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SUMMARY

The binding of a-bungarotoxin to several synthetic peptides
comprising different segments of the region 173=204 of the a
subunit of the Torpedo ine receptor was investigated
to further localize the neurotoxin-binding site on the

uence. When tested in a solid phase microwell assay system,
2 32-amino acid peptide ing to residues 173-204 (32-
mer) bound '®l-a=bungarotoxin with the same affinity (4.2 x 10-°
™ as determined from ICs, values) as the isolated a subunit (4.6
x 1072 m). The relative affinities of other antagonists (a-cobra-
toxin, d-tubocuraring) maintained the same rank order in this
assay system as has been demonstrated with the intact receptor.
Agonists competed with binding of toxin at milimolar concentra-
tions but lost all rank order of ofotong{ These find-
ings demonstrate that peptide 173=2 he many of the
antagonist-binding determinants present on denatured a subunit
but has lost opmo«y of ngonm binding. To further localize the
toxin-binding site, a-bungarotoxin binding to seven shorter pep-

tides oorresponding to portions of the 32-mer was investigated.
‘“l-a-sungarotoxln bound to a subunit peptides 179-192, 181-
198, 185-106, 1866-196, and 193-204, but not to a subunit
peptides 173=180 and 194-204. In a second assay, all of the
peptides competed with bindi of 1%5|.a0etyicholine receptor to
immobilized a-bul xin, rent amnlty was highest
for the 173=204 32-mer (14x1o Mmdlowutforpopﬂde

173=180 and 194-204 (>10°* ), affinity of the other
peptides was intermediate (v10~° m) and about 100-foid less
than that of the 32-mer. The affinity of a-bungarotoxln was 3.5
x 10°'° m, of isolated, native ne receptor, 3.2 x 10°°

M, and of isolated denatured subunit, 1.2 X 10°° m, with this
assay. The retention of some toxin-binding capacity by the
shorter peptides indicates toxin-binding determinants are distrib-
uted over the entire length of the 32-mer. The determinants with
higher affinity are located in the oentral region of the 32-mer
between residues 179 and 196,

The nicotinle AChR mediates the initiation of the postsyn-
aptie excitatory response at the neuromuscular junetion by
opening a cation-selective ion channel upon binding acetylcheo-
line. The receptor is composed of four types of subunits forming
a pentameric complex in the stolchlometry of auf 6 (1). The
primary amino acid sequences of all of the subunits from several
species have been elucidated from the nucleotide sequences of
6DNA clones coding for the subunits (2). Complete understand-
ing of receptor function depends on the localization of struc-
tural and funetional domains, such as the acetylcholine-binding
site, on the receptor molecule. Identification of the acetylche-
line-binding site in the AChR would increase understanding of
the mechanism by which binding of the ligand leads to changes
in the receptor that result in epening of the channel, Localiza-
tion of this site is greatly facilitated by the use of snake venom
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National 8¢ience Foundation Grant BNB-8506404, and United Btates Army
Contract DAMD17-86-6043 (to T.L.L.) and National Institutes of Health Grant
GM 32639 (to E.H.).

curarimimetie neurotoxins, such as BTX, which bind to the
receptor with considerably higher affinity than does acetyleho-
line (8). Most evidence indicates that the toxin-binding site
ineludes the acetylcholine-binding site (1, 4), so use of the
toxins as biological probes should permit localization on
the primary sequence of the a subunit of the site involved
in the binding of acetylcholine.

Affinity alkylating agents, such as MBTA and bromoacetyl-
choline, that act as either cholinergic agonists or competitive
antagonists label only the a subunit (1), Because these agents
are competitive with the binding of neurotoxins, the latter are
considered to bind at or very near the same site on the a
subunit. The affinity alkylating agents bind to a eysteine resi-
due that is located within 10 A of the acetylcholine-binding site
(1), It has been determined that Cys 192 and Cys 183, which
are linked by a disulfide (5), are labeled by these agenta (6, 7).
On the basls of peptide mapping, neurotoxins bind on the
C-terminal side of Asn 141, the site of N-linked glycosylation
(8-11), A eyanogen bromide fragment comprising residues 179-

ABBREVIATIONS: AChR, acetyloholine receptor; ACN, acetenitrile; B8A, bovine serum albumin; BTX, a-bungarotexin; CTX, a-cobratoxin; DDF, p-
(N,N=dimethylamino) benzenediazonium fluoroborate; dTC, d-tubocurarine; HPLC, high pressure liquid chromatography; MBTA, 4-(N-maleimide)
benzyitrimethylammonium iedide; PB, phosphate buffer; 8D8, sodium dedecy! sulfate, TFA, trifluoroacetic acid.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

644 Wilsonetal.

207 is labeled by affinity alkylating agents (6, 7) and the
cholinergic photoaffinity ligand DDF (7). [PH]DDF was incor-
porated to a lesser extent into two additional fragments, indi-
cating other regions of the o subunit chain may contribute to
the cholinergic-binding site. Synthetic peptides corresponding
to portions of the a subunit have been used to localize the
toxin-binding site. Peptides composed of residues 173-204 (8),
182-198 (12), 185-196 (13, 14), 172-205, and 185-199 (15) have
been reported to bind BTX. The affinity of binding to peptides
173-204, 182-198, and 172-205 was the same as that for the
isolated a subunit. Finally, fusion proteins containing residues
160-216 (16) and 166-200 (17) of the « subunit bind toxin.

Together, these findings strongly indicate that a major de-
terminant for neurotoxin binding is located on the sequence of
the o subunit in proximity to Cys 192 and Cys 193. This region
of the a subunit may represent a functional domain that is
largely responsible for binding of agonists and competitive
antagonists. Small segments of protein structure that play
crucial roles in protein interactions and whose function can be
mimicked by synthetic peptides have been referred to as pro-
totopes (18). Because synthetic peptides may prove extremely
useful as a means to isolate and reconstitute important func-
tional properties of proteins, we have undertaken further sys-
tematic characterization of the binding characteristics of Tor-
pedo « subunit residues 173-204 and compared the ability of
cholinergic agonists and antagonists to compete toxin binding.
In addition, in an effort to further localize the binding site
within the sequence of the 32-mer, toxin binding to shorter
peptides comprising portions of the 32-mer has been investi-
gated. Although others have demonstrated toxin binding to
shorter peptides within this region, it is useful to directly
compare affinities of binding to long and short peptides using
the same assays. In addition, before undertaking investigation
of structure-function relationships by modification of individ-
ual residues, it is necessary to determine the extent of the
toxin-binding regions on the linear sequence. These studies
show that, although the shorter peptides bind BTX, the affinity
of binding is considerably reduced in comparison with binding
to the 32-mer. These results indicate that a number of deter-
minants distributed along the length of the 173-204 segment
contribute to the neurotoxin-binding site.

Experimental Procedures

AChR and o subunit. AChR from Torpedo electric organ was
isolated on a cobratoxin-Sepharose column as previously described
(19). The « subunit was excised and electroeluted from 10% lithium
dodecyl sulfate/polyacrylamide gels as described (8).

Iodination. a-BTX was iodinated with '*I using the procedure of
Wang and Schmidt (20). a-BTX (50 ug) (Miami Serpentarium, Salt
Lake City, UT) in 250 ul of 16 mM PB, pH 7.5, containing 5 mCi Na'®*I
(Amersham Corp., Arlington Heights, IL) was radiolabeled by the
addition of 125 ug of chloramine-T (Eastman Kodak Co., Rochester,
NY). Sodium bisulfite (Aldrich Chemical Co., Milwaukee, WI) (250 ug)
was added to the solution 30 sec after the addition of chloramine T to
stop the reaction. The monoiodinated BTX was separated from the
diiodinated BTX by ion exchange chromatography on a CM-25 column.
The BTX species were eluted with a gradient of NaCl (0-80 mM) in 3
mM PB, pH 7.5, containing 1 mg/ml BSA (Sigma Chemical Co., St.
Louis, MO; fraction V). Initial specific activity of the monoiodinated
BTX was determined as described (19) and was greater than 600 cpm/
fmol in all preparations.

AChR was iodinated with iodogen (Pierce Chemical Co., Rockford,
IL). Glass vials were coated with 50 ug of iodogen by evaporating a

solution of iodogen in chloroform (250 ug/ml). Affinity-purified AChR
(50 pg) in 200 ul of 20 mM PB, pH 7.4, containing 0.2% deoxycholate
was then placed into the vial. The reaction was started by the addition
of 20 ul of Na'#I (2 mCi). The reaction was stopped after 5 min by the
removal of the solution into a vial containing 0.5 ml 10 mM PB/0.4%
BSA/0.2% deoxycholate. The iodination vial was then washed with 0.5
ml of 10 mM PB/0.2% deoxycholate, and the wash was added to the
transferred solution. A small amount (0.1 g) of AG 1-X8 resin (200-
400 mesh, formate form; Bio-Rad Laboratories, Richmond, CA) was
added to the vial to absorb any free iodide. After 4 hr, the solution
was removed into a new vial and stored at 4° until use. Storage of
the radiolabeled AChR for periods greater than 2-3 weeks resulted
in the gradual loss of binding activity, presumably the result of the
destructive effects of radiodecay.

Synthetic peptides. All receptor peptides used in these studies were
synthesized by the Protein Chemistry Facility, Department of Molec-
ular Biophysics and Biochemistry, Yale University (New Haven, CT).
The peptides correspond to portions of the Torpedo a subunit and are
designated by the position of the first residue and the total number of
residues (Table 1). The integrity of the peptide sequences was deter-
mined by amino acid composition analysis and by reverse phase HPLC.
Peptides were purified further by reverse phase HPLC using a Vydac
C, column and a gradient of 0 to 80% ACN/0.05% TFA. The eluted
peptides were then lyophilized and resuspended in distilled water and
relyophilized and resuspended in water to a final concentration of 5
mg/ml. §-Asp-angiotensin II was obtained from Sigma.

Solid phase assays. Experiments investigating the binding of '*I-
BTX to the Torpedo 32-mer employed 32-mer that had been absorbed
onto 96-well, flat-bottomed polystyrene microwell plates (Nunc A/S,
Roskilde, Denmark). Crude 32-mer, resuspended in 50% ACN contain-
ing 0.005% TFA to a concentration of 5 mg/ml, was diluted into 0.015
M NaC0,/0.035 M NaHCO,, pH 9.6 (coating buffer), to a concentration
of 50 ug/ml. Wells were then incubated with 100 ul of peptide solution
overnight at room temperature. The solution was aspirated out of the
wells, and the wells were then quenched with 200 ul of 2% BSA for 1
hr at room temperature. Following removal of the BSA solution, the
wells were incubated with '*I-BTX in 10 mM PB, pH 7.4, containing
0.2% BSA (PB/BSA). Wells were washed four times with 200 ul of
PB/BSA. Bound '*I-BTX was removed from the wells by adding 100
ul of 0.25 N NaOH containing 2.5% SDS (NaOH/SDS) and swabbing
each well with two cotton tipped applicators. The applicators were then
assayed for radioactivity in a vy counter. In competition experiments,
the competitor was added to the '*I-BTX solution before incubation
with the 32-mer. The incubation time for all competition experiments
was 2 hr. Measurement of the rate of binding of '*I-BTX to the 32-
mer indicated that binding was linear to times up to 3 hr (data not
shown).

Affinities of binding were approximated by the measurement of the
concentration of unlabeled ligand that resulted in a 50% reduction in
the binding of '*I-BTX (ICs value). ICs, values were determined from
logit-log plots of the competition data (21). Competition curves are
graphically represented by fitted curves derived from a nonlinear
polynomial least squares fit as determined by the computer program
Sigmaplot (Jandel Scientific, Sausalito, CA). Both '*I-BTX and an
unlabeled competitor were added simultaneously. Preincubation for 1
hr with the competing agent had no effect on the ICy, value obtained
(data not shown).

For synthetic peptides other than the Torpedo 32-mer, the protocol
described above was modified to enhance the binding of the peptide to
the microwell plate. Crude peptides resuspended to 5 mg/ml! in 50%
ACN/TFA were diluted into H,O to a concentration of 100 ug/ml.
Wells were then inoculated with 50 ul of peptide. The plate was placed
in a 45° oven until all liquid evaporated. The wells were then quenched
as described for the 32-mer and washed one time with PB/BSA before
the addition of '*I-BTX. After incubation with '*I-BTX, wells were
washed and the bound '*I-BTX removed as described for the 32-mer.
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TABLE 1

Bungarotoxin Binding to Synthetic AChR Peptides 645

Amino acid sequences and relative positions of synthetic peptides corresponding to sequences from Torpedo a subunit
the position of the first residue and number of residues. All peptides were synthesized with their amino- and carboxyl-termini blocked with

are designated by
exception of the a185 12-mer and «186 11-mer.

Peptide

Sequence

-

5 80

2

a173 32-mer S G
al73 8-mer S G
«181 18-mer
a179 14-mer
a185 12-mer
«186 11-mer
a193 12-mer
a194 11-mer

WVM
WVM

mm3
X XX
O OO0
<< <
D D
00 O
£ =
XXX X
IIII I
£sss =
<K<K <
<<<=< <

190 195 200
ODTPYLDITYH

In competition experiments, '“*I-BTX was incubated in the wells for
20 min.

The ability of synthetic peptides to bind BTX was also measured by
testing the ability of purified peptides to compete with the binding of
131.AChR to BTX that had been immobilized in the wells of microtiter
plates. BTX, isolated AChR, and isolated denatured a subunit were
also tested with this assay for comparison with peptides. In these
experiments, 100 ul of BTX in coating buffer (10 ug/ml) was pipetted
per well. After incubation overnight at room temperature, the contents
of the wells were aspirated, and the wells were quenched with 2% BSA
for 1 hr. The wells were then washed two times with 200 ul
of 10 mM PB, pH 7.0, containing 0.2% Triton X-100 and 0.2% BSA
(PB/Triton/BSA). Approximately 500,000 cpm of '**I-AChR in 100 ul
of PB/Triton/BSA and competitor was added to each well. After
incubation, the wells were washed four or five times with 200 ul
of PB/Triton/BSA and the bound radioactivity was removed by adding
100 ul of NaOH/SDS and swabbing the well with two cotton tipped
applicators as described above for the 32-mer. Radioactivity was meas-
ured in a ¥ counter. Incubation time for competition experiments was
16 min. The binding of '*I-AChR to BTX was linear for times up to
380 min (data not shown).

Resulits

Competition of BTX binding to 32-mer by cholinergic
ligands. The ability of various cholinergic antagonists to in-
hibit the binding of '“I-BTX to the a173 32-mer was tested in
a solid phase assay (Fig. 1A and Table 2). BTX, CTX from
Naja naja siamensis, and dTC were all effective competitors of
'#1.BTX binding. Unlabeled BTX was the most effective agent,
competing with binding with an ICy, of 42 nM. CTX was slightly
less effective, competing with binding with an ICy, of 440 nM.
'#L.BTX binding was competed with dTC with an ICy, of 86
uM. The affinity of '*I-BTX binding to isolated a subunit
adsorbed to microtiter plates was 46 nM (Fig. 1B and Table 2).

In contrast to the antagonists, cholinergic agonists exhibited
little difference in their ability to compete with the binding of
SL.BTX to the 173 32-mer (Fig. 2 and Table 2). Suberyldi-
choline, the most potent of the commonly used nicotinic ago-
nists, was only marginally more effective in competing with the
binding of '*I-BTX than was choline chloride, an acetylcholine
precursor that is among the weakest of agonists. The agonists
nicotine and arecoline were as effective as choline but more
effective than NaCl in competing binding.

The solid phase assay represents a convenient method for
performing binding assays and competition experiments. It has
the advantage of being simple, requiring little material, and
allowing several replications. It is not necessary to utilize a
residue that might be important in binding for coupling the
peptide to a matrix such as Sepharose. Toxin binding to

110
100+
904
804
704
60+

404
30+
201
101

0 v v v v y . v v
=10 = =8 =7 =8 =8 =4 =3 =2 -1 0 1
[LIGAND] (LOG M)

Fig. 1. Competition of '2-BTX binding to «173 32-mer with cholinergic
antagonists (A) and of '%-BTX to isolated « subunit (B). Wells
of microtiter plates were coated with 5 ug of 173 32-mer or 0.1 ug of
a subunit and incubated with 3 nm '#-BTX and various amounts of
uniabeled BTX (O, @), CTX (M), dTC (A), or NaCl (V). After a 2-hr
incubation for the 32-mer and 20 min for a subunit, the weils were
washed and bound radioactivity was determined. For '**1-BTX (A), 100%

binding (binding in absence of ligand) equals 3666 cpm. Each point
represents the average of triplicate determinations. Each curve repre-
sents one of two experiments performed.

quenched wells lacking peptide is negligible (~100 cpm). Pos-
sible disadvantages of this assay are that some peptides, partic-
ularly short ones, may not adhere to the plastic wells and that
bound peptides may not be able to undergo the conformational
changes that could take place upon binding to toxin. In addi-
tion, proteins may denature as they adsorb to the plastic of
microtiter plates (22). These limitations are partially overcome
by the assay in which peptides are tested for competition of
'"*I.AChR binding to immobilized BTX (see below). Affinities
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TABLE 2

Competition of binding of **I-BTX to « 173 32-mer

Waells of microtiter plates were coated with 5 ug «173 32-mer. After quenching,
the wells were incubated for 2 hr with 3—4 nm '2%-BTX and various amounts of the
listed competitors. The wells were then washed and bound radioactivity determined.
ICso values were determined from logit-log plots of the competition data. IC,, values
are the result of one experiment with three replicates except for «-BTX and dTC
which are the average of two experiments with three replicates.

Competitor ICso
']
Antagonist
a-Bungarotoxin 42x10°°
a-Cobratoxin 4.4 x107
d-Tubocurarine 8.6 x 10°°
Agonist
Nicotine sulfate 8.6x107°
Suberyidicholine iodide 29 %107
Arecoline bromide 41x10°°
Other
Choline chioride 6.9 x 1072
Sodium chioride 1.6 x 1072
110
4 A SubChol
100 : ® Nicotine
o 90 @ NaCl
Zz 804 a
§ ™
60 4
3 s0;
3%
» 301
204
10{ A
0 v v v
-8 -5 -4 =3 -2 -1 0 1
[LIGAND] (LOG M)
110
00+ B8 Arecoline
! A Choline
90
80+ A
7° -
80-
80 4
40 -
n 301
20+
10{ B
0 v v v v v v
-8 -3 -4 -3 -2 -1 0 1
[LIGAND] (LOG M)

Fig. 2. Competition of '*%l-BTX binding to o173 32-mer with cholinergic
agonists. Welis of microtiter plates were coated with 5 ug a173 32-mer
and incubated with 3-4 nm '#%.BTX and various amounts of suberyidi-
choline lodide (A; A), nicotine sulfate (A; ), NaCl (A; @) arecoline bromide
(B; W), or choline chioride (B; A). After a 2-hr incubation, the wells were
washed and bound radioactivity was determined. Each point represents
the average of triplicate determinations.

of cholinergic ligands as determined in the solid phase assay
are generally 1 order of magnitude less than those determined
from solution assays.

BTX binding to shorter peptides comprising portions
of the 32-mer. To determine whether all of the toxin-binding
determinants of the «173 32-mer are localized to a portion of

the 32-mer, smaller peptides corresponding to portions.of the
al73 32-mer were synthesized and tested for their ability to
bind '*I-BTX (see Table 1 for sequences). All peptides tested,
with the exception of the @173 8-mer and «194 11-mer, bound
1%L.BTX at levels above background, although the absolute
amounts of '*I-BTX bound varied markedly between peptides
(Figs. 1 and 3). The ability of unlabeled BTX, dTC, and NaCl
to compete with '*I-BTX binding to three of the smaller

110
100
904
80 -
704
604
S0 4
40 4
30 4
204
101 A a181 18mer
e 7 e U5 4 3 2 o o
[LIGAND] (LOG M)

o0n

BIX
drc
NeCl

% MAXIMUM BINDING

110
1004
90 4
w.
70.
80 4
804
40 4
”i
204
101 B a185 12mer
8 =7 =8 =8 -4 =3 =2 =1 0 1
[LIGAND) (LOG M)

eom
gad

% MAXIMUM BINDING

101 C a183 12mer %
-8 =7 =6 =8 -4 =3 -2 =1 0 1
[UGAND] (LOG M)

Fig. 3. Competition of '*l-BTX binding to Torpedo a181 18-mer (A),
185 12-mer (B), and «183 12-mer (C). Wells of microtiter plates were
coated with either 5 ug of «181 18-mer and a185 12-mer or 2 ug of
«193 12-mer by evaporation. After quenching, the wells were incubated
with 3-4 nm '®|-BTX and various amounts of uniabeied BTX @), dTC
(@), or NaCi (#) for 20 min. The wells were then washed and bound
radioactivity was determined. One hundred percent binding of '2-BTX
was 1384 cpm for the «181 18-mer, 2840 cpm for «185 12-mer, and
8873 cpm for a193 12-mer. Each point represents the average of
triplicate determinations.
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peptides, «181 18-mer, 185 12-mer, and «193 12-mer, was
tested. Unlabeled BTX competed with '**I-BTX binding to all
three peptides. The ICs values were 20 uM for a181 18-mer
and 24 uM for both 12-mers (Fig. 3 and Table 3). Binding of
BTX to all three peptides was also competed with dTC and
high concentrations of NaCl.

Because of low signals or high variability of signal, the ability
of unlabeled BTX to compete the binding of *I-BTX to the
173 8-mer, @179 14-mer, 186 11-mer, and a194 11-mer was
not tested. Instead, another solid phase assay was developed to
test whether these smaller peptides possessed BTX-binding
determinants and to compare affinities of all peptides with the
same assay. Peptides were tested for their ability to compete
with the binding of **I-AChR to immobilized BTX. This assay
is similar to one in which the ability of antibodies to block
binding of '*I-AChR to immobilized antibodies is tested (23).
125]_AChR readily binds to BTX under these conditions and
unlabeled AChR competes this binding with an ICs value of
3.2 nM (Fig. 4 and Table 4). In contrast, no inhibition of '*I-
AChR binding occurs when S-Asp-angiotensin II, a 10-amino
acid peptide, is used as a competitor, demonstrating that the
inhibition seen with unlabeled AChR is specific.

All the synthetic peptides as well as BTX and isolated «
subunit were tested for ability to inhibit '**I-AChR binding.
Because contaminating substances in the crude peptide mix-
tures were found to inhibit '*I-AChR binding, the synthetic
peptides used in these experiments were purified by reverse-
phase HPLC, lyophilized, and resuspended in distilled water.
BTX was found to compete with binding of labeled AChR with
an ICs, value of 3.5 X 107'° M, isolated a subunit with an ICs,
of 1.2 X 10~ M, and «173 32-mer with an IC;;, of 1.4 X 1077 M.
Four of the peptides tested, the «181 18-mer, o185 12-mer,
186 11-mer, and a179 14-mer, were all nearly equipotent in
competing with the binding of *I-AChR (IC;, 10-25 uM; Fig.
4 and Table 4), indicating that these peptides had determinants
recognized by BTX. The «173 8-mer and «194 11-mer reduced
binding of '*I-AChR at very high concentrations (Fig. 4),
indicating these peptides possess weak determinants. This find-
ing is consistent with the observation that '*I-BTX binding to
these two peptides could not be detected in the solid phase
assay.

Discussion

These studies have characterized the binding of BTX to a
synthetic peptide comprising residues 173-204 of the « subunit

TABLE 3

Competition of '**I-BTX binding to peptides

Waells of microtiter plates were coated with 2 ug of Ta193 12-mer and 5 ug of the
other peptides by evaporation. After quenching, the wells were incubated with 3—
4 nm *Z1-BTX and various amounts of competitor for 20 min. The wells were then
washed and bound radioactivity was determined. The IC,, values were caiculated
from logit-log plots of the competition data. Each ICs, value represents the average
of one experiment with three replicates each, except for those where the standard
deviation is shown in parentheses, which are the average of the two experiments.

) 1ICs0
Peptide
BTX datc NaCl
M
a Subunit 46 x10°°
al7332-mer 42x10°(13) 86x105(0.5) 1.6x107?
«181 18-mer 20x10°5(1.2) 1.6x 10 1.7 x10°2
a185 12-mer 24x10°(20) 13x10™* 3.3x10?
a193 12-mer 24x10°(20) 1.0x10™* 1.3x10°?

Bungarotoxin Binding to Synthetic AChR Peptides 647

X MAXIMUM BINDING

-2

[PEPTIOE] (LOG M)

% MAXIMUM BINDING

204

-9 -8 -7 -6 -5 -4 -3

(PEPTIDE] (LOG M)

Fig. 4. Competition of '*I-AChR binding to BTX. Wells of microtiter
plates were coated with 1 ug of BTX. After quenching, the wells were
incubated for 15 min with 350,000-600,000 cpm '*I-AChR and various
amounts of unlabeled AChR (A; @), « subunit (A; O), «185 12-mer (A;
A), a186 11-mer (A; A), 173 8-mer (A; ), S-Asp-angiotensin Ii (A; O),
aBTX (B; @), «173 32-mer (B; O), «181 18-mer (B; A), «179 14-mer (B;
4), a193 12-mer (B; W), or «194 11-mer (B; O). The wells were then
washed and bound radioactivity was determined. Each point represents
the average of triplicate determinations. Each curve represents one of
two experiments performed.

0 v v
-12 -11 -10

TABLE 4

Competition of ?*|-AChR binding to BTX by peptides

Weills of microtiter plates were coated with 1 ug of BTX. After quenching, the welis
were incubated for 15 min with 350,000-600,000 cpm '*-AChR and increasing
concentrations of the listed proteins or peptides. The wells were then washed and
bound radioactivity determined. The ICs, values were caiculated from logit-log piots
of the competition data. Each ICs, value represents the average of two experiments
with three replicates.

Peptide ICso
'}
a-BTX 3.5x 107"
AChR 3.2x10°
a Subunit 1.2x10°®
a173 32-mer 1.4x107
«181 18-mer 9.3x 107
179 14-mer 1.7 x10°%
a185 12-mer 1.3x10°°
«186 11-mer 22x%10°°
a193 12-mer 8.7 x 10
al73 8-mer 40x10™*
a194 11-mer >5.0x 10~*
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of the AChR and suggest that this region represents a major
determinant of toxin binding in the intact receptor. The com-
petition studies with antagonists (Fig. 1 and Table 2) demon-
strate that the antagonist site and the rank order of antagonist
potency are preserved, albeit with affinities some 100- to 1000-
fold less than observed for the intact AChR. These affinities
are, however, comparable to previously reported values for the
intact isolated « subunit (19, 24-26) and as determined for
BTX with the two assays used in the present study (4.6 X 10™®
M and 1.2 X 107® M). The reduced affinity of isolated « subunit
and the «173 32-mer could be the result of a loss of the native
conformation of the binding region in the denatured protein. It
is also possible that, in the native receptor, additional residues
of the a subunit or even of other subunits contribute to the
neurotoxin-binding site. These residues could be widely sepa-
rated on the linear sequence of the « subunit but brought into
proximity through folding of the native protein. It has been
demonstrated that the isolated a subunit can achieve as high
an affinity for BTX as the intact receptor, possibly as the result
of a change in conformation (27).

The ability of the «173 32-mer to bind BTX is consistent
with the findings of others that have localized BTX-binding
determinants to the region encompassing Cys 192 and Cys 193
(12, 13, 15). McCormick and Atassi (28) reported that a syn-
thetic peptide corresponding to residues 125-147 also bound
2.BTX. It is possible that this region binds BTX with low
affinity and represents another portion of the BTX-binding
site. Studies with antibodies to peptides comprising portions of
this region, however, argue against this view (9, 29, 30). In
addition, Neumann et al. (14) reported that BTX did not bind
to a peptide corresponding to residues 126-143, and Ralston et
al. (15) did not observe binding to peptide 127-143. Based on
cobratoxin binding to overlapping « subunit synthetic peptides,
Mulac-Jericevic and Atassi (31) localized five toxin-binding
regions within residues 1-10, 32-41, 100-115, 122-150, and
182-198, with the latter exhibiting the highest binding activity.
It is possible that the additional regions represent sites with
which toxin comes into contact in the native, folded « subunit,
but not in denatured « subunit.

Also in agreement with studies with isolated « subunit (26,
27) are the results with cholinergic agonists (Fig. 2 and Table
2) that demonstrate the lack of an agonist-specific ability to
compete BTX binding. Agonists do compete the binding of '*I-
BTX with ICs, values in the expected millimolar concentration
range, given the decrease in affinity observed with cholinergic
antagonists. However, all rank order of potency is lost. Suber-
yldicholine is no more effective a competitor than the acetyl-
choline precursor choline, which is a poor agonist. The loss of
agonist-specific competition of BTX binding could be explained
by 1) the absence of elements of the agonist binding site in the
a173 32-mer sequence or 2) the presence of the elements of the
agonist binding site in the «173 32-mer sequence but in a
conformation that is not capable of high affinity binding. The
first explanation is unlikely because elements of the BTX and
antagonist sites are present in the «173-204 32-mer. These
sites are presumably much larger than the agonist site, and it
is difficult to envision a small agonist site far removed from
these larger sites that still display binding behavior consistent
with direct competition. In addition, the sequence 179-207 is
labeled by the affinity alkylating agents MBTA (6) and 4-(N-
maleimido)phenyltrimethylammonium iodide and the cholin-

ergic affinity ligand DDF (7). In the context of the second
explanation, it is worth noting that both BTX and dTC are
relatively large and rigid molecules and, therefore, might be
able to induce renaturation of their respective binding sites on
the a173 32-mer by stabilizing the appropriate conformation
necessary for binding, whereas the small and relatively flexible
agonists may not. This would explain why agonists exhibit no
differences in their ability to compete the binding of '**I-BTX
even though the elements of the agonist site are most likely
present in the «173 32-mer sequence.

It was of interest to determine whether smaller peptides with
sequences representing portions of the 173 32-mer sequence
would still possess toxin-binding determinants and to compare
affinities of toxin binding with the 32-mer. The major finding
from these experiments is that smaller peptides are competent
to bind **I-BTX but at considerably lower affinities, indicating
they do not contain all of the determinants of the BTX site
detected on the 173 32-mer. When BTX affinity was measured
by direct competition, two of the peptides, 185 12-mer and
«193 12-mer, exhibited ICs, values of 24 uM, approximately
570-fold less than that measured for the «173 32-mer (42 nM).
The affinity of BTX for the «185 12-mer agrees with that
observed by Neumann et al. (14) (20 uM) for this peptide. When
tested for direct binding of '*I-BTX, all Torpedo a subunit
peptides except the «173 8-mer and «194 11-mer exhibited
binding above background levels. Ralston et al. (15) also re-
ported that peptide 194-212 did not bind BTX. The «193 12-
mer, in particular, bound high amounts of BTX/umol of pep-
tide. Competition studies with unlabeled BTX, however, indi-
cate that the magnitude of the signal is a poor indicator of
affinity because the IC;, value for unlabeled BTX for the «193
12-mer was no different than that for the 185 12-mer, even
though more '*I-BTX bound to the «193 12-mer than to the
185 12-mer under these assay conditions. Because the amount
of immobilized peptide is not known, one possibility for differ-
ences in signals is that some peptides are retained much better
onto the microwell plates than others. Therefore, in order to
accurately compare toxin-binding to different peptides, it is
necessary to measure affinities.

Not all peptides with BTX-binding determinants can be
examined by direct binding studies. Four of the peptides re-
ported here, the a173 8-mer, o179 14-mer, «186 11-mer, and
al94 11-mer, gave signals that were either too low or too
variable for the accurate determination of ICs, values of com-
petition of '*I-BTX binding. Because the lack of signal could
be due to insufficient immobilization of peptides, another assay
was developed to measure their affinity for BTX. In this assay,
2. AChR binding to immobilized BTX was measured, and the
ability of BTX, AChR, a subunit, and synthetic peptides to
compete with '*I-AChR binding was tested. Four of the pep-
tides, the @179 14-mer, «181 18-mer, o185 12-mer, and «186
11-mer competed with labeled receptor binding at similar con-
centrations (~10~° M compared with 1.4 X 10~ M for the a173
32-mer), indicating these peptides possess some but not all of
the determinants of the BTX binding site. Two of the peptides,
the 173 8-mer and «194 11-mer, however, competed with *I-
AChR binding partially, and only at high concentrations, in-
dicating the presence of weak BTX-binding determinants. This
is consistent with the lack of signal seen in the direct binding
assay and serves to further validate the utility of the '*I-AChR
binding assay in detecting BTX-binding determinants on the

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

synthetic peptides that might otherwise be missed. These find-
ings indicate that toxin binding determinants are distributed
throughout the 32-mer but that those with the highest affinity
are located in the central region of the sequence between
residues 179 and 196.

Similar affinities were observed for most substances that
could be tested with both solid phase assays. The observed
affinity of BTX was higher in the assay in which '*I-AChR
binding to BTX is competed (3.5 X 107'° M) than in an assay
in which '*I-BTX binding to immobilized AChR was competed
(4 nM; Ref. 32). This difference could be because in the former
assay undenatured AChR and BTX can interact in solution,
whereas in the latter labeled and unlabeled BTX compete for
binding to AChR that may be partially denatured as a result of
adsorption to plastic. The affinity of BTX for the 32-mer was
lower (1.4 X 107 M) in the assay in which '*I-AChR binding
to BTX is competed than the assay in which '*’I-BTX binding
to the 32-mer is competed (4.2 X 10® M), although this differ-
ence may not be significant.

It is interesting that the addition of Cys 193 to the sequence
of the @194 11-mer, which makes the «193 12-mer, changes a
peptide with weak determinants into one with a measurable
affinity for BTX. In the intact AChR, the cysteine residues
seem relatively unimportant for BTX binding. Reduction with
dithiothreitol did not change the number of BTX sites or the
initial rate of toxin binding to the AChR (33). Reduction
followed by alkylation with N-ethylmaleimide reduced the ini-
tial rate but not the number of BTX molecules bound. These
findings suggest that Cys 193 itself is not recognized by BTX.
On the other hand, reduction of the «185-196 peptide with 2-
mercaptoethanol followed by carboxymethylation by iodoacet-
amide reduced the toxin binding capacity of the peptide (14).
Similarly, dithiothreitol reduction and alkylation by iodoacet-
amide of an «172-205 peptide abolished toxin binding (15).
These findings indicate that an intact disulfide between Cys
192 and 193 is necessary for toxin binding to peptides, although
a disulfide bond between these residues has not been demon-
strated in the synthetic peptides. Alternatively, it is possible
that Cys 192 and 193 stabilize a conformation of the peptide
that is conducive to BTX binding. The peptides used in the
present study were isolated in the reduced form. Investigation
of shift in motility by HPLC of the «185 12-mer after alkylation
with N-ethylmaleimide demonstrated that the peptide exists
primarily (90%) in the reduced state (data not shown).

These studies have documented the utility of synthetic pep-
tides as a means of reconstituting interesting functional do-
mains of proteins, in this instance, a ligand-binding site. The
results reported here demonstrate that a 32-amino acid peptide,
the a173 32-mer, binds BTX in a fashion very similar to that
observed with a 437-amino acid protein, the a subunit. The
results with the shorter synthetic peptides indicate that deter-
minants of BTX binding are scattered throughout the sequence
of the @173 32-mer. Although higher affinity determinants are
located in the central region of the 32-mer, no single high
affinity “core” of BTX-binding determinants was identified.
This is not surprising, considering that the surface of the «
subunit that comes into contact with BTX must be to a good
extent structurally and chemically complementary to the sur-
face of the BTX molecule (4). It has been shown repeatedly
that no one area of the neurotoxin molecule is essential for
binding or toxicity, indicating that more global characteristics

Bungarotoxin Binding to Synthetic AChR Peptides 649

of the neurotoxin molecule are important in the binding event.
It is, therefore, to be expected that the toxin-binding region of
the o subunit should, to some extent, share the same charac-
teristic.
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