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ABSTRACT The nicotinic acetylcholine receptor (Ac-
ChoR) is a ligand-gated ion channel that is activated upon
binding of acetylcholine. a-Neurotoxins, in particular a-bun-
garotoxin (a-BTX), bind specifically and with high affinity to
the AcChoR and compete with binding of the natural ligand.
We employed a 15-mer phage-display peptide library to select
epitopes reacting with «-BTX. Phages bearing the motif
YYXSSL as a consensus sequence were found to bind with high
affinity to a-BTX. The library-derived peptide (MRYYES-
SLKSYPD) bears amino acid sequence similarities to a region
of the a-subunit of the Torpedo muscle AcChoR, as well as of
other muscle and neuronal AcChoRs that bind a-BTX. The
library-derived peptide and the corresponding peptides con-
taining residues 187-199 of the Torpedo AcChoR a-subunit
(WVYYTCCPDTPYL), as well as peptides analogous to the
above region in the neuronal AcChoR (e.g., human a7; ER-
FYECCKEPYPD) that binds «-BTX, inhibit the binding of
a-BTX to the intact Torpedo AcChoR with ICsq values of 10~¢
M. A synthetic peptide from a neuronal AcChoR that does not
bind «-BTX (e.g., human «,; ERKYECCKEPYPD) which
differs by just one amino acid from the homologous peptide
from the a-BTX-binding protein (a7)—i.e., Lys in a;; and Tyr
in a;—does not inhibit the binding of a-BTX to Torpedo
AcChoR. These results indicate the requirement for two
adjacent aromatic amino acid residues for binding to a-BTX.

The nicotinic acetylcholine receptor (AcChoR) is a ligand-
gated ion channel that is activated by binding of acetylcholine
(AcCho). In muscle, the functional AcChoR molecule is a
pentameric complex of a;B37y8 subunits, or aBe6 subunits. The
ligand-binding site of the AcChoR has been studied extensively
and found to be located on the a-subunit, in the vicinity of
cysteines 192 and 193. It was further shown that the ligand-
binding domains are formed at the interfaces between the a-y
and «-8 subunits (for reviews, see 1-3). Affinity-labeling
experiments indicated that within the a-subunit, cysteines 192
and 193, which form an intrachain disulfide in the intact
receptor (4), and the conserved aromatic residues, Tyr-93,
Trp-149, Tyr-190, and Tyr-198, are labeled by derivatives of
agonists or antagonists (4-9) and are thus within the binding
site, or very close to it.

The curarimetic snake a-neurotoxins, such as a-bungaro-
toxin (a-BTX), are potent competitive inhibitors of AcChoR
function and are highly toxic due to functional blockade of
AcChoRs at the neuromuscular junction. Because of the high
affinity and specificity of a-BTX for the AcChoR, many studies
of the AcChoR ligand-binding site have focused on the binding
site for a-BTX. Though the binding sites for AcCho and
a-BTX probably overlap, structural requirements for their
binding may differ, and amino acid residues critical for binding
of the toxin may not be the same as those critical for binding
of AcCho (10, 11). Previous studies have demonstrated that

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/946054-5$2.00/0

6054

short synthetic peptides containing cysteines 192 and 193 bind
a-BTX specifically, though with moderate affinity (12, 13).
Major components of this binding were shown to be contained
within a synthetic dodecapeptide corresponding to residues
185-196 of the Torpedo AcChoR a-subunit (13, 14). NMR
analysis indicated that five residues in this dodecapeptide
(HWVYY, residues 186—-190) are in contact with «-BTX (15).

Additional evidence for localization of the binding site for
a-BTX within this particular region of the a-subunit came
from recent analysis of the presumed ligand-binding site of
AcChoRs from animals that are resistant to o-BTX (10,
16-18). This analysis indicated unique sequence differences
between toxin-resistant and toxin-sensitive receptors, concen-
trated within a very small region of the a-subunit, close to
cysteines 192 and 193.

Another approach in searching for a peptide that interacts
specifically with a-BTX is to employ random peptide libraries
(19, 20). One advantage of such an approach is that the selector
molecule is not “committed” to any target molecule known to
interact with it and is allowed to select peptides from a
completely random collection of peptide-presenting phages.
We have previously employed phage—epitope libraries to study
the AcChoR and have identified peptide epitopes for two
anti-AcChoR monoclonal antibodies (21, 22).

In the present study we utilized a 15-mer phage—epitope
library to select a peptide that interacts specifically with
a-BTX and blocks its interaction with the AcChoR. The
library-derived peptide bears a similarity to the ligand-binding
region in the a-subunit of both muscle and neuronal a-BTX-
binding AcChoRs. Identification of this peptide confirms the
localization of the binding site within the receptor molecule
and allows a more precise determination of the boundaries of
the binding site. This peptide could also be employed as a lead
compound in the search for effective antidotes against toxin
intoxication. In this connection, the constrained conformation
attained by the peptide in a complex with a-BTX as revealed
by NMR studies (see the companion article, ref. 23), should
obviously be taken into consideration.

MATERIALS AND METHODS

Epitope Library. The 15-mer phage—peptide library em-
ployed in this study was provided by James J. Devlin (Cetus)
and was constructed by use of phage M13 as described (20).
The library consists of about 2 X 107 different 15-residue
peptide-presenting phages.

Biotinylation of a-Bungarotoxin. HPLC-purified a-BTX
from the snake venom of Bungarus multicinctus was purchased
from Sigma. For biotinylation, 100 pg of a-BTX in 100 wl of
0.1 M NaHCO3; (pH 8.6) were incubated for 2 h at room

Abbreviations: AcCho, acetylcholine; AcChoR, AcCho receptor;
a-BTX, a-bungarotoxin; bio-a-BTX, biotinylated a-BTX; HMB, half
maximal binding; T/P, Tween 20 in PBS.
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temperature with 5 pg of biotin amidocaproate N-hydroxy-
succinimide ester (Sigma) from a stock solution of 1 mg/ml in
dimethylformamide, and then dialyzed at 4°C against PBS
(0.14 M NaCl/0.01 M phosphate buffer, pH 7.4).

Isolation of Peptide-Presenting Phages from the Phage—
Peptide Library. A sample of the amplified library, containing
10! infectious phage particles, was subjected to three rounds
of selection (panning) and amplification. In the first round,
10" phage particles were incubated overnight at 4°C with 20
ng/ml biotinylated-a-BTX (bio-a-BTX) in 40 ul of 0.5% BSA
in PBS. The phages were diluted with 1 ml 0.5% Tween 20 in
PBS (T/P) and allowed to react for 30 min at room temper-
ature with streptavidin (10 pg/ml)-coated Petri dishes (60
mm) with gentle shaking. Unbound phages were removed by
extensive washing (10 times, 10 min each) in T/P and the
remaining phages were eluted with 0.8 ml 0.1 M HCI, titrated
to pH 2.2 with glycine. The eluate was neutralized with 48 ul
of 2 M Tris base and used to infect Escherichia coli K91 cells.
The phage eluted in the first round were amplified and
subjected to a second round of affinity purification with the
bio-a-BTX at 2 ng/ml. Phage from the second round were
amplified and subjected to a third round with 0.2 ng/ml
bio-a-BTX. The progressively decreasing a-BTX concentra-
tions used in the second and third rounds, and the use of excess
phages, were intended to facilitate selection for high-affinity
epitopes. After three pannings, individual bacterial colonies
containing amplified phage clones were grown in a microtiter
plate and screened by ELISA for their ability to specifically
bind bio-a-BTX, essentially as described (21). Phage DNAs
were sequenced to determine the amino acid sequences of
their inserted peptides.

«-BTX Binding to Isolated Phages. Binding of «-BTX to
phages was analyzed by ELISA. Wells of microtiter plates
(Maxisorb; Nunc) were coated with 100 ul of rabbit anti-phage
M13 serum at a dilution of 1:1000 (in 0.1 M NaHCO3, pH 8.6)
and incubated overnight at 4°C. Coated plates were washed
three times with T/P and 100 ul of enriched phage clones, each
containing 10° phage particles, were then added to the wells
and incubated for 1 h at 37°C. Wells were blocked with 1.5%
BSA and 1.5% hemoglobin (in PBS) for 1-2 h at room
temperature, washed, and incubated with bio-a-BTX (1 pg/
ml, or as otherwise specified) overnight at 4°C. For inhibition
experiments, peptides were preincubated with bio-a-BTX for
30 min at 37°C prior to their addition to phage-coated wells.
Following washings, bound bio-a-BTX was detected after
incubation for 1 h at room temperature with alkaline phos-
phatase-conjugated extravidin (BioMakor, Rehovot, Israel),
diluted 1:2,000. a-BTX was estimated by the enzymatic activity
of alkaline phosphatase, with N-p-nitrophenyl-phosphate as a
substrate, and the color developed after 50 min was deter-
mined using a microtiter plate reader at 405 nm. Positive phage
clones were propagated, and the DNA in the inserted epitope
region was sequenced at the Biological Services Unit of the
Weizmann Institute using an automated 373A DNA sequencer
and the Taq DyeDeoxy Terminator Cycle Sequencing Kit
(Applied Biosystems).

Inhibition of a-BTX Binding to AcChoR by Synthetic Pep-
tides. AcChoR was extracted from the electric organ of
Torpedo californica by Triton X-100 and purified as described
(24). Purified Torpedo AcChoR (5 pg/ml) was used to coat
ELISA plates as described (21). Inhibition of the binding of
a-BTX to AcChoR by synthetic peptides was carried out as
described above for the inhibition of a-BTX binding to phages.

Synthetic Peptides. Synthetic peptides were prepared in the
Chemical Services Unit at the Weizmann Institute by the
solid-phage automated method of Merrifield (25). The syn-
thetic peptides employed in this study are listed in Table 1.
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Table 1. Origin and sequence of synthetic peptides studied

Peptide Sequence
Library-derived peptides

15-mer YMRYYESSLKSYPDW
17-mer KKYMRYYESSLKSYPDW
14-mer MRYYESSKLSYPDW
13-mer* MRYYESSLKSYPD
12-mer MRYYESSLKSYP
11-mer MRYYESSLKSY
Peptides derived from sequences of Torpedo AcChoR
ay 187-199 WVYYTCCPDTPYL
a 185-196 KHWVYYTCCPDT

Peptides derived from sequences of neuronal
a-BTX-binding AcChoRs

Rat ay EKFYECCKEPYPD
Chick ag ELYYECCKEPYPD
Human oy ERFYECCKEPYPD

Peptide derived from the sequence of a neuronal
AcChoR that does not bind a-BTX
ERKYECCKEPYPD

Human ay

*Library-derived peptide.

RESULTS

Selection of Peptide-Presenting Phages by Bio-a-BTX. To
isolate peptides representing the a-BTX binding site within
AcChoRs or other proteins that may interact specifically with
a-BTX, we screened a 15-mer phage—peptide library with
bio-a-BTX. After three cycles of panning and phage amplifi-
cation, 90 individually isolated bacterial colonies were grown
in microtiter plates and their phages were assayed for toxin
binding. ELISA analysis revealed that 60 of these clones
exhibited specific binding to a-BTX. DNA from 23 phage
clones, selected arbitrarily from the positive clones, was se-
quenced; the deduced peptide sequences are shown in Table
2. The phage expressing the sequence YMRYYES-
SLKSYPDW appeared to be dominant among the 23 analyzed
phages and was represented in 16 phage clones that displayed
high affinity for «-BTX. Half maximal binding (HMB) of
a-BTX to the phage was obtained at 5 X 1078 M. Three phage
clones expressed the sequence FTYYQSSLEPLSPFY and
exhibited similar affinity (HMB of 5 X 1078 M) to a-BTX.
These two sequences contain the consensus motif YYXSSL. In
the additional phage clones sequenced, the inserted peptide
sequences were TMTFPENYYSERPYH (in two clones), PP-
PIFRYYEYWPTSY and HDKLFTFYQNSXSSY. The three
latter clones had a lower binding affinity for «-BTX (HMB of
5 X 1077 M) and contained a consensus motif of two adjacent
aromatic residues (YY or FY). Most of the following analysis
was performed with the phage expressing YMRYYES-
SLKSYPDW—i.e., the one represented with the highest fre-
quency (16 of 23).

Specificity of the Interaction of a-BTX with the Library-
Selected Peptide. The specificity of the interaction of a-BTX
with the YMRYYESSLKSYPDW phage was further assessed

Table 2. Peptides selected from a 15-mer phage-peptide library
by a-BTX

Peptide sequence* Frequency Binding, M
YMRYYESSLKSYPDW 16 5% 1078
FTYYQSSLEPLSPFY 3 5x10°8
TMTFPENYYSERPYH 2 5%x1077
PPPIFRYYEYWPTSY 1 5% 1077
HDKLFTFYQNSXSSY 1 5x1077

*Amino acid sequences (derived from DNA) of the inserted 15-mer
peptide within the minor coat protein plII.

TBinding represents the concentration resulting in half-maximal bind-
ing to the isolated phage. Binding data were obtained by ELISA.
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by inhibition experiments with the corresponding synthetic
peptide. Because the synthetic peptide YMRYYES-
SLKSYPDW was rather insoluble, two basic amino acid
residues (lysines) were added to its N-terminal end to increase
its solubility. As shown in Fig. 1, the synthetic peptide KKYM-
RYYESSLKSYPDW, but not the nonrelevant control peptide
(PMTLPENYFSERPYHK), inhibited the binding of a-BTX
to the phage with an ICsqg of 1 X 1078 M.

To determine whether the library-selected synthetic peptide
bears relevance to «-BTX binding sites on the nicotinic
AcChoR, and as such may be an AcChoR-specific mimotope,
we tested the ability of the synthetic peptide to inhibit the
binding of a-BTX to Torpedo AcChoR. As shown in Fig. 2, the
peptide KKYMRYYESSLKSYPDW inhibits the binding of
a-BTX to the AcChoR in a concentration-dependent manner
with an ICs of 1.7 X 1075 M, which is about two orders of
magnitude lower than the ICs, obtained upon inhibition of the
binding of a-BTX to the peptide-presenting phage (see Fig. 1).

The consensus motif (YYXSSL) present in the high-affinity
phages encompasses only part of the peptide selected from the
library. We therefore shortened this peptide at both ends to
find an optimal peptide in terms of its affinity for the a-BTX.
As depicted in Fig. 2, the peptides MRYYESSLKSYPDW,
MRYYESSLKSYPD, MRYYESSLKSYP, and MRYYES-
SLKSY inhibited interaction of a-BTX with AcChoR with ICs
valuesof 1.7 X 107> M, 2.8 X 107°M, 1.1 X 105 M, and 1.3 X
1073 M, respectively. The best inhibition was obtained with the
13-mer MRYYESSLKSYPD peptide, which was designated
the library-derived peptide and employed for further analysis.

Relevance of the Library-Derived Peptide to Sequences in
Muscle and Neuronal AcChoR. As the library-derived peptide
MTYYESSLKYPD inhibited strongly the interaction between
a-BTX and AcChoR (ICsp of 2.8 X 107% M), we searched for
structural homologies between this peptide and sequences on
the a-subunit of AcChoR, and in particular in the vicinity of
the tandem cysteines (192 and 193) present within the Ac-
ChoR-binding site. Since all the library-selected peptides had
two adjacent aromatic residues, we searched for similar resi-
dues in Torpedo AcChoR. Tyrosines 189 and 190 are the only
two adjacent aromatic amino acid residues present in the
extracellular domain of the a-subunit. These are separated by
one residue from the tandem cysteines (192 and 193), which
may bear structural similarity to the two serines present at this
position in the library-consensus motif (YYXSSL). We there-
fore examined the reactivity of the synthetic peptide
WVYYTCCPDTPYL, which corresponds to residues 187-199
of the Torpedo AcChoR a-subunit (Torpedo 187-199) and has
the same number of residues on both ends of the consensus
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Fic. 1. Inhibition of o-BTX binding to YMRYYESSLKSYPDW
phage by its corresponding synthetic peptide.
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F1G. 2. Inhibition of a-BTX binding to Torpedo AcChoR by the
library-selected synthetic peptide and its derivatives.

motif as the library-derived peptide. As seen in Fig. 3, the
capacity of this synthetic peptide to inhibit the binding of
a-BTX to Torpedo AcChoR is similar to that of the library-
selected peptide. The Torpedo 187-199 peptide is a better
inhibitor, by almost two orders of magnitude, than the syn-
thetic Torpedo 185-196 peptide, which we previously found to
contain the major determinants of the a-BTX binding site (13).

Interestingly, we noticed that sequences of the a-subunits of
the neuronal a-BTX-binding AcChoRs (a7, as, and ay), at the
region corresponding in position to the Torpedo-derived pep-
tide 187-199, bear an even more striking similarity to the
library-derived peptide than the Torpedo a-subunit sequences
(see Table 1). As demonstrated in Fig. 4, inhibition of the
binding of a-BTX to Torpedo AcChoR by synthetic peptides
containing the amino acid sequence of the neuronal (a7 and
ag) AcChoR is similar to its inhibition by the library-derived
peptide.

An aromatic residue is present at position 189 in all Ac-
ChoRs that bind «-BTX (muscle and electric organ «; or
neuronal a7, ag, and ay), and is absent in muscle AcChoRs that
are resistant to a-BTX (e.g., from snake, mongoose, or hedge-
hog) and in neuronal nicotinic AcChoRs which do not bind
a-BTX (az to ag). It was therefore of interest to find out
whether the binding properties of these peptides are affected
by replacing the aromatic residue at position 189 in the
synthetic peptides by a nonaromatic amino acid. Indeed, as
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FiG. 3. Inhibition of «-BTX binding to AcChoR by the library-
derived peptide and the corresponding peptides derived from the
a-subunit of Torpedo. AcChoR. The peptide ERKYECCKEPYPD
was used as a control.
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Fic. 4. Inhibition of «-BTX binding to Torpedo AcChoR by
peptides derived from neuronal a-BTX-binding AcChoR at positions
corresponding to residues 187-199 of the Torpedo a-subunit.

shown in Fig. 54, substitution of Tyr-189 in the Torpedo
receptor peptide 187-199, or phenylalanine in the correspond-
ing human a7 receptor peptide, by a lysine, abolished binding
to a-BTX. Replacing this tyrosine in the library peptide by
either lysine or serine also resulted in a marked decrease in the
inhibition of «-BTX binding to AcChoR (Fig. 5B). In the
library peptide, replacing the arginine present one amino acid
upstream of that tyrosine by serine, resulted in only a small
decrease in the inhibition of a-BTX binding. These experi-
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Fi6.5. Replacement of the aromatic residue at position 189 in the
AcChoR-derived peptides (4) and in the library-derived peptide (B)
by lysine abolishes the inhibition of a-BTX binding to Torpedo
AcChoR.
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ments indicate that an aromatic residue at position 189 of the
AcChoR a-subunit is necessary for a-BTX binding.

DISCUSSION

The availability of short synthetic peptides that interact with
biologically active molecules forms the basis for the develop-
ment of specific reagents (drugs) that can interfere with the
function of such molecules. In the present study, we employed
a phage—epitope library to identify peptides that interact
specifically with «-BTX and interfere with its binding to
AcChoR. This is a random strategy for which the selector
molecule (i.e., a-BTX) does not require any information
concerning the structure of the target molecule AcChoR.
Theoretically, by employing this random selection, a-BTX
could have selected peptides reacting with any site on the toxin
and not necessarily with the site that interacts with AcChoR.
Interestingly, we found that the library-selected peptides bear
remarkable similarities to a region in the AcChoR «a-subunit,
which is known to be within the AcChoR binding site. This may
not be surprising, as the association of a-BTX with the
AcChoR (ICsp = 10~ M) is stronger than the association of
a-BTX with other putative molecules (e.g., antibodies).

The most striking similarity between the library-selected
peptides and the binding site of the AcChoR is the presence of
two adjacent tyrosines (YY or in some cases FY) in all the
library-selected peptides (see Table 2) as well as in the binding
sites of all the a-BTX-binding AcChoRs (muscle and neuro-
nal) at positions 189 and 190 in the a-subunit. Tyr-190 is highly
conserved in all AcChoRs, whether they bind a-BTX or not.
Affinity-labeling experiments have localized this tyrosine at
the agonist binding site (2, 3, 5). Replacement of this tyrosine
by phenylalanine had a dramatic effect on ligand binding and
channel activation, and increased the ICsy for «-BTX by two
orders of magnitude (26). It has been suggested that a phe-
nolate ion, and not merely an aromatic residue, is required at
this position (Tyr-190) for interaction with the AcChoR (26).
When Tyr-190 was replaced by serine in the Torpedo receptor
peptide (residues 187-199) or in the library peptide, interac-
tion with a-BTX was abolished (data not shown). It thus
appears that Tyr-190 is required for both agonist and a-BTX
binding.

Tyr-189 (or Phe-189) in the AcChoR a-subunit is required
for a-BTX binding, but not necessarily for agonist binding.
Neuronal AcChoRs that do not bind a-BTX (e.g., az, a3, aa),
as well as muscle AcChoRs from animals that are resistant to
a-BTX, do not have an aromatic amino acid at this position.
Earlier studies with synthetic peptides from the Torpedo
AcChoR binding-site domain also demonstrated that Tyr-189
is essential for a-BTX binding (27, 28). When this tyrosine was
replaced by lysine in the muscle AcChoR peptide, or in the
corresponding a7 peptide (Fig. 54), or in the library-derived
peptide (Fig. 5B), the binding capacity for a-BTX was abol-
ished. Notably, the only difference between the neuronal «;
peptide, which binds «-BTX, and the neuronal o, peptide,
which does not bind «-BTX, is at position 189. At this position
there is a tyrosine in the a7 and a lysine in the a,-derived
peptide. This confirms the requirement of an aromatic residue
at position 189 for a-BTX binding.

The selected peptide-presenting phages that bound a-BTX
with high affinity (HMB 5 X 10~8 M; Table 2) had a consensus
motif of YYXSSL. Alignment of the library-derived peptide
(MRYYESSLKSYPD) with a sequence in the AcChoR «a-sub-
unit (residues 187-199), so that the consensus motif matches
residues 189-194, revealed additional similarities to both
muscle (a;) and neuronal (a7, as) a-BTX-binding AcChoRs
(see Table 1). The two adjacent serines in the library-derived
peptide are at the same relative positions as the two cysteines
(192 and 193) in the AcChoR. It has been reported (29) that
replacing one of these cysteines with a serine does not affect
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binding. We demonstrate here that «-BTX binding of the
library-derived peptide, in which two serines replace the two
cysteines, is similar in extent to that of the corresponding
AcChoR-derived peptides (Figs. 3 and 4). Thus, it is likely that
the two cysteines are not essential for binding of the toxin,
provided that other, sufficiently similar residues (i.e., serines)
are present.

We have previously suggested, mainly on the basis of data
from studies on the snake and mongoose AcChoR, that two
close prolines downstream of the two cysteines are necessary
for toxin binding (10, 16, 18). The library-derived peptide,
however, has only one proline, located at the same position as
the second proline in neuronal AcChoRs (see Table 1).
Moreover, the position of the first conserved proline in the
toxin-binding muscle AcChoRs (Pro-194) is occupied by a
leucine in the library-derived peptide, as is also the case in the
a-BTX-resistant snake and mongoose AcChoRs. Studies by
Taylor and collaborators (30) have shown that replacement of
this proline for leucine in the mouse AcChoR a-subunit did not
result in a substantial change in toxin binding.

It is interesting to note that the library-derived peptide
seems to share greater homology with the neuronal a7 and ag
subunits than with the muscle «; subunit of the AcChoR
(Table 1). Nevertheless, peptides derived from either the
muscle or the neuronal (a7 and ag) receptor were as active as
the library-derived peptide in their ability to inhibit the
interaction of a-BTX with the AcChoR. It is not clear whether
residues in the library-derived peptide correspond linearly
(sequentially) to residues in the AcChoR-binding site, or
whether the peptide mimics a spatial conformation allowing an
appropriate fit to a-BTX, or a combination of both. The
conformation in solution of the library-derived peptide in its
complex form with a-BTX as revealed by NMR analysis is
described in the following paper (23).

Finally, it should be pointed out that the phage library
employed is by no means complete, and that not all possible
15-mer peptides are represented in it. Even with this limitation,
the library-selected peptides are as potent as the peptides
derived from the receptor. It is possible, however, that other
peptides, not represented in the library, might have a higher
affinity for a-BTX than the receptor-derived peptides.
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