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SUMMARY. Polyclonal and monoclonal antibodies were raised against a peptide comprising
residues 173-204 of the a-subunit of the acetylcholine receptor. The polyclonal and pooled
monoclonal antibodies inhibited up to 50% of 125|-a-bungarotoxin binding to peptide 173-
204. Some of the antibodies recognized native receptor but did not significantly affect o-
bungarotoxin binding. Epitope mapping revealed that the antibodies are directed against
residues 183-194 indicating this region is a major determinant of toxin binding. This region
is most likely conformationally constrained in the native receptor. o 1989 academic Press, Inc.

The nicotinic acetyicholine receptor (AChR) has been weil characterized at a molecular
level (1). Much current research on the receptor is directed towards localizing functional
domains, such as the acetylcholine-binding site, on the primary sequence of the receptor
subunits. Present evidence based on studies employing snake venom curaremimetic neuro-
toxins, affinity alkylating agents, peptide fragments, synthetic receptor peptides, and genetic
engineering points most strongly to the sequence flanking Cys 192 and Cys 193 of the a-subunit
of the AChR as the major site for the binding of cholinergic ligands (2). In previous studies, we
demonstrated that a synthetic peptide comprising residues 173-204 of the Torpedg o-subunit
(173-204 32-mer) bound a-bungarotoxin (o-Btx) with the same affinity as isolated,
denatured a-subunit (3,4), indicating this region contains a major determinant of neurotoxin
binding. Monoclonal antibodies have also proven useful as specific probes for functional sites on
the receptor (5). In order to further characterize the o-Btx-binding site on the receptor,
polyclonal and monoclonal antibodies were raised against the «173-204 32-mer. The epitopes
of these antibodies were further localized by testing their binding to shorter, overlapping
peptides comprising portions of the 32-mer. The ability of the antibodies to inhibit toxin
binding to the 32-mer was tested. It was found that single antibodies only partially competed
toxin binding and those that were most effective were reactive against peptides containing Cys
192 and Cys 193. Pooled antibodies competed up to 50% of toxin binding. These studies con-
firm that a major determinant of toxin binding is located in the vicinity of Cys 192 and Cys 193

Abbreviations used: AChR, acetylcholine receptor; a-Btx, o-bungarotoxin; BSA, bovine
serum albumin; ELISA, enzyme-linked immunoabsorbent assay; PBS, phosphate-buffered
saline; SDS, sodium dodecy! sulfate.
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and indicate that other o-Btx-binding determinants are distributed over the sequence of the 32-
mer.

METHODS AND MATERIALS

Receptor preparation and o-bungarotoxin iodination. Affinity purification of
AChR from Torpedo californica electric organ, preparation of receptor-rich membranes, and
iodination of o-Btx were performed as described previously (4,6).

Synthetic peptides. A 32 amino acid region of the a-subunit corresponding to residues
173-204 (0173-204 32-mer) and several shorter peptides within this region (Table 1)
were synthesized by the Yale Protein and Nucleic Acid Chemistry Facility, Yale University, New
Haven, CT. The peptides are designated by their position on the a-subunit sequence and number
of residues. The integrity of the peptide sequences was determined by amino acid composition
analysis and reverse-phase high performance liquid chromatography.

Production of polyclonal and monoclonal antibodies. New Zealand white female
rabbits were immunized with 200 pg of uncoupled 32-mer emulsified in complete Freund's
adjuvant and injected subcutaneously. A boost of 200 ng 32-mer emulsified with incomplete
Freund's adjuvant was administered 14 days later. The rabbits were bled 2 weeks following
booster injections and antibody titer against the 32-mer tested using an enzyme-linked
immunoabsorbent assay (ELISA) (see below). Additional boosts were given every 11-15 days,
if required.

Balb/c mice were injected subcutaneously with 50-100 ug of the «173-204 32-mer in
complete Freund's adjuvant. After two weeks, mice were boosted with the a179-192 14-mer.
After seven days, the mice were bled and antibody titers tested against peptides using an ELISA
assay. Once a high titer was obtained against the «173-204 32-mer, the mice were boosted in
the tail vein intravenously and three days later the spleens were fused with a nonsecreting
mouse myeloma cell line SP2/0-Ag 14. Fusions and cloning were performed by the Hybridoma
and Long Term Culture Facility, Department of Pathology, Yale University, New Haven, CT.
Positive hybridomas were cultured and supernatants collected. The antibody fractions were
isolated and concentrated by 40% ammonium sulfate precipitation followed by dialysis against
phosphate-buffered saline (PBS).

Peptide mapping of the antibodies. Reaction of monoclonal and polycional antibodies
with the synthetic peptides was tested using an ELISA assay. 96-well polystyrene microtiter
plates were coated with either affinity purified AChR (1 ng), receptor-rich Torpedo
membranes (15 pg) or peptides (5 1g) by incubating overnight at 4°C in 100 ul 0.05M NaHCO3
buffer, pH=9.6 (coating buffer). Alternatively, the peptides (5 ug in 100 ul coating buffer)
were evaporated onto the microtiter wells by incubating in an oven at 45°C overnight. Unbound
antigen was removed and the wells were quenched with 2.5% bovine serum albumin (BSA) in
PBS for one hr at room temperature to reduce nonspecific binding. The monoclonal antibodies
or rabbit serum was added to each well and incubated for either 2 hrs at room temperature or
overnight at 4°C. After four washes with PBS, alkaline-phosphatase labeled goat anti-mouse
IgM (u specific) or rabbit IgG (diluted 1:750) was added and similarly incubated. The wells
were washed again five times followed by incubation with the substrate, p-nitrophenyl phos-
phate. The absorbance was read at 405 nm using a SLT Easy Reader (EAR 400).

Solid phase competition assay. A solid phase assay was used to measure the binding
of 125]-a-Btx to the AChR, Torpedo membranes and the peptides. The wells of a 96-well
polystyrene microtiter plate were coated with either 1 pg purified AChR or 15 pg Torpedo
membranes in coating buffer. Synthetic receptor peptides were evaporated onto the plates.

Table I. Amino acid sequences of Torpedo acetylcholine receptor «-subunit synthetic peptides

«-173-204 32-mer SGEWVMKDYRGWKHWVYYTCCPDTPYLDITYH
«-173-180 8-mer  SGEWVMKD

a-179-192 14-mer KDYRGWKHWVYYTC

«-185-196 12-mer KHWVYYTCCPDT
«-186-196 11-mer HWVYYTCCPDT
a-194-204 11-mer PDTPYLDITYH
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After aspiration of the antigen, the wells were quenched with 200 | 5% BSA for 90 min at
room temperature. After quenching, the wells were aspirated and incubated with the rabbit
serum or monoclonal antibody overnight at 4°C (50 ul). Subsequently, 50 ul of 6nm 125|-a-
Btx in 10 mM phosphate buffer, pH=7.4 containing 0.2% BSA was added for 2 hrs at room
temperature. Wells were quickly washed with 200 ul of phosphate buffer/0.2% BSA. Bound
125]-a-Btx was removed from wells by adding 100 ul of 0.25N NaOH containing 2.5% sodium
dodecy! sulfate (SDS) and swabbing each well twice with a cotton tipped applicator. These
applicators were then monitored for radioactivity in a gamma counter. It has been previously
determined in our laboratory that «-Btx binding to the synthetic peptides is linear up to 3 hrs.

Protein blotting of the 32-mer. The 32-mer (10 pg) was placed in lithium
dodecyl sulfate sample buffer containing 0.1M dithiothreitol and boiled for 20 min. The sample
was loaded onto a 12.5% SDS/polyacrylamide gel and electrophoresed for 5 hrs at 30 mA (3).
After electrophoretic transfer onto nitrocellulose filter paper, blots were then quenched with
5% BSA and incubated with 125]-a-Btx (6nM for 2 hrs) or rabbit serum (overnight at 4°C).
The filter was washed four times and incubated with alkaline phosphatase labeled goat anti-
rabbit IgM second antibody for 2 hrs at room temperature. The filter was developed with
naphtho! ASMX phosphate/fast-red TR salt solution in the dark.

RESULTS

Monoclonal antibodies were raised against the proposed neurotoxin-binding site by
immunizing Balb/c mice with a 32 amino acid synthetic peptide of the Torpedo AChR a-subunit
(«173-204 32-mer) followed by boosts with a 14 residue peptide («179-192 14-mer). In
addition, polyclonal antibodies were raised in rabbits by immunization with «173-204 32-
mer. The antibodies were tested for reactivity against native AChR, the «173-204 32-mer,
and shorter overlapping peptides within residues 173 and 204. Most of the antibodies recog-
nized the «173-204 32-mer (Table ). With one exception {9B), the antibodies showed
weaker reactivity with native receptor, either within membranes or detergent solubilized.
Most of the antibodies bound to peptides located within residues 179-196 but none bound to
peptides («173-180 and «194-204) comprising the N and C terminal regions of the a173-
204 32-mer. Binding of polyclonal antibody to «173-204 32-mer was also demonstrated by
immunoblotting (Fig.1, lane A). The upper band represents a dimer of the 32-mer due to
incomplete reduction. Isotyping to determine the class and subclass of the antibodies revealed
them to be IgMs (data not shown).

Table Il. Antibody binding to acetylcholine receptor and synthetic a-subunit peptides as
determined by ELISA

ANTIBODIES

Polyclonal Monoclonal
Antigen # 1 #2 3B 4B 58 6B 9B 10A_ 16D
AChR (memb) + + + + ++ - - + - - +++ +
AChR (pur) + + ++ - - + .- +++ - -
al173 32mer ++++ ++++ ++4+ - - +++ +++ 4+ o+t
x173 8mer - - - - - - -
al79 14mer 4+ + + +++ + ++ 4+ + - - + 4+ - - ++
ai85 12mer + + ++ + + + + 4+ + +++ +
al86 Timer + + + + + ++ - - + + +
o194 11mer - - - - - - - - - - - - ..
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Figure 1. Electrophoresis and protein blotting of the 32-mer with 125|-a-BTX. The 32-
mer (10 ug) was solubilized in sample buffer containing 0.1M dithiothreitol and loaded on a
12.5% SDS/polyacrylamide gel, electrophoresed, and then transferred onto a nitrocellulose
filter. Lane A is an immunoblot of the transferred 32-mer peptide incubated with rabbit #2
anti-32-mer serum followed by alkaline phosphatase labeled second antibody. Lane B shows
an autoradiograph of the transferred 32-mer after overlay with 125-[-«-BTX. A
competition assay was performed by incubating the transferred 32-mer first with either
rabbit preimmune serum (Lane C) or rabbit #2 anti-32-mer serum (Lane D) overnight
before overlaying with125-]-a-BTX.

The antibodies were tested for their ability to inhibit 125]-a.-Btx binding to the o173-
204 32-mer using a solid phase assay. Three of the monoclonal antibodies (3B, 4B, 9B)
partially competed toxin binding to the 32-mer (28-37%) (Table Ill). Pooled monoclonal
antibodies and the polyclonal antibodies inhibited up to half of a-Btx binding. Competition of
toxin binding by the polyclonal antibodies could also be demonstrated on Western blots. After
electrophoresis and transfer of the 32-mer to nitrocellulose filters, the polyclonal antiserum
inhibited approximately half of the 125|-a-Btx binding (Fig.1, lane D). Antibodies were also
tested for their ability to inhibit a~Btx binding to native receptor in a solid phase assay. One
monoclonal antibody (98) showed partial inhibition (25%) of toxin binding while the others
were ineffective (data not shown).

Table Ill. Inhibition of 1251-a-BTX binding to «-173-204 32-mer by antibodies

Fusion C378 % of Btx Inhibition
Monoclonal Antibody

3B 27.5%
4B 30.4%
5A - -
6B - -
9B 37.2%
15C - -
16D 12.0%
Pool 48.0%
Polyclonals

Rabbit #1 Serum 42.0%

Rabbit #2 Serum 54.0%

Preimmune Serum 11.0%
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Peptide mapping of the antibodies that partially inhibited «-Btx binding reveals the
approximate location of their epitopes. Antibody 3B recognizes residues 189-194 based on its
greater reactivity with «185-196 and «186-196 than «173-192 and lack of binding to
«194-205. Antibody 4B shows much stronger reactivity with «a179-192 than with o185-
196 and «186-196 indicating it binds within residues «183-188. Antibody 9B shows a
stronger reaction with 0185-196 than «186-196 indicating it recognizes residues a185-
190. The polyclonal antibodies bind strongly to «179-196 and moderately to «185-196 and
a186-196 so that the major epitope appears located between residues «184-189.

DISCUSSION

Polyclonal and monoclonai antibodies were raised against a synthetic peptide (a173-204)
previously shown to bind o-Btx with the same affinity as isolated a-subunit (3,4,6). Some of
the antibodies recognized the native receptor and partially inhibited a-Btx binding to the
synthetic peptide. Although several laboratories have reported a-Bix binding to synthetic
peptides located within residues 172 and 205 of the AChR o-subunit (3,4,6-10) there have
been few reports regarding antibodies against this region. Ralston et al. (9) reported that
attempts to produce antisera against peptide «172-205 which bind to the native receptor were
unsuccessful. Gotti et al. (10) obtained monoclonal antibodies against «188-201 which
recognized the native receptor, but it was not reported whether they blocked toxin binding.

Some antibodies in myasthenic patients or raised against intact receptor are directed
against the toxin-binding site and inhibit binding of a-Btx (11-14). However, most evidence
suggests that the region of the «-subunit encompassing the cholinergic-binding site is not
highly immunogenic. The majority of antibodies produced in animals by immunization with
AChR or in myasthenic patients are directed against a region of the receptor termed the main
immunogenic region (MIR) (5). The MIR has been localized to residues 61-76 of the mouse a-
subunit (15). An exception to these conclusions is the report by Mulac-Jericevic et al. (16)
that polyclonal anti-AChR antibodies from mice and rabbits are directed against eight regions of
the extracellular portion of the a-subunit (residues 1-14, 25-36, 41-53, 63-75, 102-
114, 128-138, 172-182, and 188-198).

The apparent low degree of antigenicity of the neurotoxin-binding site on the AChR may be
related to the conformation of this region and to the high proportion of hydrophobic residues. In
addition, the cholinergic-binding site may not be fully accessible to the binding regions of
antibodies. The receptor binding site of human rhinovirus 14 (17) and influenza virus
hemagglutinin (18) are located within a canyon or pocket of highly conserved amino acids. The
pocket is surrounded by antigenically variable antibody-binding sites. Although the canyon or
pocket is exposed on the surface of the virus, the floor of the binding site may not be accessible
to antibody because of the large binding surface of the latter. These residues would not be under
immune selection and could remain constant (17). It is conceivable that the ligand-binding
sites of receptors may lie within surface clefts, accessible to small ligands but not to large
antibodies. Although the three-dimensional structure of the AChR is not known, the region
considered to bind acetyicholine is highly conserved among muscle a-subunits of different
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species and, based on weak binding of antibodies raised against synthetic peptides, is
conformationally highly constrained.

Polyclonal antibodies and pooled monoclonal antibodies against «173-204 inhibited up to
half of a-Btx binding to the peptide. The failure of these antibodies to completely inhibit toxin
binding may be because they are IgMs and bind with low affinity. Alternatively, not all of the «-

Btx-binding determinants on the 32-mer are contained within epitopes recognized by the
antibodies. The epitopes of antibodies producing partial inhibition of «-Btx binding were

mapped using overlapping peptides within residues 173-204. This study revealed that the
epitopes of the antibodies were located within residues a183-194, suggesting that this region

is an important determinant of neurotoxin binding. This conclusion is in agreement with a study
in which «-Btx binding to the shorter overlapping peptides was measured (6). The latter study
showed that toxin-binding determinants are distributed over the entire length of the 32-mer

but that those with the highest affinity are located between residues 179 and 196.

Residues 183-194 of the «173-204 32-mer peptide appear to be an immunodominant
region for this peptide, although apparently not for the native conformation of the whole protein
(9). Synthetic peptides have been shown to bind to the major-histocompatibility complex class
Il molecules due to the fact that they mimic a processed antigen (19). The localization of
epitopes to residues 183-194 of the «173-204 32-mer suggests that the amino and carboxy

termini of the peptide are processed and trimmed upon binding to the class Il molecules before
presentation to the helper T-cells.
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