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ABSTRACT: The regions of botulinum neurotoxin B
(BoNT/B) involved in binding to mouse brain synaptosomes
(snps) were localized. Sixty 19-residue overlapping peptides
(peptide C31 consisted of 24 residues) encompassing BoNT/
B H chain (residues 442−1291) were synthesized and used to
inhibit binding of 125I-labeled BoNT/B to snps. Synaptosome-
binding regions were noncompeting and existed on both HN
and HC domains of neurotoxin. At 37 °C, inhibitory activities
on HN resided, in decreasing order, in peptides 638−656
(26.7%), 596−614 (18.2%), 512−530 (13.9%), 778−796
(13.8%), and 526−544 (11.6%). On HC, activity resided in decreasing order in peptides 1170−1188 (44.6%), 1128−1146
(21.6%), 1184−1202 (18.6%), 1156−1174 (13.0%), 946−964 (11.8%), 1114−1132 (11.2%), 1100−1118 (6.2%), 876−894
(6.1%), 1268−1291 (4.6%), and 1226−1244 (4.3%). The 45 remaining HN and HC peptides had no activity. At 4 °C, peptide
C24 (1170−1188) remained quite active (inhibiting, 31.2%), while activities of peptides N15, C21, and C25 were little under
10%. The snp-binding regions contained sites that bind synaptotagmin II and gangliosides. Despite the low degree of sequence
homology, BoNT/B and BoNT/A display significant structural homology and appeared to bind in part to the same snp-binding
regions. Binding of each labeled toxin to snps was inhibited ∼50% by the other toxin, 70−72% by its correlate HC, and by the HC
of the other toxin [29% (BoNT/A by HC of B) or 32% (BoNT/B by HC of A)]. In the three-dimensional structure of BoNT/B,
the greater part of HC, one HN face, and part of the belt on the same side interact with snps. Thus, BoNT/B binds to snps
through the HC head and employs regions on one HN face and the belt, reserving flexibility for the belt’s unbound part to release
the light chain. Most snp-binding regions coincide or overlap with blocking antibody (Ab)-binding regions explaining how such
Abs prevent BoNT/B toxicity.

Botulinum neurotoxins (BoNTs) are 150 kDa extremely
toxic proteins produced by Clostridium botulinum in seven

immunological serotypes (A−G). They cause botulism in
humans (serotypes A, B, and E) and other mammals (serotypes
C, D, and F). Botulinum neurotoxin acts on the nervous system
by blocking the release of acetylcholine from nerve terminals at
the neuromuscular junction and thus causes paralysis. The
action of BoNT is initiated by its binding to a receptor molecule
on the nerve cell surface, and the toxin−receptor complex
undergoes endocytosis. The L chain is a zinc endopeptidase,1 and
once inside the cell, it cleaves a SNARE protein (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor)
essential for vesicle docking and fusion and as a result
neurotransmitter release is reduced.2 Each serotype cleaves a
particular peptide bond on one or more of the SNARE proteins.3

BoNTs bind to brain synaptosomes (snps) of various
species.4−17 Internalization of BoNT is receptor-mediated, and
different BoNTs use distinct receptors on motor nerves.13,18,19 It
has been shown that BoNT/B binds to synaptotagmin (a synaptic
vesicle membrane protein) in association with ganglioside GT1b or
GD1a.10 GT1b is a part of the receptor complex for both

neurotoxins A and B.20 Both synaptotagmins I and II function as
receptors for BoNT/B.11,12,20−22 The affinities of BoNT/B for
synaptotagmins I and II are similar to the binding affinities for
snps.11 It has been proposed that specific gangliosides associate
with the N-terminal domain of synaptotagmin II to form the
binding site for BoNT/B.11,12 Different strains of BoNT/B have
been reported to bind with different affinities to synaptotagmin II
in association with GT1b.23 It has recently been demonstrated22

that synaptotagmins I and II mediated entry of BoNT/B (but not
BoNT/A or BoNT/E) into PC12 cells. Recently, the binding
surfaces between BoNT/B and rat24 or mouse25 synaptotagmin II
were determined by X-ray crystallography.
There is evidence that the binding of BoNT/A and BoNT/B

to snps takes place via the H chain.9,10,26−28 Cleavage of the H
chain of BoNT/A by mild trypsin action on BoNT produced a
46 kDa C-terminal fragment (HC) and a 49 kDa N-terminal
fragment attached to the L chain by the interchain disulfide bond
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Table 1. Synthetic Overlapping Peptides of the BoNT/B Heavy Chaina

aWe previously reported the synthesis of 60 overlapping peptides of the BoNT/B heavy chain.32 They encompass the entire amino acid sequence of
the BoNT/B heavy chain (residues 442−1291) and were 19 residues each (except for peptide C31, which was 24 residues long) and overlapped
consecutively by five residues. The overlap sequences between consecutive peptides are shown in bold and underlined.
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(i.e., a 101 kDa fragment).29,30 The HN−L fragment produced by
trypsin did not bind to snps, leading to the view that the toxin-
binding site resided in the C-terminal half of the H chain.29

Clearly, binding of BoNTs to their cell surface receptors is a
requisite for toxicity. Understanding the binding events and the
toxin regions involved will be essential for devising interfering
molecular strategies for blocking binding and preventing
toxicity. We have previously determined the locations of the
snp-binding sites on BoNT/A.31 In this work, we have
determined the regions of BoNT/B that are involved in the
binding of the neurotoxin to snps. To do this, we prepared and
used a panel of uniformly sized synthetic overlapping peptides
that encompassed the entire 850-residue subunit and
determined their activities in inhibition of active BoNT/B
binding to mouse brain snps.

■ MATERIALS AND METHODS
Botulinum Neurotoxins, Synthetic BoNT/B Peptides,

Recombinant BoNT/B Domains and Animals. Active
BoNT/A and BoNT/B were purchased from Metabiologics
(Madison, WI) as solutions (0.25 mg/mL) in PBS containing
25% glycerol and stored at −20 °C. We used the 60 consecutive
overlapping peptides (Table 1) that comprise the entire
sequence of the H subunit (residues 442−1291) of BoNT/B.
Synthesis, purification, and characterization of the peptides
have been described previously.32 The peptides are 19 residues
long (except for peptide C31, which is 24 residues long) and
overlap consecutively by five residues. Recombinant HC of
BoNT/B and the L chain were gifts from L. A. Smith (U.S.
Army Medical Research and Materiel Command, Fort Detrick,
MD). Outbred mice (ICR), 4−6 weeks old, were purchased
from the Center for Comparative Medicine of the Baylor
College of Medicine (Houston, TX) and were kept before use
in our in-house animal facility until they were 7−9 weeks old.
Preparation of Synaptosomes. This work has been

conducted in strict accordance with the guidelines in the
Guide for the Care and Use of Laboratory Animals. The animal
protocol was approved by the Institutional Animal Care and
Use Committee of the Baylor College of Medicine (protocol
AN-3018). Synaptosomes were isolated from mouse brain as
described by Whittaker,33 with minor changes. Nine ICR mice
(24−26 g) were sacrificed by cervical dislocation; their brains
were extracted (yield of 3.7 g, i.e., 0.41 g/mouse) and
transferred to a sterile Petri dish at 0 °C with 8 mL of 0.32
M sucrose buffer containing 10 mM Tris (pH 7.0). All other
steps were conducted at 4 °C. The brains [in 35 mL of 0.32 M
sucrose buffer containing 10 mM Tris (pH 7.0)] were
homogenized using a Glenco glass/Teflon homogenizer (280
mL) and a Con-Torque Electric Power Unit (Eberbach Corp.,
Ann Arbor, MI) at 800 rpm of pestle with 10 strokes in and
out. The pinkish suspension was transferred equally into two
30 mL plastic Beckman screw-cup tubes and centrifuged
(1000g for 10 min) in a Beckman J2-21M/E centrifuge using a
JA-17 rotor to remove the precipitate that mostly consisted of
cellular debris and nuclear fraction. The supernatant (∼35 mL)
was divided into four plastic 10 mL Beckman screw-cup tubes
(∼8.75 mL/tube) and centrifuged (26000g for 17 min) on a
JA-21 rotor to yield the crude pellet of snps. The pellet was
washed with 9 mL of 0.32 M sucrose buffer containing 10 mM
Tris (pH 7.0). An aliquot (3.5 mL) of 0.32 M sucrose buffer
containing 10 mM Tris (pH 7.0) was added to each tube and
gently mixed with pipetting in and out, and the suspensions in
the four tubes were combined. An aliquot (2.33 mL, one-sixth)

of this suspension was carefully layered onto a gradient from
3 mL of 0.8 M sucrose [containing 10 mM Tris (pH 7.0)] to
3 mL of 1.2 M sucrose [containing 10 mM Tris (pH 7.0)],
prepared immediately before use in a plastic 10 mL Beckman
tube. The layers were centrifuged (26000g for 210 min) at 4 °C
using the JA-21 rotor. The grayish-tan material between 0.8 and
1.2 M buffers was collected (6 mL), resuspended with 8 mL of
0.14 M NaCl containing 10 mM Tris buffer (pH 7.0) (saline/
Tris), and centrifuged for 17 min at 26000g at 4 °C using the
JA-21 rotor. The pellet was washed twice with the same buffer
to remove traces of sucrose, and the synaptosomes (wet packed
volume of 1.4 mL) were resuspended in 87.5 mL of saline/Tris
(stock suspension of snps). The snp protein concentration was
determined by binding to Coomassie Brilliant Blue G-250 as
described previously34 and stored frozen at −80 °C until it was
used in a binding or inhibition assay.

Preparation of 125I-Labeled BoNT/B and the Synapto-
some Binding Assay. Active BoNT/B (20 μg) was labeled
with 125I using the chloramine T method35 in a safe laboratory
setting and procedures that protect from direct radioactivity
and exposure to active BoNT. The labeled product was passed
through a Sephadex G-25 M column [in Ringer’s buffer
containing 120 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 4 mM
MgCl2, 5 mM Tris, and 0.5% BSA (pH 7.0)] to remove excess
unbound radioactive iodine from 125I-labeled BoNT/B. The
labeled toxin was stored at 0 °C and used within 5−7 days.
Increasing amounts of snps (1−900 μg/mL of snp protein) in
triplicate were incubated with 125I-labeled active BoNT/B (50000
cpm, ∼2 ng) at 37 °C for different periods of time under isotonic
conditions in 0.1 mL of Ringer’s buffer. The time course (from 5
to 240 min) of interaction of a fixed amount of snps (105.0 μg/
mL of snp protein) with [125I]BoNT/B (50000 cpm) was also
studied. The reaction mixture was centrifuged (20000g and 20 °C)
for 3 min followed by aspiration of the supernatant and washing
twice by centrifugation with 1.0 mL of Ringer’s isotonic buffer.
The supernatant was removed to leave the snp pellet dotted on
the bottom of a 1.5 mL plastic tube. The bottoms of the tubes
with snps were cut out and the samples transferred to clean glass
tubes. The incorporated radioactivity was measured in an
Automatic Gamma Counter (1277 Gammamaster, LKB-Wallac,
Turku, Finland).

Inhibition of the Binding of 125I-Labeled BoNT/A or
125I-Labeled BoNT/B to Synaptosomes with Correlated
Unlabeled Toxin or Domains. Triplicate samples of a fixed
amount of snps (105.0 μg/mL of snp protein) were incubated
(60 min at 37 °C) in Ringer’s solution with increasing amounts
(6.67 × 10−4 to 53.33 × 10−4 nmol) of unlabeled inhibitors.
The inhibitors were active BoNT/B, active BoNT/A,
recombinant HC (rHC) of BoNT/B, recombinant HC (rHC)
of BoNT/A, and recombinant L chain (rLC) of BoNT/B.
[125I]BoNT/B or [125I]BoNT/A (50000) was then added, and
after the reaction had proceeded for 10 min at 37 °C, inhibited
snps and uninhibited controls were centrifuged (20000g for 3
min). The supernatant was removed, and the pellets were washed
twice on the centrifuge with 1.0 mL of Ringer’s solution. After
aspiration of the supernatants, the plastic tube bottoms were cut
out into clean glass tubes and the samples counted on a gamma
counter. The amounts of bound [125I]BoNT/B or [125I]BoNT/A
from inhibited samples relative to uninhibited controls were
expressed as the percent inhibition.

Inhibition Assay with Individual Synthetic Toxin
Peptides. Inhibition with the individual peptides was
conducted at two temperatures, 37 and 4 °C. We determined at
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these two temperatures the ability of each synthetic BoNT/B H
chain peptide to inhibit the binding of 125I-labeled BoNT/B to
snps. Increasing amounts of peptide (0.045−0.136 nmol, in
Ringer’s solution) were incubated (20 min at 37 or 4 °C) with snps
(105.0 μg/mL of snp protein). 125I-labeled toxin (50000 cpm) was
added to the mixture and allowed to react at 37 °C for 10 min. The
samples were centrifuged (20000g for 3 min) and supernatants
discarded. The pellets were washed on the centrifuge twice with 1.0
mL of Ringer’s solution. The washed snps with bound 125I-labeled
BoNT/B in inhibited samples and uninhibited controls were
transferred to glass tubes by cutting out the tube bottoms and
counted on a gamma counter. We also performed a time course
inhibition with a fixed amount of the H chain peptides (0.136
nmol) of the binding of 125I-labeled BoNT/B to snps under the
conditions described above. Inhibition at 4 °C with the active H
chain peptides (0.136 nmol) of the binding of 125I-labeled BoNT/
B to snps was also conducted as a time course study. The values
obtained at 60 min in both time course studies were plotted after
subtraction by the respective average of internal negative peptide
controls. All experiments were conducted in triplicate.
Inhibition with Equimolar Mixtures of the Active

Peptides. Mixtures of equimolar amounts of active inhibitory
peptides were tested in a time course assay for their inhibition
of BoNT/B−snp binding. Three mixtures contained the
following HN, HC, or H chain peptides: (1) a mixture of active
HN peptides N6, N12, N15, and N25 (0.034 nmol each), (2) a
mixture of active HC peptides C3, C8, C21, C24, C28, and C31
(0.0227 nmol each), and (3) a mixture of all 10 peptides,
N6, N12, N15, N25, C3, C8, C21, C24, C28, and C31
(0.0136 nmole each). A peptide mixture (0.136 nmol of total
peptide in Ringer’s buffer) was incubated with snps (105.0 μg/
mL protein, 37 °C) for 20, 40, 60, 120, or 240 min. 125I-labeled
BoNT/B (50000 cpm) was then added. The reaction was
allowed to continue for 10 min at 37 °C, after which the
mixture was centrifuged (20000g for 3 min at 20 °C). The
supernatants were aspirated, and the snp pellets were washed
on the centrifuge twice with 1.0 mL of Ringer’s solution. The
snp pellets were transferred to glass tubes by cutting out the
tube bottoms, and their radioactivity was counted in a gamma
counter. All experiments were conducted in triplicate.

■ RESULTS
Stability of Synaptosome Binding. A time course study

was performed of the binding of labeled BoNT/B (50000 cpm)
with a fixed amount of snps (105 μg/mL). The stability of the snp
preparation was determined by binding of [125I]BoNT/B (50000
cpm/0.1 mL, 10 min). After a period of 80 h, the binding activity
decreased to 86.3% (Figure 1). However, within the time frame of
the experiments in these studies (i.e., 1−2 h), the binding activity
decreased only very slightly (1 h, 98.9%; 2 h, 98.3%).
Binding of 125I-Labeled BoNT/B or BoNT/A to Syn-

aptosomes and Inhibition by Toxins and Domains. A
fixed amount of 125I-labeled BoNT/B (50000 cpm) was allowed to
react with increasing amounts of snps (in the range of 1−900 μg/
mL of snp protein). The results are shown in Figure 2. The
amount of [125I]BoNT/B bound to snps increased with time to
around 18% of the added toxin at ∼225 μg/mL snp protein
(Figure 2a). When fixed amounts of [125I]BoNT/B (50000 cpm)
and snps (105 μg/mL) were allowed to interact in a time course
study, binding reached a plateau at ∼60 min (Figure 2b). Figure 3
shows the inhibitions of the binding of labeled BoNT/B to snps by
unlabeled BoNT/B, unlabeled BoNT/A, and the BoNT/B
domains. As expected, BoNT/B completely inhibited the binding

of labeled BoNT/B. Unlabeled BoNT/A inhibited the binding of
BoNT/B by ∼50% (Figure 3a,b), and conversely, unlabeled
BoNT/B inhibited the binding of BoNT/A by 48% (Figure 3c,d).
The binding of 125I-labeled BoNT/B was inhibited by a maximum
of ∼32% by rHC of BoNT/A. Conversely, 125I-labeled BoNT/A
binding was also inhibited 29% by rHC of BoNT/B. The binding
of labeled BoNT/B was inhibited 71% by its correlated unlabeled
rHC of BoNT/B (Figure 3a,b). Similarly, the binding of BoNT/A
was inhibited by 70% by rHC of BoNT/A (Figure 3c,d).

Figure 1. Stability of snps in Ringer’s buffer at 37 °C tested by storage
of snps at 37 °C for up to 80 h. Aliquots (105.00 μg/mL protein) were
taken at the indicated time intervals and reacted with [125I]BoNT/B
(50000 cpm/0.1 mL, 10 min). The decrease in the percent binding
with [125I]BoNT/B was calculated relative to a freshly thawed control
snp sample (105.00 μg/mL).

Figure 2. (a) Binding of 125I-labeled active BoNT/B to increasing
amounts of snps. A fixed amount of 125I-labeled BoNT/B (50000 cpm,
∼2 ng) was reacted (20 min, 37 °C, triplicate reactions) with
increasing amounts (1−900 μg/mL protein) of synaptosomes in
0.1 mL of Ringer’s solution. The mixture was centrifuged for 3 min
(20000g at 20 °C), and the supernatant was aspirated before the
pellets were washed twice by centrifugation with 1.0 mL of Ringer’s
solution. The bottoms of tubes with snp pellets were cut into clean
glass tubes, and the incorporated radioactivity was measured. (b) Time
course of binding of 125I-labeled active BoNT/B (50000 cpm) with
snps at a fixed snp protein concentration (105.00 μg/mL).
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In contrast, unlabeled rLC of BoNT/B had no activity upon
binding of [125I]BoNT/B to snps (Figure 3a,b).
Inhibition by the Individual Peptides of the Binding

of 125I-Labeled BoNT/B to Synaptosomes. We determined
the abilities of the individual BoNT/B peptides (0.1 μg/100 μL
and higher concentrations) to inhibit the binding of 125I-labeled
BoNT/B to snps. At 37 °C, optimal inhibitory activities were
obtained at a peptide concentration of 0.3 μg/100 μL (1.4 × 10−6

M). The time course inhibition curves of active peptides are shown
in Figure 4. The inhibition was essentially at, or near, a plateau at
60 min. The other 44 peptides (not shown in Figure 4) displayed
inhibition values that were similar to values of nonspecific binding
(<10%) and were used as internal negative controls. At 4 °C, time
course inhibition of the active peptides also was at a plateau within
60 min. Figure 5 compares the inhibition results at 37 and 4 °C.
The net inhibition values of the active peptides (inhibition above
10%) were obtained by subtraction of an average of the internal
negative peptid controls. Several inhibitory regions are located on
both the HC and HN domains (Figure 5). At 37 °C, the inhibitory
activities are exhibited, in decreasing order, by peptides N15
(26.7%), N12 (18.2%), N6 (13.9%), N25 (13.8%), and N7
(11.6%). The other 24 HN peptides had no inhibitory activity. The
HC domain contains clusters of snp-binding regions that are in
decreasing order of activity C24 (44.6%), C21 (21.6%), and C25
(18.6%), followed in activity by peptides C8, C20, and C23
(between 11.2 and 13.0%). The other five peptides, C3, C19, C26,

C28, and C31, had inhibitory activities between 3.7 and 6.2%. The
remaining 20 HC peptides showed no inhibitory activity. In the
inhibition at 4 °C (Figure 5), only peptide C24 retained
considerable inhibitory activity (31.2%), and levels of inhibition
by peptides N15 (9.5%), C21 (9.13%), or C25 (9.87%) fell slightly
below 10%. The activity at 4 °C of the remaining peptides that
were active at 37 °C fell to ≤5% (Figure 5).

Inhibition of the Binding of 125I-Labeled BoNT/B to
Synaptosomes by Mixtures of Peptides. We also
determined the inhibitory activities of [125I]BoNT/B binding to
snps by equimolar mixtures of active HN or HC peptides: (1) HN
peptides N6, N12, N15, and N25, (2) HC peptides C3, C8, C21,
C24, C28, and C31, and (3) all 10 peptides, N6, N12, N15, N25,
C3, C8, C21, C24, C28, and C31. The total amount of inhibiting
peptides used per assay was kept at 0.3 μg/100 μL of reaction
mixture. Figure 6 shows a time course assay of the inhibitory
activities of the three mixtures. Inhibitions by the peptide mixtures
reached a plateau at 60 min. The level of inhibition of the binding
of the toxin to snps by the HN peptide mixture was 32.0%. The
level of inhibition by the HC peptides was, as expected, stronger
(52.2%). The mixture of the 10 peptide regions exhibited an
inhibitory activity of 58.5% (Figure 6).

■ DISCUSSION
The inability of BoNT to bind to the presynaptic cell surface
prevents the toxin from exerting its potent toxicity. The aim of

Figure 3. (a and b) Inhibition of the binding of 125I-labeled active BoNT/B to snps by active BoNT/B, active BoNT/A, rHC of BoNT/B, rHC of
BoNT/A, or recombinant BoNT/B L chain. (c and d) Inhibition of the binding of 125I-labeled active BoNT/A to snps by active BoNT/A, active
BoNT/B, rHC of BoNT/A, or rHC of BoNT/B. Snps (10.5 μg of snp protein) were incubated with increasing amounts of unlabeled inhibitors
(60 min at 37 °C), in at least triplicate per inhibitor concentration, followed by reaction with 125I-labeled BoNT/B or 125I-labeled BoNT/A (50000
cpm for 10 min at 37 °C) in 0.1 mL of Ringer’s solution. The percent inhibition was calculated from the binding results of 125I-labeled BoNT/B or
125I-labeled BoNT/A in the presence of inhibitors relative to uninhibited controls. (a and c) Percent inhibition with increasing amounts of inhibitors.
(b and d) Percent inhibition values plotted as a function of the reciprocal of the inhibitor concentration.
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this work was to identify the snp-binding regions on BoNT/B,
which should provide information about the mechanism of
action of this neurotoxin and assist in the design of synthetic
peptide vaccines that incorporate snp-binding regions in the
constructs. Antibodies against correctly designed peptides
should block binding and disable the toxin.
Injection of BoNTs into a muscle causes a reversible partial

neuromuscular junction paralysis. This ability is exploited
successfully for treating a variety of clinical conditions
associated with involuntary muscle spasm and contractions as

well as in cosmetic and other therapeutic applications.36−45

Because the blockade is reversible, the therapeutic benefits are
transient and repeat BoNT injections are required. As a result,
the treatment may elicit, in some patients, blocking antitoxin
Abs that weaken or completely prevent the patient’s
responsiveness to further treatment.46−48 Information about
the positions of the snp-binding regions and the regions
recognized by the blocking Abs of the patients presents peptide
candidates that may be exploited in epitope specific contain-
ment of the Abs against these regions,49,50 thereby allowing
extension of the beneficial treatment.
Our recent localization of the Ab recognition regions on

BoNT/B demonstrated32,51 that blocking Abs bound to regions
in the HC and HN domains. Furthermore, previous mapping of
the snp-binding regions on BoNT/A31 established that the
toxin employs regions on the HC and HN domains for binding
to and translocation into the cell. Therefore, we decided in this
work to examine the entire BoNT/B molecule.
Initial experiments were conducted to determine the optimal

experimental conditions, using a fixed amount of 125I-labeled BoNT/
B (50000 cpm) and increasing amounts of snps (1−900 μg/mL
protein). It was found that the level of binding of BoNT/B increased
as the amount of snps increased and approached a plateau at
>500 μg of snp protein/mL (Figure 2a). In the time course study,
the amount of snps corresponding to 105 μg of protein/mL was
used and resulted (at 60 min) in values between 8000 and 9000
bound counts per minute.
It showed that binding approached a plateau at ∼120 min

and was ∼90% complete at 60 min. In all subsequent studies,
binding was conducted for 60 min. As expected, unlabeled
BoNT/B inhibited completely (100%) labeled BoNT/B
binding to snps (IC50 = 7.69 × 10−9 mol/L). The HC domain
of neither toxin contained all the snp binding sites of the toxin
because each gave a maximum of 70% (IC50 = 8.01 × 10−9

mol/L) inhibition. The L chain had no inhibitory activity and
hence could not be involved in cell surface interactions during
binding and translocation, so no L chain peptides needed to be
studied.
In earlier studies, Black and Dolly19 showed that the toxin is

internalized after binding to the cell surface receptor (acceptor)
and that the process was temperature-dependent. The current
studies confirmed aspects of the temperature dependency, but
they also showed that the dependency varied with the contact

Figure 4. Inhibition of the binding of 125I-labeled active BoNT/B to
snps by (a) individual HN domain peptides or (b) individual HC
domain peptides of BoNT/B. Snps (10.5 μg of snp protein) and a
fixed amount of inhibitor peptides (13.75 × 10−7 mol/L) were reacted
at 37 °C followed by reaction with 125I-labeled toxin (50000 cpm for
10 min at 37 °C) in 0.1 mL of Ringer’s solution. The percent
inhibition was calculated from the values in inhibited reactions relative
to uninhibited controls.

Figure 5. Regions on the heavy chain of BoNT/B that bind to mouse
brain synaptosomes. The maximal values in a time course inhibition at
37 °C (dark gray bars) of the binding of [125I]BoNT/B to snps (60
min inhibition values in Figure 4) by the 60 individual H chain
peptides subtracted by an average value of internal control peptides are
plotted as a bar diagram. The inhibition results at 4 °C subtracted by
an average value from internal controls are shown as white bars.

Figure 6. Inhibition of the binding of [125I]BoNT/B to snps by
mixtures of equimolar quantities (total peptide concentration of 13.75
× 10−7 mol/L) of the BoNT/B peptides: four HN peptides (N6, N12,
N15, and N25), six HC peptides (C3, C8, C21, C24, C28, and C31),
and 10 H chain peptides (N6, N12, N15, N25, C3, C8, C21, C24,
C28, and C31). Other experimental conditions were as described in
the legend of Figure 4.
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regions of the toxin. These data also showed that BoNT/A and
BoNT/B may bind to similar receptors as well as to serotype
specific receptors. Li and Singh64 proposed that BoNT/A,

BoNT/B, and BoNT/E bind to synaptotagmin I. Our studies
confirmed that BoNT/A and BoNT/B do compete for binding
to snps, but the competition is not total. Each toxin can

Table 2. BoNT/B Peptides Involved in Interactions with Synaptosomes

Figure 7. (A−C) Structural images of BoNT/B illustrating the accessible areas of all snp-binding regions mapped onto a surface representation of
the BoNT/B three-dimensional structure. In the core BoNT/B structure, the H chain is colored white and the L chain light blue. The colored snp-
binding regions correspond to those listed in Table 2 and are labeled with the identifying peptide numbers. Panel B is rotated ∼90° around the y-
axis, relative to panel A. Panel C is rotated ∼90° relative to panel B. The three-dimensional coordinates are from PDB entry 1EPW.62 (D) Illustration
of the snp-binding regions mapped onto the surface of the BoNT/B−synaptotagmin II cocrystal structure. Portions of snp-binding regions
C19−C21 (blue), C23−C25 (yellow), and C28 (green) form the synaptotagmin II binding pocket. In addition, C31 (red) is in the proximity of the
ganglioside binding site as modeled by others.24,25 All snp-binding regions within the C-terminal subdomain of HC appear to be directly involved in
receptor and/or ganglioside binding or are immediately proximal to those binding elements. The three-dimensional coordinates are from PDB entry
2NP0.25
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compete with the other to a maximum of ∼50%, and only part
of that (29−32%) is performed by areas on the HC domain,
clearly indicating the remainder of the cross competition is
through area(s) on the HN domain.
To determine the snp-binding regions on the H chain of

BoNT/B, we employed consecutive synthetic overlapping
peptides that encompass the entire heavy chain and have a
uniform size and fixed overlaps. The approach, introduced
previously by this laboratory,52−55 has been used for mapping a
variety of immune and other recognition regions of continuous
architecture (for a definition of continuous and discontinuous
binding regions, see ref 56). We have employed this method for
determining the locations of the continuous antibody and T cell
recognition regions on BoNT/A and BoNT/B32,51,57−60 and,
particularly relevant to our study, for mapping the snp-binding
regions on BoNT/A.31 We prepared a panel of 29 HN and 31 HC
19-residue peptides (peptide C31 was 24 residues long) that
overlapped consecutively by five residues and encompassed the
entire H chain (residues 442−1291) (Table 1).
The inhibition studies at 37 °C revealed that binding regions

of BoNT/B occur on the HC and HN domains of H. In addition
to six binding regions found on the HC domain within peptides

C3, C8, C19−C21, C23−C25, C28, and C30, there are at least
four binding regions on the HN domain within peptides N6,
N7, N12, N15, and N25 (see Figure 5 and Table 2 for a
summary). The method does not allow definition of the exact
boundaries of the sites but identifies the regions within which
these sites reside. The highest inhibitory activity in HN resided
in peptide N15 followed by peptide N12, peptides N6 and N7,
and peptide N25. On HC, the highest inhibitory activity was
exerted by the region(s) within peptides C23−C25 followed by
the region(s) within peptides C20 and C21 and then peptide
C8. Inhibition studies at 4 °C revealed that only peptide C24
retained very substantial inhibitory activity (31.2%) and
peptides N15, C21, and C25 each retained an inhibitory
activity that was just below 10%. It is tempting to conclude that
the regions on the HC domain participate in the initial binding to
the cell surface and that the HN domain provides contacts that are
used during translocation. However, this is by no means certain as
all these events obviously occur in vivo at 37 °C.
An equimolar mixture of the active peptides of HN or HC

showed in each case a substantial additive effect (Figure 6),
indicating that peptides are noncompeting and bind mostly to
different binding sites or receptors. Surprisingly, however, a

Table 3. Comparison of the Regions on the BoNT/B H Chain That Are Recognized by Abs of Outbred Mice with the Snp-
Binding Regionsa

peptide residues mouse Abs mouse brain snp binding

HN Domain
N1 442−460 − −
N2 456−474 − −
N3 470−488 ++ −
N4 484−502 +++ −
N5 498−516 − −
N6 512−530 − ++
N7 526−544 − +
N8 540−558 − −
N9 554−572 − −
N10 568−586 − −
N11 582−600 − −
N12 596−614 − ++
N13 610−628 − −
N14 624−642 − −
N15 638−656 ++ +++
N16 652−670 − −
N17 666−684 − −
N18 680−698 − −
N19 694−712 − −
N20 708−726 − −
N21 722−740 + −
N22 736−754 +++ −
N23 750−768 − −
N24 764−782 ± ++
N25 778−796 + −
N26 792−810 − −
N27 806−824 − −
N28 820−838 − −
N29 834−852 − −

HC Domain
C1 848−866 ++ −
C2 862−880 + −

peptide residues mouse Abs mouse brain snp binding

HC Domain
C3 876−894 − +
C4 890−908 − −
C5 904−922 − −
C6 918−936 − −
C7 932−950 ++ −
C8 946−964 − ++
C9 960−978 − −
C10 974−992 +++++ −
C11 988−1006 − −
C12 1002−1020 − −
C13 1016−1034 − −
C14 1030−1048 ++ −
C15 1044−1062 − −
C16 1058−1076 +++ −
C17 1072−1090 +++ −
C18 1086−1104 − −
C19 1100−1118 − +
C20 1114−1132 − ++
C21 1128−1146 ++ +++
C22 1142−1160 +++ −
C23 1156−1174 ± ++
C24 1170−1188 − ++++
C25 1184−1202 − +++
C26 1198−1216 ++++ +
C27 1212−1230 − −
C28 1226−1244 − +
C29 1240−1258 +++ −
C30 1254−1272 − −
C31 1268−1291 +++ +

aFor the purpose of the table, the symbols for Ab binding are based on net counts per minute and denote the following: −, <1500 cpm; ±,
1500−3000 cpm; +, 3100−7000 cpm; ++, 7100−15000 cpm; +++, 15100−25000 cpm; ++++, 25100−35000 cpm; +++++, 35100−50000 cpm.
Net counts per minute for mouse Abs were derived from the antiserum dilution that gave the highest level of binding.32
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mixture of the active HN and HC peptides produced only a
slightly higher level of inhibition than the mixture of only the
HC peptides. The reason for this is not easy to explain. It is
likely caused by the concentration of each peptide in the 10-peptide
mixture being lower than that in the HN or HC peptide. Also,
the 10 active peptides find it difficult to neatly organize and bind
correctly to the surface of the receptor(s) without encountering
obstruction with each other or with nonbinding parts of other
peptides.
The issue of how relatively small (19-residue) peptides can

achieve a conformation that will be appropriate for binding
needs to be addressed. At a given time, a peptide of this size will
have a random-average conformation. A free peptide exists in
solution in a conformational equilibrium among a number of
conformational states, the time average of which is random.
When one of these conformational states approaches a shape
that is productive for binding, it will bind, and as it is thus
removed, the equilibrium will shift in its favor. Therefore, in
effect, the formation of a species with a favorable shape is
induced by its ability to bind to a receptor. The molar excess of
the peptide needed to achieve maximal inhibition was ∼100-
fold greater than the BoNT/B excess required for maximal
inhibition. The aforementioned conformational equilibrium
would explain the reason why a larger excess of peptide was
needed for maximal inhibition.
To facilitate molecular analysis, the locations of the snp-

binding peptides have been mapped onto the BoNT/B protein
structure (see Figure 7A−C). The N6 and N7 region comprises
approximately half of the H chain belt, specifically the portion
of the belt that interacts with the L chain active site. Peptides
N12, N15, and N25 are all contained within the helical bundle
of the translocation domain and are proximal to the HN−HC
interface. Of the 10 snp-binding peptides identified within the
HC domain, only two are in the N-terminal subdomain of the
HC, the remaining eight being located in the C-terminal
subdomain. The mapped image is striking because a majority of
the globular, C-terminal HC subdomain is involved in snp
binding. In addition, at least a portion of all snp-binding
peptides can be accessed from one face of the elongated
BoNT/B structure (see Figure 7A). The only peptides that are
accessible from the opposite face are N12 and those in the C-
terminal subdomain of HC (i.e., C19−C21, C23−C25, C28,
and C31) (see Figure 7C). The locations of the snp-binding
regions on the BoNT/B structure did not correlate with
hydrophobicity and/or hydrophilicity, surface electrostatic poten-
tial, or temperature factor (see the Supporting Information).
The presence of snp-binding regions on the HC domain is

expected on the basis of previous reports. Furthermore,
mutation studies revealed that the carboxyl-terminal half of
HC of botulinum neurotoxins A and B has the binding elements
of a single ganglioside-binding site.61 The binding regions on
BoNT/B for rat24 or mouse25 synaptotagmin II have been
described and are present on the HC domain of the toxin. The
residues involved in ganglioside binding reside on the HC
domain as deduced from the structure of the complex of
sialyllactose with BoNT/B.62 The snp-binding regions are
shown in relationship to the synaptotagmin II binding regions
in Figure 7D. As expected, on the basis of the substantial snp
binding characteristics mapped to the surface of the C-terminal
half of the HC, there is considerable overlap between the
synaptotagmin II binding site and the snp-binding regions. In
particular, the syt II and ganglioside binding pockets are
comprised of at least portions of all the snp-binding regions

within the HCC domain (i.e., C28, C19−C21, C23−C25, and
C31). The presence of snp-binding regions on the HN domain,
although unexpected from the prevailing view, is quite
consistent with the in vitro and in vivo findings that the snp-
binding regions on BoNT/A occur on the HC and HN domains
of the H subunit.31,63

The possibility that some of the inhibitory activity of the HN
peptides might derive from their binding to HC peptides needs
to be considered. We employed the solvent accessibility
calculation methods using the default radius of a water
molecule (1.4 Ǻ) and used standard or default values to
determine whether a residue is solvent accessible. We have
found that only N15 and N25 have a possibility of interacting
with C3. On N15, residues N641 and E644 are H-bonded to
K871. However, K871 is not on a mapped snp-binding HC
peptide, but it is near C3. When LHN is analyzed, E644 is
solvent-exposed when it is not in BoNT/B. Therefore, it is not
likely that N15 will bind to C3. On N25, residue K785 H-bonds
to S879 on C3 and residue K786 on N25 H-bonds to G880 on
C3. However, when LHN is analyzed, M784, K785, and P789
on N25 become solvent-exposed and V792 is no longer buried
after removal of the HC domain. It can be concluded that the
activity of the HN peptides is functionally authentic and
important for BoNT/B binding and translocation.
It is relevant to compare the locations of the binding regions

on BoNT/B for mouse snps with the binding regions for
mouse blocking Abs. Table 3 compares the regions on the
BoNT/B H chain that are recognized by blocking Abs of
outbred mice32 with the snp-binding regions found here, and
Figure 8 shows this comparison graphically. Antibody-binding

regions within peptides N15, N24, C21, C23, C26, and C31
coincide completely with snp-binding regions within these
peptides. In addition, Ab-binding regions on peptides N25, C7,
C22, C26, and C29 overlap with snp-binding regions on the
preceding or following overlapping peptides. Both the snp-
binding and Ab-binding regions have been mapped onto the
same BoNT/B structure to further demonstrate the considerable
overlap between these binding characteristics (see Figure 9).
Only three regions, comprised of peptides N6 and N7, N12, and
C3, do not overlap within the primary sequence. However, upon
analysis of the mapped binding regions, it is plausible that binding
of Ab to regions that are remote in the primary sequence could
inhibit snp binding even within the N6 and N7, N12, and C3
regions. This is due to the proximal location, in space, of these
regions within the folded protein. For example, the surface
accessible region of N15, which is bound by Abs, is close to all

Figure 8. Comparative profiles of the BoNT/B H chain peptides that
bind to mouse snps and those recognized by blocking (i.e., protecting)
mouse anti-BoNT/B Abs. The antibody-binding regions have been
described previously.32
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three of the surface accessible regions that are not bound by
Abs (i.e., N7, N12, and C3). It should be expected that Abs
of sufficiently high affinity directed to these regions would
block binding of these regions to the cell surface. This would
explain how blocking Abs interfere with the activity of the
toxin.
The snp-binding regions on BoNT/A have been identified,31

and it should be of interest to compare the structural locations
of these regions on BoNT/A and BoNT/B. The snp-binding
regions of the two toxins are compared in Figure 10. It appears

that BoNT/A has unique binding regions within BoNT/A
peptides N19, N21, N23, and C16 while BoNT/B has
distinctive binding regions within BoNT/B peptides C3,
C8, C20, and C21. The remaining regions are comparable on
the two toxins, and their primary structures are analyzed for
homology in Table 4. The correlated regions within BoNT/A
and BoNT/B peptides N6 and N7 or within peptides C23−
C25 displayed low levels of homology and will probably not
cross-react with the same snp-binding sites. The binding
regions within peptides N26 of BoNT/A and N25 of BoNT/B
had low levels of homology and would be expected to display
little or no cross-reaction between them. The binding regions
within N16 of BoNT/A and N15 of BoNT/B have complete

identity of seven contiguous residues, and one residue removed,
two more residues were identical. It is very likely that these sites
could react with the same snp receptor, although perhaps with
differing affinities. Levels of homology between the pairs of
binding regions within C28 of BoNT/A and C28 of BoNT/B
and between C31 peptides of the two toxins were fair, and it is
likely that the correlated regions would have very low cross-
reactivity and different affinities.
Analysis of the BoNT/A and BoNT/B tertiary structures

with respect to the snp-binding regions (shown in Figure 11)
reveals significant structural homology, even when the level of
sequence homology is low (e.g., N26 of BoNT/A and N25 of
BoNT/B). Even in instances where BoNT/A or BoNT/B has
unique snp-binding sites, the unique sites are in regions that are
proximal to other snp-binding sites. For example, while N19 of
BoNT/A is on a different helix, the location is proximal to N16
of BoNT/A and N15 of BoNT/B. Likewise, N21 and N23 of
BoNT/A are located within the same helical bundle region
of HN as the N12 binding site of BoNT/B. Within the C-
terminal half of the HC domain, analysis reveals that both the
level of primary sequence and the level of tertiary structure
homology of BoNT/A and BoNT/B are relatively low, likely a
result of this subdomain containing the serotype specific
protein and ganglioside receptor-binding regions. However, the
analysis and supporting data clearly demonstrate this
subdomain of both BoNTs is important for interaction with
snps.
In conclusion, in the three-dimensional structure of BoNT/B,

the snp-binding regions comprise a large area of the globule
formed by the HC domain as well as one face of the HN domain
and part of the belt on the same side of the molecule. The
opposite (back) surface of HN and the belt make a smaller
contribution to binding. It would appear that the toxin binds to
the cell surface through the head of the HC globule and also
employs regions primarily on one face of the HN domain. The
belt is also bound on one side and thus fixed on that side, while
the other half of the loop around the light chain remains free,
maintaining the flexibility to allow discharge of the light chain.
The initial site of contact of the toxin with the cell surface
cannot be determined in these experiments because they do not
allow insight into the sequence of events that take place during
this process, but it is likely that the toxin binds to snps through

Figure 9. Structural representation of BoNT/B comparing the mouse snp-binding regions to the previously reported regions that are recognized and
bound by blocking Abs of outbred mice.32 In all views, the BoNT/B structure is illustrated with a transparent surface over a ribbon diagram with Ab-
binding regions shown as a black ribbon (with side chains shown) and the remainder of the H chain ribbon colored white. Snp-binding regions are
illustrated as colored surfaces and are transparent where there is overlap with Ab-binding regions. (A) Surface areas are colored differently to
emphasize the snp-binding regions. Only the N6 and N7, N12, C3, and C8 regions do not directly overlap with Ab-binding regions. (B) Close-up
with the snp-binding regions simplified by illustrating those that have overlap with Ab-binding regions as transparent pink and those that do not as
solid green. The three-dimensional coordinates are from PDB entry 1EPW.62

Figure 10. Comparison of the snp-binding regions located on the
heavy chains of BoNT/B and BoNT/A. The levels of inhibition of
binding of [125I]BoNT/B to snps by synthetic peptides of the BoNT/
B H chain or levels of inhibition of binding of [125I]BoNT/A to snps
by peptides of the BoNT/A H chain are shown as a bar diagram. The
BoNT/A snp-binding regions have been identified previously.31
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the head of HC and employs additional regions on one face of
the HN domain during translocation.
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