to study the structure of the receptor and potential
functional sites. The ability to use such peptides resulted from
determination of the primary sequence of the four receptor
subunits which occur in the stoichiometry a,8vd (Reynolds
& Karlin, 1978; Lindstrom et al., 1979; Raftery et al., 1980).
The primary sequences were deduced from cDNA sequences
(Noda et al., 1982, 1983a,b; Claudio et al., 1983; Devillers-
Thiery et al., 1983). Analyses of these DNA sequences led
to several models for the transmembrane orientation of the
receptor subunits and the localization of structurally and
functionally important domains, such as the main immuno-
genic region (MIR)' and the acetylcholine binding site [e.g.,
see Noda et al. (1982)].

Many features of these models have now been tested by
immunochemical approaches using synthetic peptides. For
example, the first model for the transmembrane orientation
of the receptor consisted of four membrane-spanning regions
(M,_;) with both the NH, and COOH termini occurring on
the extracellular surface (Noda et al., 1983b; Claudio et al.,
1983; Devillers-Thiery et al., 1983). Antibodies raised against
synthetic peptides corresponding to the NH, and COOCH
termini proved this model incorrect (Lindstrom et al., 1984;
Ratnam & Lindstrom, 1984; Young et al., 1985). These
studies determined that the COOH terminus is cytoplasmically
located and, since evidence indicates that the NH, terminus
is located extracellularly (Anderson et al., 1982), there must
be an odd number of membrane-spanning regions. These data
were consistent with two other models which proposed a fifth
amphipathic transmembrane domain (M;) between M; and
M, (Guy, 1983; Finer-Moore & Stroud, 1984). However,
Ratnam et al. (1986a) recently demonstrated that the region
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from @330 to the COOH terminus which includes both M,
and M; occurs on the cytoplasmic surface of the membrane.
These data eliminate the possibility that M, and M; exist as
transmembrane domains. In addition, Criado et al. (1985a,b)
used monoclonal antibodies (mAbs) against «152-167 to
provide evidence for two unpredicted transmembrane domains,
Mg and M, on the NH,-terminal side of M;. The complete
transmembrane orientation of the receptor subunit polypeptide
chains is still unknown. The current working model based on
these studies, then, is quite different from the original models
based on DNA sequences alone. However, these studies with
synthetic peptides would have been impossible without the prior
sequence information.

Several years ago, Karlin (1969) demonstrated that a di-
sulfide bond was within 1 nm of the acetylcholine binding site
and that the affinity sulfhydryl alkylating agent [4-(N-ma-
leimido)benzyl]trimethylammonium iodide (MBTA) would
block receptor function and a-bungarotoxin («Bgt) binding.
More recently, Gershoni et al. (1983) showed that «Bgt bound
to SDS-denatured « subunits and that this binding could be
blocked if native receptor were labeled with MBTA prior to
SDS denaturation. This led to the suggestion that the aBgt
binding site on denatured « subunits was at least part of the
physiologically relevant «Bgt binding site on native receptor.
With the demonstration that SDS-denatured o subunit would
bind aBgt, it became feasible to test the hypothesis of Noda
et al. (1982), Smart et al. (1984), McCormack and Atassi
(1984), and Boulter et al. (1985) that the «Bgt binding site
is formed by the sequence between cysteine residues at posi-
tions 128 and «142.

Recent peptide mapping studies have suggested that the
aBgt binding site lies between residues «153 and 241 (Wilson
et al., 1985), between «152 and 313 (Neumann et al., 1986),
between a179 and 207 (Dennis et al., 1986), COOH terminal

! Abbreviations: aBgt, a-bungarotoxin; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; IAA, iodoacetamide; MBTA, [4-(N-
maleimido)benzy!]trimethylammonium iodide; MIR, main immunogenic
region; PBS, 10 mM sodium phosphate, pH 7.5, and 150 mM NaCl;
RIA, radioimmunoassay; SDS-PAGE, sodium dodecy! sulfate—poly-
acrylamide gel electrophoresis; mAb, monoclonal antibodies; Tris, tris-
(hydroxymethyl)aminomethane; BSA, bovine serum albumin.

0006-2960/87/0426-3261801.50/0 © 1987 American Chemical Society



3262 BIOCHEMISTRY

to 173 (Pedersen et a 1., 1986), or between «152 and 180
(Oblas et al., 1986). Experiments with synthetic peptides
suggest that the binding site is contained in residues «173-205
(Wilson et al., 1985), in residues «185-196 (Neumann et al.,
1986), or in residues «127-143 (McCormack & Atassi, 1984).
An apparent resolution to this discrepancy exists in the data
of Kao et al. (1984), who showed that [*'HJMBTA bound to
Cys-192 and/or -193, and from Criado et al. (1986), who
showed that mAbs to «r127-143 upon binding to receptor did
not inhibit binding of aBgt.

Another feature of the receptor predicted by Noda et al.
(1982) from the DNA sequence was the location of the MIR.
The MIR is a small region on the extracellular surface of «
subunits which is pathologically significant in myasthenia
gravis. mAbs to the MIR bind denatured « subunits but bind
native receptor with much greater affinity (Tzartos & Lind-
strom, 1980; Tzartos et al., 1981, 1983; Gullick et al., 1981;
Sargent et al., 1983). Half or more of the autoantibodies to
receptor in sera from myasthenic patients are directed at the
MIR (Tzartos et al., 1982, 1985). Noda et al. (1982) pre-
dicted that the MIR should be located at residues «161-166,
a330-340, or «387-392 because these were the most hydro-
philic sequences. Again, immunological work with synthetic
peptides proved this prediction erroneous. Jullierat et al.
(1984) and Lindstrom et al. (1984) demonstrated that MIR
mAbs did not bind to «152~167, while Criado et al. (1985)
showed that mAbs to «152-167 did not compete for binding
to receptor with mAbs to the MIR. Ratnam et al. (1986a)
then found that mAbs to the region 330~400 bound to the
cytoplasmic surface of the receptor, thus eliminating this region
as a candidate for the MIR. Furthermore, Ratnam et al.
(1986b), in probing peptide maps of the « subunit with MIR
mADbs, found that these MIR mAbs bind in the region a46-
127. Barkas et al. (1986a,b), with polyclonal antibodies to
synthetic peptides, MIR mAbs, and a-subunit cDNA frag-
ments expressed in bacteria, mapped the MIR to the region
«6-85, which is consistent with Ratnam et al. (1986b).

In the present work, synthetic peptides corresponding to
approximately 57% of the sequence of « subunits of receptor
from Torpedo californica and extending from the NH, to the
COOH terminus were used to investigate functional and
structural features of « subunits. The binding site for aBgt
on denatured o subunits was determined. Additionally,
binding sites for polyclonal antibodies to native receptors or
a subunits were determined with these synthetic peptides.
Several antigenic sequences which did not depend critically
on the native conformation of the receptor were identified, but
a synthetic peptide corresponding to the MIR was not detected.

MATERIALS AND METHODS

Receptor and a-Subunit Preparation. Receptor was purified
from the electric organs of Torpedo californica by affinity
chromatography on toxin agarose (Lindstrom et al., 1981).
The o« subunit was purified from receptor by preparative
SDS-PAGE as described (Lindstrom et al., 1979). Briefly,
the preparative gel (5 mm) was lightly stained with Coomassie
blue and destained. The band corresponding to the o subunit
was excised and frozen. The gel containing the « subunit was
sonicated in H,O at 4 °C until the gel was dispersed. The
suspension was centrifuged and fiitered through a 0.22-um
filter to remove remaining gel particles. The a-subunit
preparation was then dialyzed vs. H,O and lyophilized.

Peptides and lodination. Peptides corresponding to various
segments of the « subunit were synthesized by V. Sarin, J. L.
Fox, H. L. Thanh, and J. Rivier using the Merrifield method
(1965) as previously described (Lindstrom et al., 1984; Criado
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et al., 1986; Ratnam et al., 1986a) or were purchased from
Bachem (Los Angeles, CA) (Lindstrom et al., 1984; Ratnam
et al., 1984). These peptides are listed in Table I. For ra-
dioiodination, several of the peptides contained an additional
tyrosine at the NH, or COOH terminus. Peptides were labeled
with !2°I by using chloramine-T to specific activities of 9 X
10 to 3 X 10'® cpm/mol (Lindstrom et al., 1981; Ratnam
et al., 1986a).

Preparation and Assay of Antibodies. Antisera were raised
in rats against both native receptor and « subunits as previously
described (Lindstrom et al., 1981). Antisera were assayed by
incubation overnight with 2*I.aBgt-labeled receptor (1 nM)
or '¥I-labeled « subunit in 100 uL of 10 mM sodium phos-
phate (pH 7.5)/100 mM NaCl/0.5% Triton X-100/10 mM
NaN; (buffer). Immune complexes were precipitated with
100 uL of goat anti-rat immunoglobulin, diluted with 1 mL
of buffer, and centrifuged. Precipitates were washed with 2
X 1 mL of buffer and counted for radioactivity, as previously
described (Lindstrom et al., 1981). The binding of antibodies
to 10 nM '»I-peptides was assayed similarly and has been
described (Ratnam et al., 1986a).

Affinity Labeling of Receptor with MBTA and Blotting
onto Nitrocellulose. Receptor was affinity labeled with
MBTA as described by Walker et al. (1984). Receptor (2
M) in 10 mM Tris, pH 8.0, containing 250 mM NaCl, 5 mM
KCl, 2 mM MgCl,, 4 mM CaCl,, and 1 mM EDTA was
reduced with 1 mM dithiothreitol (DTT) for 30 min. MBTA
(10 mM) was added, and after 10 min, the reaction was
terminated by rapid chromatography on Sephadex G-25. For
some experiments, part of the MBTA-labeled receptor was
then denatured with 1% SDS.

Aliquots of receptor, MBTA-labeled receptor, SDS-dena-
tured receptor, and SDS-denatured MBTA-labeled receptor
were applied to a nitrocellulose membrane in a slot-blot ap-
paratus (Schleicher & Schuell, Keene, NH). The remaining
reactive membrane sites were quenched with 2% BSA in PBS
+ NaN; from 1 to 14 h, and the membrane was rinsed with
five changes of PBS + NaNj. '’I-oBgt was applied overnight
followed by washing with several changes of buffer over 1 h.
Blots were autoradiographed on preflashed Kodak XARS film.
The membranes were then cut so that the cpm bound to each
spot could be quantitated.

Binding '¥I-aBgt to Synthetic a-Subunit Peptides. A
slot-blot apparatus was used to apply synthetic peptides to a
Biodyne immunoaffinity membrane (Pall, East Hills, NY) in
16 mM borate, pH 9.0, and 15 mM NaCl. Remaining reactive
membrane sites were quenched overnight with 5% Carnation
dried milk and 50 mM Tris, pH 7.5, with 0.01% anti-foam
A (quench buffer), and the membrane was rinsed with five
changes of buffer. '2’I-aBgt (5 nM) was applied overnight
in the quench buffer containing 0.5% Triton X-100. The
membrane was washed with buffer and autoradiographed on
preflashed XARS film.

Reduction and Alkylation of a172-205. Aliquots of 100
uL containing 1 X 1075 M «172-205 were reduced with 1 mM
dithiothreitol (DTT) for 30 min at 23 & 2 °C. Iodoacetamide
(IAA) was then added to a final concentration of 3 mM and
incubated for 30 min at 23 & 2 °C in the dark. The samples
were then diluted to a final concentration of 1 X 107 M
«172-205 and applied to 2 Biodyne immunoaffinity membrane
for analysis of aBgt binding. In some experiments, the peptide
was not reduced prior to the addition of IAA.

RESULTS AND DISCUSSION

Binding of '¥I-aBgt to Native and MBTA-Labeled Re-
ceptor. Figure 1 shows the results obtained by exhaustively
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FIGURE 1: Inhibition of aBgt binding to acetylcholine receptor by
affinity labeling with MBTA. Aliquots (50 uL) containing 4 X 10712
mol of receptor were applied to a nitrocellulose membrane via a
slot-blot apparatus. Remaining reactive sites were quenched with
2% BSA in PBS + NaNj; and rinsed with five changes of PBS +
NaN,;. '5I-aBgt (2 X 10" M) was applied overnight followed by
washing with 0.5% Triton X-100 in PBS + NaN;. Blots were au-
toradiographed on flashed XARS film using an intensifer screen for
1 h with native receptor and 10 h with denatured receptor. The
MBTA-labeled receptor was prepared as described under Materials
and Methods. SDS (1%) was used to denature the receptor.

labeling the receptor with MBTA and performing '*I-«Bgt
binding experiments. Native receptor without MBTA bound
125]-aBgt (44 800 cpm), but MBTA-labeled receptor bound
only 10% as much '*I-aBgt (4300 cpm), even though com-
parable amounts of receptor were loaded onto the nitrocellulose
membrane. This maximum of 90% inhibition of toxin binding
by MBTA agrees precisely with that observed by Walker et
al. (1984), who also affinity labeled in the presence of a high
concentration of reducing agent (1 mM DDT). SDS-dena-
tured receptor lacking MBTA was able to bind some '*[-aBgt
(4600 cpm), but MBTA-labeled receptor denatured with SDS
bound no '**I-aBgt. These results confirm those of Gershoni
et al. (1983), showing that this '’I-aBgt binding site on de-
natured « subunits is near the site for binding small cholinergic
ligands on native receptor.

Mapping the a-Bgt Binding Site with Synthetic Peptides.
Recently, peptide mapping evidence has been presented which
suggests that the aBgt binding site is located between a153
and 241 (Wilson et al., 1985), between 152 and 313 (Neu-
mann et al., 1986), between «179 and 207 (Dennis et al.,
1986), COOH terminal to «173 (Pedersen et al., 1986), or
between «152 and 180 (Oblas et al., 1986). Studies with
synthethic peptides suggest that the binding site is contained
in residues a173-204 (Wilson et al., 1985), residues 185-196
(Neumann et al., 1986), or residues a127-143 (McCormack
& Atassi, 1984). We addressed this problem with synthetic
peptides a«127-143, a172-189, «194-212, «172-205, and
al85-199. Figure 2 shows the results obtained when 2.5 pmol
of each peptide was coupled to a Biodyne membrane via a
slot-blot apparatus, except for «185-199 where 70 pmol was
applied. aBgt bound to the « subunit, as expected, and to the
peptide a172-205, confirming the work of Wilson et al. (1985),
and also to the smaller peptide «185-199, which is consistent
with Neumann et al. (1986). No binding occurred to the other
peptides, a127-143, a172-189, or «194-212. In addition, the
125]-Bgt binding to «172-205 could be blocked by the ad-
dition of 0.2 uM cold aBgt (Figure 2). The ICs, for cold aBgt
of 0.5 uM obtained with «172-205 (data not shown) was
consistent with Wilson et al. (1985). A 100-fold higher con-
centration of cold aBgt (20 uM) was required to block '2°I-
aBgt binding to «185-199. However, to detect 'ZI-aBgt
binding to a185-199, it was necessary to apply 28 times as
much a185-199 to the Biodyne membrane. The affinity for
aBgt of this short peptide appears to be the same as the affinity
of a172-205 for aBgt, as shown by the observation that
binding curves for both '’I-peptides to aBgt on Biodyne
membranes were superimposable (data not shown). Thus,
when a185-199 is bound to a Biodyne membrane, amino acid
residues must often be involved which would otherwise interact
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FIGURE 2: Binding of '*I-aBgt to synthetic peptides from e subunits.
Aliquots (25 uL) of 1 X 107" M synthetic peptide in 16 mM borate
buffer, pH 9.0, were applied to a Biodyne immunoaffinity membrane
via a slot-blot apparatus. Remaining reactive sites were quenched
overnight with 5% Carnation dried milk in Tris buffer (see Materials
and Methods) and washed with five changes of 0.5% Triton X-100
in PBS + NaN,. '"®I-aBgt (5 X 10 M) was applied in the 1077
Carnation milk quench buffer plus or minus 2 X 10”7 M unlabeled
aBgt. Washing and autoradiography were as described in Figure 1,
exce?t that exposure was for 14 h. Antiserum to « subunits followed
by "I anti-antibody was used to demonstrate that comparable amounts
of all peptides were bound to the membrane. A 25-uL aliquot of 2.8
X 107 M «185-199 was required to bind aBgt as shown here. In
addition, 2 X 10~° M unlabeled aBgt was required to block the binding
of '*I-Bgt to a185-199.
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FIGURE 3: Binding of '*’I-aBgt to reduced and alkylated a172-205.
Aliquots (25 xL) of 1 X 107 M «172-205, which were untreated or
had been treated with IAA, or reduced with DTT and then reacted
with IAA, were applied to a Biodyne immunoaffinity membrane and
processed as described in Figure 2.
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with '2[-aBgt. Antisera to a subunits were used to confirm
that these peptides bound to the membrane. Antisera, how-
ever, failed to react with «a185-199, but the aBgt binding
confirmed that this peptide bound to the Biodyne membrane.

Since aBgt did not bind to peptides «172-189 or a194-212,
but did bind to the peptides a172-205 and a185-199, amino
acids in the sequence a190-193 of the a subunit appear to be
critical for binding of aBgt. In addition, a172-205 treated
with IAA continued to bind '*I-aBgt. However, if a172-205
was first reduced with dithiothreitol and treated with IAA,
it no longer bound '*I-aBgt (Figure 3). This indicates that
Cys residues @192 and 193 must be disulfide cross-linked for
aBgt binding to occur. These data are consistent with those
of Kao and Karlin (1986), which demonstrated that, in native
receptor, Cys-192 and Cys-193 are disulfide cross-linked, and
those of Criado et al. (1986), who also suggested that the toxin
binding site disulfide occurs between Cys-192 and Cys-193.
We conclude that the peptide «172-205 and the smaller
fragment «185-199 contain the aBgt binding site of the
SDS-denatured « subunit which can be blocked with MBTA
prior to SDS denaturation. However, aBgt exhibits much
greater affinity for the native receptor and no doubt requires
the native conformation of this part of the amino acid sequence
of & subunits; it may also require interaction with the native
conformation of other parts of the sequence of a.

Location of the amino acids involved in binding acetylcholine
may best be achieved with a photoaffinity labeling reagent
capable of reacting with many amino acids. The primary site
of reaction of such a label has been reported to be within the
peptide «197-207 (Dennis et al., 1986), which is consistent
with the aBgt binding results. Small amounts of reaction were
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Table I: Synthetic Peptides of the o Subunit of the Acetylcholine
Receptor

peptide sequence

[Tyr-11]al-11 SEHETRLVANY
[Tyr-60]a44-60 DEVNQIVETNVRLRQQY
[Tyr-83]a66-83 RWNPADYGGIKKIRLPSY

[Gly-89,Tyr-90]a73-90 GGIKKIRLPSDDVWLPGY

«78-93 IRLPSDDVWLPDLVLY
[Tyr-104]a89-104 DLVLYNNADGDFAIVY
[Tyr-100]100-116 YAIVHMTKLLLDYTGKI

al12-127 YTGKIMWTPPAIFKSY
" S-S “
«127-143 YCEIIVTHFPFDQQNCT
[Tyr-170]a159-170 SPESDRPDLSTY
al72-189 ESGEWVMKDYRGWKHWVY
«185-199 KHWVYYTCCPDTPYL
al72-205 ESGEWVMKDYRGWKHWVYYTCCP-
DTPYLDITYHF
«194-212 PDTPYLDITYHFIMQRIPL
«261-277 VELIPSTSSAVPLIGKY
[Tyr-347]a330-347 KRASKEKQENKIFADDIY
[Tyr-365]a349-365 SDISGKQVTGEVIFQTY
[Tyr-379]a360-379 VIFQTPLIKNPDVKSAIEGY
[Tyr-386]a371-386 DVKSAIEGVKYIAEHY
[Tyr-409]a389-409 DEESSNAAEEWKYVAMVIDHY
[Tyr-427]a427-437 YGRLIELSQEG

also noted in two other unidentified peptides. The acetylcholine
binding site is clearly close to «192-193 in the native receptor,
and some amino acids in this part of the sequence may con-
tribute to the binding site, but amino acids from distant parts
of the sequence of « subunits may also be involved.

Reaction of Synthetic o Peptides with Antisera to Native
Receptor and o Subunits. Synthetic peptides corresponding
to approximately 57% of the sequence of the « subunit were
synthesized (Table I). These peptides were labeled with 2]
and tested for reaction with antisera to native receptor and
« subunits (Figure 4A,B). Some of these data concerning
the peptides near the C-terminus was previously reported
(Ratnam et al., 1986b) and is included here to provide a
comprehensive view of the antigenicity of the denatured «
subunit.

There are two regions on the e subunit which account for
most of its antigenicity in the denatured state. The first one
is located between residues 330 and 400 and is also highly
antigenic in native receptor (Ratnam et al., 1986a,b). The
region a330-410 accounts for approximately 60% of the an-
tigenicity of denatured « subunits as indicated by the titer of
a-subunit antisera with synthetic peptides from this region and
by reaction with several mAbs in our library (Ratnam et al.,
1986b). Binding of antisera against native receptor to synthetic
peptides in the region «330-410, as well as the fact that mAbs
directed against « subunits and mapped to this region also bind
native receptor with high affinity, suggests that this sequence
forms an extended flexible region largely exposed on the cy-
toplasmic surface of the receptor. Recent data from Tzartos
and Kordossi (1987) agree with the hypothesis that the cy-
toplasmic region from «330 to the COOH terminus occurs
as an extended, flexible region. They reached this conclusion
from antibody competition experiments on native receptor,
finding that anti-a-subunit mAbs 187, 142, and 155, which
bind respectively to the segments a339-346, «352-360, and
a371-378, could bind simultaneously to the receptor.

The region «330-410 contains the putative membrane-
spanning regions M, and M; (Noda et al., 1982; Guy, 1983;
Finer-Moore & Stroud, 1984). However, two types of studies
suggest that all of the region from residue 330 to the COOH
terminus is located on the cytoplasmic side of the membrane
(Ratnam et al., 1986a,b). One study investigated binding and

RALSTON ET AL.

100—A —

60|

Antisera to nalive receptor

-

(nMoles peptide bound/liter antisera)

1 100 200 300 400 437
180 g
100 F _ M
€5 sof
2
s
° 60| L
=4
o
g a0l
1=
< —h
20}
0 q - L I ; 4§
1 100 200 300 400 437

aSequence

FIGURE 4: Reaction of synthetic peptides with antisera to native
receptor and « subunits. Synthetic peptides corresponding to segments
of the a subunit sequence, indicated by the bars, were labeled with
125] as described under Materials and Methods. Antisera (5-10 uL)
were assayed by reacting with '**I-peptide (10 nM) in 100 uL of 10
mM sodium phosphate buffer (pH 7.5), 100 uM NaCl, 0.5% Triton
X-100, and 10 mM NaNj;. The immune complexes were precipitated
with 100 L of goat anti-rat immunoglobulin. Solid black bars below
the base line indicate that antisera did not react with these peptides.
Panel A shows the reaction of antisera to native receptor with the
synthetic peptides. Panel B shows the reaction of antisera to SDS-
denatured « subunits. The insert C shows a magnified view of the
overlap which occurred with antisera to « subunits vs. [Tyr-83]a66-83,
[Gly-89,Tyr-90]a73-90, and a78-93.

competition experiments with mAbs to this region on native
receptor in closed and permeabilized membrane vesicles. The
second study utilized immunoelectron microscopy with the
colloidal gold technique (Wray & Sealock, 1984; La Rochelle
et al., 1985), using mAbs and native receptor in lysed vesicles.
Both types of experiments demonstrated that the region from
residue 330 to the COOH terminus of the a subunit is located
on the cytoplasmic side of the membrane and, therefore, that
M, and M; do not form membrane-spanning domains. The
cytoplasmic location and failure to react with mAbs to the
MIR also eliminated this region as a candidate for the MIR,
even though the region «330 to the COOH terminus is highly
immunogenic. Souroujon et al. (1986) also found that this
region is highly immunogenic in « subunits; however, their
study did not address whether this region is cytoplasmic or
extracellular.

The second region of high antigenicity was determined in
the present work to lie between «73 and 93 (Figure 4B) and
accounts for approximately 33% of the antigenicity of dena-
tured « subunits. However, the experiments with synthetic
peptides in this region and antisera to native receptor suggest
that this region is only moderately antigenic in native receptor
(Figure 4A) in terms of sequential or continuous epitopes.
These studies with synthetic peptides corresponding to 75%
of the region on « subunits from the NH, terminus to residue
«212 suggest that this region of « is folded with a high degree
of tertiary structure in the native receptor. The segment of
denatured « subunit, «73-93, which is immunogenic must be
slightly exposed in the native receptor or may simply occur
in another conformation in the native receptor. Alternatively,
the antisera to native receptor reactive with [Gly-89,Tyr-
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90]a73-90 and «78-93 may simply result from the presence
of a small amount of denatured receptor in the preparation
used to produce the antisera or denaturation during antigen
processing.

The three peptides [Tyr-83]«66—83, [Gly-89,Tyr-90]«73~
90, and «78-93 titered with antiserum to native receptor
(Figure 4A) illustrate one of the problems encountered with
using small synthetic peptides to address functional and
structural features of a large polypeptide which contains much
secondary and tertiary structure. Antisera to native receptor
did not bind [Tyr-83]a66~83, but with [Gly-89,Tyr-90]«73-
90, there was a moderate degree of binding, as indicated by
a titer of 26 nM. This would suggest that the immunogenic
amino acids on this region of « subunits were contained ap-
proximately in the six residues «83-88. One would then
assume that the peptide «78-93 would have a titer at least
equal to [Gly-89,Tyr-901a73-90, since «78-93 contains the
same six residues in «83-88. However, this was not the case.
We found that antisera to native receptor bound less well to
a78-93. One explanation for this anomaly is that the two
small peptides [Gly-89,Tyr-90]«73-90 and «78-93 could have
very different conformations as a result of their different se-
quences, even though they share residues «83-88. Another
possible explanation is that antibodies bound to the NH,
terminus of «73-90 and were made to peptide fragments
generated in the immunized rats. Examples are known of
antisera to overlapping synthetic a-subunit peptides which do
not cross-react because the antibodies are specific for the
termini of the peptides (Dryberg & Oldstone, 1986). A similar
situation occurred with these peptides and antisera to « sub-
units but to a different degree (Figure 4B,C). Again, there
was greater reactivity with [Gly-89,Tyr-90]«73-90 than with
[Tyr-83]a66—83 and «78-93 even though there is a consid-
erable degree of sequence overlap between these peptides.

The MIR was previously mapped to lic between «46 and
127 (Ratnam et al., 1986b). We, therefore, hoped to use
synthetic peptides from this region to precisely locate the MIR.
However, none of the synthetic peptides from this region ap-
peared to react specifically in RIAs with any of the MIR mAbs
known to bind to SDS-denatured « subunit. In another at-
tempt to identify an MIR peptide, all of the peptides from
a46~143 (including «52-70 which we did not investigate by
RIA) were applied to a nitrocellulose membrane, diazo-
phenolthiol paper, and a Biodyne membrane via a slot blot.
After being quenched, the membranes were probed with an-
tisera to native receptor and « subunits, as well as several MIR
mAbs. None of the MIR mAbs bound to the peptides (data
not shown), and binding of antisera to the peptides reflected
the data shown in Figure 4. Ratnam et al. (1986b) localized
the MIR to «46-127 using large proteolytic fragments of «
and differential binding of mAbs. Our present inability to
locate the MIR with small synthetic peptides was perhaps due
to the small peptides’ inability to assume a conformation that
is retained in SDS-denatured « subunits or large fragments
of a subunits. These data would suggest that in the native
receptor the region from «46-212 of « subunits is tightly
folded and packed so that the antigenic determinants forming
the MIR are discontinuous. Indeed, Barlow et al. (1986)
recently suggested that all native protein antigenic determi-
nants are discontinuous to some extent. This situation appears
to exist with the NH,-terminal, extracellular portion of «
subunits in native receptors; however, as mentioned above, the
cytoplasmically located COOH-terminal region consists of
determinants which must be somewhat continuous since a
number of mAbs bind with high affinity both to synthetic

peptides in the region @330-408 and to native receptor.

Barkas et al. (1987) have produced several long fusion
proteins containing different portions of the mouse « subunit.
With these methods, they have mapped the «Bgt binding site
to residues «160-216, which is consistent with Wilson et al.
(1985), Neuman et al. (1986), and the present data. In ad-
dition, they report that fusion proteins containing residues
a6-85 bind MIR mAbs and, furthermore, that two MIR
epitopes are contained within this sequence based on differ-
ential mAb binding to one fusion protein containing residues
a6-37 and a second fusion protein containing residues a37-
216. Their conclusion that the MIR is located between res-
idues a6 and 85 is consistent with that of Ratnam et al.
(1986b), who concluded that the MIR is located between
residues a46 and 127. However, the binding of these MIR
mAbs to the fusion proteins is both weak (K, approximately
micromolar) and inefficient (only a tiny fraction of the peptide
binds mAb at all) and could, therefore, pose problems in
making absolute conclusions as to the peptide regions of «
subunits which form the MIR.

The peptide «172-205 was modestly immunogenic with
antisera to « subunits (Figure 1, right panel) and less so with
antisera to native receptor (Figure 1, left panel). There was
only a slight reaction of antisera with the smaller fragment,
«172-189, and no reaction with «194-212. Attempts to
produce antisera against a172-205 which would bind to native
receptor have thus far proven unsuccessful. This further em-
phasizes that this part of the native receptor is to a high degree
conformationally restrained. Antibody binding . ites in such
regions are likely to be formed by surface structures of novel
shapes formed by several amino acids from distant parts of
the sequence, as illustrated by recent X-ray crystallographic
studies of complexes of Fab with lysozyme (Amit et al., 1986).

Another problem we have encountered in our efforts to use
immunological techniques with synthetic peptides to map
structural and functional regions of the receptor has been that
mAbs raised against synthetic peptides tend not to bind well
to the native receptor (Ratnam & Lindstrom, 1984; Criado
et al,, 1985a,b, 1986; S. Ralston et al., unpublished results).
Antibodies raised against 12 different peptides failed to react
well with native receptor. These data support the suggestion
of Barlow et al. (1986) that most antigenic determinants on
native proteins are discontinuous and our hypothesis that
particularly the NH,-terminal portion of the receptor is tightly
folded and packed so that mAbs to this region require the
native conformation of the receptor.

In summary, we have used synthetic peptides corresponding
to segments of « subunits from the acetylcholine receptor to
map the «Bgt binding site and immunogenic regions. The
data presented here demonstrate that the aBgt binding site
on SDS-denatured « subunits is at least part of the physio-
logically functional «Bgt site on native receptor and near to
the site for binding of acetylcholine to the native receptor. This
binding site is contained within the residues «185-199, and
a disulfide bond between cysteines-a192 and -193 is critically
important.

We report the identification of a highly immunogenic region
on denatured o« subunits within residues a73-93. This region
is much less immunogenic in native receptor. Experiments
with the overlapping peptides [Tyr-83]a66-83, [Gly-89,Tyr-
90]a73-90, and «78-83 illustrate that factors other than se-
quence, such as conformation, may be critical in immuno-
genically mapping large proteins with small synthetic peptides.
Factors such as these are perhaps involved in our inability to
detect a synthetic peptide reactive with mAbs to the MIR, even
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though we covered the entire region «46-127 to which Ratnam
et al. (1986b) mapped the MIR. The MIR is highly con-
formation dependent and most likely includes amino acids from
noncontiguous parts of the sequence. The MIR is defined by
competitive binding of mAbs (Tzartos et al., 1981). A mAb
binding site occludes a protein surface about 20 X 30 A in-
volving 16 or 17 amino acids (Amit et al., 1986). Clearly,
several competing antibodies could bind to partially overlap-
ping areas, yet recognize different amino acids and in no case
exhibit high affinity for a short a-subunit sequence. Another
approach will therefore be required to determine the peptide(s)
which form(s) the MIR.
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