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ABSTRACT: In botulism disease, neurotransmitter release is blocked by a group of structurally related
neurotoxin proteins produced byClostridium botulinum. Botulinum neurotoxins (BoNT, A-G) enter nerve
terminals and irreversibly inhibit exocytosis via their endopeptidase activities against synaptic proteins
SNAP-25, VAMP, and Syntaxin. Type AC. botulinumsecretes the neurotoxin along with 5 other proteins
called neurotoxin associated proteins (NAPs). Here, we report that hemagglutinin-33 (Hn-33), one of the
NAP components, enhances the endopeptidase activity of not only BoNT/A but also that of BoNT/E,
both under in vitro conditions and in rat synaptosomes. BoNT/A endopeptidase activity in vitro is about
twice as high as that of BoNT/E under disulfide-reduced conditions. Addition of Hn-33 separately to
nonreduced BoNT/A and BoNT/E (which otherwise have only residual endopeptidase activity) enhanced
their in vitro endopeptidase activity by 21- and 25-fold, respectively. Cleavage of rat-brain synaptosome
SNAP-25 by BoNTs was used to assay endopeptidase activity under nerve-cell conditions. Reduced
BoNT/A and BoNT/E cleaved synaptosomal SNAP-25 by 20% and 15%, respectively. Addition of
Hn-33 separately to nonreduced BoNT/A and BoNT/E enhanced their endopeptidase activities by 13-fold
for the cleavage of SNAP-25 in synaptosomes, suggesting a possible functional role of Hn-33 in association
with BoNTs. We believe that Hn-33 could be used as an activator in the formulation of the neurotoxin for
therapeutic use.

Botulinum neurotoxins (seven serotypes, A-G) are a
group of large proteins with mutually exclusive immunologi-
cal properties but share pharmacological characteristics that
cause flaccid muscle paralysis in the botulism disease (1).
Botulinum neurotoxins (BoNTs)1 are extremely toxic pro-
teins (mouse LD50, 108 mg-1 kg-1 for type A) of 150 kDa
and consist of a 100 kDa heavy chain and a 50 kDa light
chain linked through a disulfide bond (2). Type A BoNT is
produced along with 6 neurotoxin associated proteins (NAPs)
to form a complex. NAPs are known to protect BoNT from
the acidity and proteases of the GI tract (3-5), and thus make
BoNT one of the most dreaded food poisoning agents (3,
6). In addition, because of the extreme toxicity and stability
of BoNT in the presence of NAPs, BoNT complexes are
considered as a group of the most dangerous biological
warfare agents (7, 8). Sadly, despite their critical role in food
poisoning and biological weapons, little is understood as to
how these nontoxic accessory proteins (i.e., NAPs) play a
critical role in the toxicoinfection process of botulism.

Recent discovery that BoNTs are Zn2+-endopeptidases (2,
9, 10) has led to the identification of several target proteins,
which are critical for the docking and fusion of synaptic
vesicles to the plasma membrane in the neurotransmitter
release process. Cellubrevin, SNAP-25 (synaptosomal as-
sociated protein of 25 kDa), and syntaxin form the SNARE
complex during docking of synaptic vesicles to the plasma
membrane. Different BoNT types proteolytically cleave
cellubrevin (BoNT/B, BoNT/C, BoNT/D, and BoNT/F),
SNAP-25 (BoNT/A, BoNT/C, and BoNT/E), and syntaxin
(BoNT/C) as part of their mode of action to block neu-
rotransmitter release (2). Because of their specificity to inhibit
neurotransmitter release at neuromuscular junctions, BoNT
is increasingly being used to treat various neuromuscular
disorders such as strabismus, torticollis, and blepherospasm
(11). Interestingly, BoNT only in its complex form with
NAPs (present in all BoNT serotypes) is used as a therapeutic
agent, which is a more effective drug in this form than the
pure BoNT (12). Again, the molecular basis of the superior
therapeutic efficacy of BoNT complex is not known.
Stabilization of BoNT/A by NAPs has been proposed as one
possible explanation for the higher efficacy of the BoNT/A
complex compared to the pure BoNT/A (11, 12).

The endopeptidase activity of pure BoNT/A is expressed
only after its interchain disulfide bond is reduced (2, 9, 10).
We have previously reported (13) that the BoNT/A complex,
in contrast to pure BoNT/A, is enzymatically active even
under nonreducing conditions and the endopeptidase activity
of BoNT/A complex is 17-fold higher than that of the pure
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BoNT/A. Under reducing conditions, the BoNT/A complex
is significantly (about 15%) more active than the pure
BoNT/A, and reduced purified BoNT/A has similar en-
dopeptidase activity to the nonreduced BoNT/A in complex
with NAPs (13). The higher endopeptidase activity of the
BoNT/A complex is due to the presence of NAPs, suggesting
a more than accessory role, such as protection against
proteases in the GI tract, in the toxicoinfection process of
botulism. The dramatically higher endopeptidase activity of
the BoNT/A complex raises several questions: (1) Is the
reduction of the disulfide bond of BoNT the only process
that activates endopeptidase activity? (2) Is the higher
therapeutic efficacy of the BoNT/A complex because of the
enhanced endopeptidase activity? (3) Is the cumulative effect
of all of the NAPs required for the BoNT/A complex to be
enzymatically more active? (4) Can the NAPs-mediated
activation of endopeptidase activity be observed with cross
serotypes of BoNT?

In this paper, we present experimental evidence to suggest
that the hemagglutinin-33 (Hn-33, also referred as HA-35
by some researchers) component of BoNT/A NAPs can
activate BoNT/A equivalent to the cumulative effect of the
BoNT/A complex. Further, Hn-33 is also able to activate
the endopeptidase activity of BoNT/E.

MATERIALS AND METHODS

Purification of BoNT/A and BoNT/E.BoNT/A from C.
botulinum (strain Hall) and BoNT/E fromC. botulinum
(strain Alaska) were purified as described previously (5, 14)-
. Purified neurotoxins were precipitated with 0.39 g/mL of
ammonium sulfate and stored at 4°C until used. The
precipitate was centrifuged at 10000g for 10 min, and the
pellet was dissolved in a desired assay buffer, followed by
dialysis to remove any residual ammonium sulfate.

Production and Purification of Hn-33.Hn-33 was isolated
according to the procedure described by Fu et al. (14) with
the use of a DEAE-Sephadex A-50 and a Sephadex G-100
column chromatography.

Concentrations of neurotoxin and Hn-33 were determined
according to the extinction coefficients,ε mg/mL (278 nm)
of 1.63 and 1.74, respectively (14, 15).

Expression and Purification of Glutathione-S-Transferase
(GST)/SNAP-25.SNAP-25 was expressed and purified ac-
cording to Cai et al. (13). Cells expressing GST/SNAP-25
fusion protein were collected by centrifugation and resus-
pended in 10 mM phosphate-buffered saline (PBS) at pH
7.4, containing 1 mM phenylmethylenesulfonyl fluoride
(PMSF). Cells were lysed by sonication for 2 min, treated
with 1% Triton X-100, and centrifuged to remove cell debris.
The supernatant was applied to glutathione-agarose beads
(Sigma Chemical Co., St. Louis, MO) and washed with PBS
buffer to remove other cellular proteins, and GST/SNAP-25
fusion protein was eluted with 10 mM glutathione in 50 mM
Tris-HCl buffer at pH 8.0. The fusion protein was precipi-
tated with ammonium sulfate, redissolved in the desired assay
buffer (50 mM Tris-HCl, 10 mM sodium phosphate, 300
mM NaCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM mercapto-
ethanol, and 0.1% NaN3 at pH 7.6), and dialyzed against
the same buffer, before being used for experiments.

Isolation of Rat-Brain Synaptosomes and CleaVage of
SNAP-25.Frozen rat brains were purchased from RJO

Biologicals, Inc. (Kansas City, MO) and were stored at-80
°C. Synaptosomes were prepared as described by Li and
Singh (16). The synaptosomes were first washed with Hepes
buffer at pH 7.4, containing 140 mM NaCl, 5 mM KCl,
20 mM Hepes, 5 mM NaHCO3, 1 mM MgCl2, 1.2 mM
Na2HPO4, and 10 mM glucose, and were then resuspended
in 2 mL of the same buffer. All of the procedures were
carried out at 4°C. Synaptosomes (50µL) in Hepes buffer
were incubated with 200 nM (final concentration) nonreduced
or reduced [treatment with 20 mM dithiothreitol (DTT) at
37 °C for 30 min] BoNT/A or BoNT/E with a 1:1 molar
ratio (BoNT/A:Hn-33, BoNT/E:Hn-33) and a 1:2 molar ratio
(BoNT/A:Hn-33) at 37°C for 4 h. The samples were then
separated on a 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gel and were immuno-
blotted using anti-SNAP-25 antibody raised against the 12
amino acid C-terminal residues in a rabbit (Stressgen
Biotechnologies Corp., Victoria, Canada).

In Vitro CleaVage of SNAP-25: Western Blot.The endo-
peptidase activity of BoNT was assayed according to a
Western blot method established previously (13). GST/
SNAP-25 fusion protein (5µM) was incubated with 200 nM
of BoNT/A or BoNT/E in the presence or absence of 200
nM of Hn-33 at 37°C for 15 min in an assay buffer (50
mM Tris, 10 mM sodium phosphate, 300 mM NaCl, 2 mM
MgCl2, 0.3 mM CaCl2, and 0.1% NaN3) at pH 7.6, under
reducing and nonreducing conditions. For reducing condi-
tions, the BoNT/A and BoNT/E were prepared by pretreat-
ment with 20 mM DTT for 30 min at 37°C. To investigate
the effect of Hn-33, BoNT/A and BoNT/E were preincubated
with Hn-33. Hn-33, nonreduced BoNT/A or BoNT/E, and
reduced BoNT/A or BoNT/E were each separately dissolved
in 0.05 M citrate buffer at pH 5.5 and were filtered through
a 0.45µm filter paper. Nonreduced BoNT/A or BoNT/E were
mixed with Hn-33 (molar ratio 1:1) in a reaction volume of
3 mL. Similarly, reduced BoNT/A or BoNT/E were mixed
with Hn-33 (molar ratio 1:1) in a reaction volume of 3 mL.
The reaction mixture was incubated up to 15 min at room
temperature (25°C) because, at a 30-min incubation time, a
complete cleavage of SNAP-25 was observed (data not
shown). Samples were then separated on a 12% SDS-PAGE
gel and were analyzed by Western blot using a polyclonal
antibody raised against the 12 C-terminal amino acid residues
of SNAP-25 (Stressgen Biotechnologies Corp.) as described
previously (13).

The amount of uncleaved SNAP-25 was estimated by
scanning the Western blot band using an Image Analyzer
(ITTI, St. Petersberg, FL) and a Multiscan-R, and the percent
cleavage was calculated by comparing the density of the
uncleaved band to that of the control SNAP-25.

Enzyme-Linked Immunosorbant Assay (ELISA).The cleav-
age of SNAP-25 was also determined by ELISA with the
aim to determine the minimum concentration of BoNT/A
and BoNT/E required to cleave the SNAP-25. Flat-bottom
microtitter plates were coated (100µL/well) with 10 µg/mL
of SNAP-25 fusion protein dissolved in a 0.01 M phosphate
buffer at pH 7.2. Plates were incubated at 4°C overnight.
The plates were then washed 5 times with 0.01 M phosphate
buffer at pH 7.2. Serially diluted 200 nM of BoNT/A and
BoNT/E, with or without 200 nM of Hn-33, were added into
the plates to a total volume of 100µL. After incubation at
37°C for 30 min, plates were washed with 0.01 M phosphate
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buffer at pH 7.2 containing 0.05% Tween-20 and were
subsequently blocked by 3% bovine serum albumin dissolved
in a 0.01 M phosphate buffer at pH 7.2. Rabbit anti-SNAP-
25 antibody (Stressgen Biotechnologies Corp.), 3 ng/mL,
(100µL/well) was used as the primary antibody to bind with
the SNAP-25 remaining in the plates followed by incubation
at 37 °C for 30 min. The peroxidase-labeled anti-rabbit
antibody, 1:10 000, was added as a secondary antibody onto
the plates, and the plates were incubated at 37°C for 30
min. A substrate solution containing 0.04% OPD (o-phen-
ylenediamine dihydrochloride) and 0.012% hydrogen per-
oxide in a citrate phosphate buffer at pH 5.0 was added into
the wells, and the plates were incubated for 15 min at room
temperature (25°C). The reaction was subsequently quenched
with 50µL of 2 M sulfuric acid, and the color was monitored
by measuring the absorbance at 490 nm. Unless otherwise
stated, the plates were washed 5 times with 0.01 M phosphate
buffer at pH 7.2, containing 0.05% Tween-20, between the
steps. The percent cleavage was calculated by comparing
the absorbance of the uncleaved to that of the control
SNAP-25.

For kinetic experiments, the ELISA method was used, as
described above with the following modifications: after
preincubation of Hn-33 with BoNT/A or BoNT/E separately,
the BoNT/A or BoNT/E was added to the plate for different
time intervals (0-40 min). The temperature of the plate was
maintained at 37°C during the addition of the samples. After
incubation at 37°C for 40 min, plates were washed with
0.01 M phosphate buffer at pH 7.2, containing 0.05% Tween-
20, and subsequently blocked by 3% bovine serum albumin
dissolved in 0.01 M phosphate buffer at pH 7.2. Primary
and secondary antibodies were used as described above to
estimate uncleaved SNAP-25.

Isothermal Titration Calorimetric Analysis of Hn-33
Interaction with BoNT/A.The binding isotherm of Hn-33 to
the BoNT/A was generated employing the CSC isothermal
titration calorimeter (Calorimetric Sciences Corp., Provo,
UT). The binding was measured at 25°C in a 10 mM
phosphate buffer at pH 7.4. BoNT/A (0.7µM) in a total vol-
ume of 1.3 mL was placed in the reaction cell. After temper-
ature equilibration, the 0.7µM of BoNT/A was titrated with
30 µM Hn-33 ligand. The 20µL injections of Hn-33 ligand
was mixed with BoNT/A at 400-s intervals in a reaction cell.
The observed heat change accompanying titration was mea-
sured after each injection. The total observed heat effects
were corrected for the heat of dilution of the ligand by per-
forming control titrations in the buffer used for dissolving
the protein. The resulting titration curve was deconvoluted
for the best-fit model using Titration BindWork in the ITC
(CSC) to obtain the affinity constant and the number of
binding sites.

RESULTS

Hn-33 Induced Endopeptidase ActiVity of BoNT/A and
BoNT/E in Vitro.Because SNAP-25 is the substrate for both
BoNT/A and BoNT/E (9, 17, 18), endopeptidase activities
of BoNT/A and BoNT/E were analyzed for their ability to
proteolytically cleave recombinant GST/SNAP-25 fusion
protein. The activity was determined by estimating the
uncleaved SNAP-25 by Western blot analysis with a poly-
clonal antibody raised against the C-terminal 12 amino acid

residue of SNAP-25. Under nonreducing conditions, 200 nM
of pure BoNT/A exhibited negligible residual endopeptidase
activity (4 ( 1% cleavage,n ) 3), whereas BoNT/A, when
reduced with 20 mM DTT, exhibited a 5.5-fold increase in
its endopeptidase activity (22( 2% cleavage,n ) 3).
Preincubation of nonreduced BoNT/A with Hn-33 enhanced
the endopeptidase activity by 21-fold (85( 2%, n ) 3),
while preincubation of reduced BoNT/A separately with
Hn-33 enhanced its endopeptidase activity by 25-fold (99
( 1%, n ) 3) within 15 min of the reaction time at 37°C
(Figure 1, Table 1).

Similar to BoNT/A, under nonreducing conditions, 200
nM of pure BoNT/E exhibited minimal residual endopepti-
dase activity (2( 1% cleavage,n ) 3), whereas, when
reduced with 20 mM DTT, it exhibited a substantial (5-fold)
increase in the endopeptidase activity (10( 1% cleavage,n
) 3) against SNAP-25. (Figure 2, Table 2). Preincubation
of nonreduced BoNT/E with Hn-33 enhanced the endopep-
tidase activity by 25-fold (50( 1% cleavage,n ) 3), while
preincubation of reduced BoNT/E with Hn-33 enhanced the
endopeptidase activity by 43-fold (85( 2% cleavage,n )
3) within 15 min of the reaction time at 37°C.

We performed a series of control experiments to exclude
the possibility of SNAP-25 cleavage by Hn-33 itself. When
Hn-33 itself was incubated with SNAP-25, no cleavage of
the latter was observed. Two other proteins isolated from
type EC. botulinum, a 120 kDa neurotoxin binding protein
(5) and a 70 kDa protein (19), were used in place of Hn-33
to validate the assay of BoNT endopeptidase activity through
the ELISA method used in this paper. No endopeptidase
activity (cleavage of SNAP-25) was observed in these control
experiments. Also, DTT by itself did not induce any cleavage
of SNAP-25 (Figure 1).

To confirm the above cleavage results, the SNAP-25
cleavage by a range of BoNT/A or BoNT/E concentrations

FIGURE 1: Comparative analysis of the endopeptidase activity of
BoNT/A in the presence or absence of Hn-33. GST/SNAP-25
fusion protein (5µM) was incubated with pure BoNT/A (200 nM)
in the presence or absence of Hn-33 (1:1 molar ratio) for 30 min
at 37°C in an assay buffer. Samples were then separated by 12%
SDS-PAGE and analyzed by Western blot using a polyclonal
antibody raised against the C-terminal 12 amino acid residues of
SNAP-25 (Stressgen Biotechnologies Corp.) as detailed in the
Materials and Methods. The results were plotted by averaging the
percentage of GST/SNAP-25 cleaved in three independent sets of
experiments.
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was determined by an ELISA method using SNAP-25
C-terminal polyclonal antibody, as described in the Materials
and Methods section. Under a nonreducing condition, 200
nM of pure BoNT/A exhibited negligible residual endopep-
tidase activity (5( 2% cleavage,n ) 3), whereas under
reducing conditions it exhibited a 5-fold increase in its
endopeptidase activity (25( 1% cleavage,n ) 3). Prein-
cubation of nonreduced BoNT/A with Hn-33 enhanced the
endopeptidase activity by 18-fold (92( 2% cleavage,n )
3), while preincubation of reduced BoNT/A with Hn-33
enhanced its endopeptidase activity by 19-fold (97( 4%
cleavage,n ) 3) (parts A and B of Figure 3, Table 1).

In case of BoNT/E, under nonreducing condition, 200 nM
of pure BoNT/E exhibited negligible residual endopeptidase
activity (4 ( 3% cleavage,n ) 3), whereas BoNT/E, when
reduced with 20 mM DTT, exhibited a 4-fold increase in its
endopeptidase activity (15( 2% cleavage,n ) 3). Prein-
cubation of nonreduced BoNT/E with Hn-33 enhanced the
endopeptidase activity by 14-fold (52( 1% cleavage,n )
3), while preincubation of reduced BoNT/E with Hn-33

enhanced its endopeptidase activity by 25-fold (89( 2%
cleavage,n ) 3) (parts C and D of Figure 3, Table 1).

While the comparison is made at 200 nm BoNT concen-
trations, similar cleavage results were observed throughout
the concentration range of BoNT used (Figure 3; Table 1).
The ELISA results agree with the Western blot results.

Hn-33 Induced Endopeptidase ActiVity of BoNT/A and
BoNT/E in Synaptosomes.To evaluate the physiological
significance of BoNT endopeptidase activity enhanced by
Hn-33, we compared the Hn-33-induced endopeptidase
activity of BoNT/A and BoNT/E against SNAP-25 using rat-
brain synaptosomes. Under nonreducing conditions, 200 nM
of BoNT/A and BoNT/E each cleaved 6( 4% (n ) 3) and
4 ( 2% (n ) 3), respectively, of SNAP-25 at 37°C after a
4-h reaction time. Reduced BoNT/A (200 nM) cleaved 20
( 5% (n ) 3) of SNAP-25 under reaction conditions
identical to those listed above. Preincubation of nonre-
duced BoNT/A with Hn-33 at equimolar concentrations
(BoNT/A:Hn-33, 1:1) enhanced the endopeptidase activity
of BoNT/A over 13-fold (78( 5%, n ) 3) (Figure 4).
Incubation of BoNT/A with Hn-33 at a higher molar ratio
(BoNT/A:Hn-33, 1:2) did not have any significant additional
effect on the endopeptidase activity (79( 3% SNAP-25
cleavage,n ) 3) compared to the effect of the equimolar
concentration of Hn-33 on BoNT/A (Figure 4). Reduction
of the disulfide bond of BoNT/E (200 nM) enhanced its
endopeptidase activity substantially (4-fold) as indicated by
15 ( 7% cleavage of SNAP-25 (n ) 3) at 37°C after a 4-h
reaction time. Preincubation of nonreduced BoNT/E with
Hn-33 at equimolar concentrations (BoNT/E:Hn-33, 1:1)
enhanced the endopeptidase activity of BoNT/E by over
13-fold (53( 8% cleavage,n ) 3) (Figure 4).

In a preliminary effort to evaluate the influence of Hn-33
on the kinetics of BoNT endopeptidase activity, initial rates
of the endopeptidase activity of BoNT/A and BoNT/E were
determined by estimating the percent cleavage of SNAP-25
at different time intervals. The time course of SNAP-25
cleavage, obtained with the ELISA method, showed a plateau
within 30 min of the reaction time (Figure 5). However,
linearity of the curve was observed only for the first 4 min
of the reaction time, especially for reactions where no Hn-
33 was added. We, therefore, used the slope of the linear
portion of the curve within the first 4 min of the reaction
time to estimate the initial reaction rates catalyzed by BoNT
endopeptidase. Under nonreducing conditions, BoNT/A
and BoNT/E showed initial reaction rates of 3.9 and 2.4
µM/min, respectively. Under reducing conditions, initial
reaction rates for the endopeptidase activity of BoNT/A
and BoNT/E were 12.3 and 7.5µM/min, respectively. Pre-
incubation of nonreduced BoNT/A and BoNT/E separately
with Hn-33 at an equimolar concentration (BoNT:Hn-33,
1:1) enhanced the rates of their endopeptidase activity by

Table 1: Comparison of SNAP-25 Cleavage by BoNT/A or BoNT/E with and without Hn-33 under Nonreduced and Reduced Conditionsa

percent cleavage

nonreduced BoNT nonreduced BoNT+ Hn-33 reduced BoNT reduced BoNT+ Hn-33

neurotoxin Western blot ELISA Western blot ELISA Western blot ELISA Western blot ELISA

BoNT/A 4 ( 1 5 ( 2 85( 2 92( 2 22( 2 25( 1 99( 1 97( 4
BoNT/E 2( 1 4 ( 3 50( 2 52( 1 10( 1 15( 1 85( 1 89( 2
a The percent cleavage was monitored by two methods, Western blot and ELISA, and represents the average of three individual independent

experiments (data derived from Figures 1-3).

FIGURE 2: Comparative analysis of the endopeptidase activity of
BoNT/E in the presence or absence of Hn-33. GST/SNAP-25 fusion
protein (5µM) was incubated either with pure BoNT/E (200 nM)
in the presence or absence of Hn-33 (1:1 molar ratio) for 30 min
at 37 °C in an assay buffer. Other experimental details were the
same as those in Figure 1.

Table 2: Initial Reaction Rates of SNAP-25 Cleavage by
Nonreduced and Reduced BoNT/A and BoNT/E with and without
Hn-33a

initial reaction rate (µM/min) of SNAP-25 cleaved

neurotoxin
nonreduced

BoNT
nonreduced

BoNT + Hn-33
reduced
BoNT

reduced
BoNT + Hn-33

BoNT/A 3.9 37.0 12.3 47.8
BoNT/E 2.4 15.0 7.5 21.0

a The initial reaction rate (µM/min) was determined from the slope
of the linear portion (4 min) of the SNAP-25 cleavage versus the time
plots (Figure 5).
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9.4- and 6.3-fold, respectively, with cleavage rates of 37
(BoNT/A) and 15 µM/min (BoNT/E). Preincubation of
reduced BoNT/A or BoNT/E with Hn-33 at an equimolar
concentration (BoNT:Hn-33, 1:1) enhanced the rates of their
endopeptidase activity by 12.2- and 8.7-fold, respectively,
with cleavage rates of 47.8 (BoNT/A) and 21µM/min
(BoNT/E) (Figure 5, Table 2).

Physical Interaction of Hn-33 with BoNT/A.Interaction
of Hn-33 with BoNT/A was examined with isothermal

calorimetry by measuring heat changes upon titration of the
BoNT/A solution with Hn-33, both dissolved in a 10 mM
phosphate buffer at pH 7.4. Figure 6 shows a typical titration
curve. The concentration range chosen provided a very
smooth curve of steady heat change with every injection until
injection 15, after which it reached a saturation level (Figure
6A). The saturation level was reached at a molar ratio of
10:1 (Hn-33-BoNT/A). Considering that Hn-33 is known
to exist as a dimer (20), this set of data suggests five Hn-33
dimeric molecules bound to one BoNT/A. Interestingly, the
molar ratio of Hn-33 to BoNT/A in the BoNT/A complex
was found to be 8:1 based on SDS-PAGE analysis (21). It
is possible that in the absence of other NAPs Hn-33 is able
to have more freedom to bind to BoNT/A thus leading to a
ratio of 10:1. The number of binding sites estimated from
the curve was 1.0, suggesting that the binding sites belong
to a class of similar affinity.

The interaction between Hn-33 and BoNT/A is exothermic
(Figure 6A), and∆H estimated at-120 kJ mol-1 from the
binding curve (Figure 6B) is within the typical range of
strong protein-protein interactions (22, 23). The binding
constant was estimated to be 4.32× 10-5 M-1, which is
within the range of interactions between specific proteins
(24).

DISCUSSION

Although the discovery of endopeptidase activity of BoNT
in 1992 (10) has opened up many avenues to the understand-
ing of the biochemical mechanism of its toxic action, the
endopeptidase activity itself has remained a subject of intense
research to understand its unique characteristics (2, 25, 26).
Among its unique features, it has been reported that reduction
of the disulfide bond between the light and heavy chain is
required for the endopeptidase activity (9, 10). The active

FIGURE 3: Cleavage of GST/SNAP-25 by nonreduced BoNT/A (A), reduced BoNT/A (B), nonreduced BoNT/E (C), and reduced BoNT/E
(D) as analyzed by ELISA. Plates were coated with 10µg/mL of GST/SNAP-25 and were incubated overnight at 4°C. Nonreduced
BoNT/A or BoNT/E was preincubated with or without Hn-33 (1:1 molar ratio) for 30 min at 37°C before addition to the plates. Anti-
SNAP-25 rabbit antibody (3 ng/mL) was added to the plates. Peroxidase-labeled anti-rabbit antibody was used as a secondary antibody as
described in the Materials and Methods.

FIGURE 4: Comparative analysis of the endopeptidase activity of
BoNT/A or BoNT/E in the presence and absence of Hn-33 on the
level of SNAP-25 of rat-brain synaptosomes under nonreducing
conditions. Synaptosomes (50µL) in Hepes buffer were incubated
with 200 nM (final concentration) nonreduced BoNT/A with 1:1
or 1:2 (BoNT/A-Hn-33) or BoNT/E with 1:1 (BoNT/E-Hn-33)
at 37°C for 4 h. The samples were then analyzed by 12% SDS-
PAGE and were immunoblotted using anti-SNAP-25 antibody as
described in the Materials and Methods. The results were plotted
by averaging the percentage of SNAP-25 cleaved in three inde-
pendent sets of experiments.
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Zn2+ plays both a catalytic and structural role (27). In the
presence of NAPs, there is no requirement of disulfide
reduction for the endopeptidase activity (13) and the dimeric
form of the BoNT has a lower enzymatic activity than the
monomeric form (28). Furthermore, except for BoNT/C1,
the seven serotypes of BoNT recognize only one specific
protein substrate and selective cleavage site (2, 29).

It is important to examine the structural basis of unique
characteristics of BoNT endopeptidases. Understanding the
molecular basis of the unique endopeptidase activity of BoNT
is not only likely to provide clues to the mechanistics of the
enzyme activity, but the information could lead to the
development of antidotes to the most poisonous poison.

A significantly enhanced endopeptidase activity of BoNT/A
in the presence of Hn-33 isolated from the BoNT/A complex
was observed (Table 1) even under conditions where the
disulfide bond between the light and heavy chains of BoNT
was not reduced. Hn-33 does not reduce the interchain
disulfide bond between light and heavy chains of BoNT/A
(20). The BoNT/A complex itself is known to have a
drastically enhanced endopeptidase activity against SNAP-
25 in solution without reducing the interchain disulfide bond
of BoNT/A (13). Interestingly, the enhanced endopeptidase
activity of BoNT/A in the presence of Hn-33 is virtually the
same as the whole BoNT/A complex, both quantitatively and
qualitatively. In qualitative terms, the Hn-33-enhanced en-

dopeptidase activity of BoNT/A did not require reduction
of the disulfide bond (Figure 1, Table 1), just like the
BoNT/A complex (13). It may be noted here that the disulfide
bond of BoNT/A remains intact in the native complex form
as well as in a complex with Hn-33 (4, 13). Quantitatively,
Hn-33 enhanced the endopeptidase activity of nonreduced
BoNT/A by 21-fold for a 15-min reaction period, whereas
BoNT/A complex is reported to exhibit endopeptidase
activity 17-fold higher than nonreduced pure BoNT/A for a
10-min reaction period (13). Thus, Hn-33 seems to be able
to imitate the presence of all of the NAPs in the BoNT/A
complex with respect to the enhancement of the endopep-
tidase activity.

In the BoNT/A complex, there are five NAPs including
Hn-33 (13); Hn-33 makes up the largest fraction (25%) of
the NAPs (20) in the BoNT/A complex. Furthermore,
Hn-33 strongly protects BoNT/A against proteases such as
trypsin,R-chymotrypsin, subtilisin, etc. (4). These observa-
tions are consistent with the effect of Hn-33 on the BoNT/A
endopeptidase activity and strongly suggest that Hn-33
directly interacts with BoNT/A in the BoNT/A complex.

Although the mechanism by which Hn-33 may enhance
the BoNT/A endopeptidase activity is not discernible from
the current data, a possible explanation derived from the
known X-ray crystallographic structure of BoNT/A is as

FIGURE 5: Time course of SNAP-25 cleavage by BoNT/A or
BoNT/E in the presence or absence of Hn-33 analyzed by ELISA.
Plates were coated with 10µg/mL of GST/SNAP-25 and incubated
overnight at 4°C. Nonreduced BoNT/A or BoNT/E was preincu-
bated with or without Hn-33 (1:1 molar ratio) for 30 min at 37°C
prior to addition to the plates. Nonreduced BoNT/A (O) Nonreduced
BoNT/E (b), Reduced BoNT/A (0), Reduced BoNT/E (9),
Nonreduced BoNT/A when preincubated with Hn-33 (4), Nonre-
duced BoNT/E when preincubated with Hn-33 (2), Reduced
BoNT/A when preincubated with Hn-33 (]), Reduced BoNT/E
when preincubated with Hn-33 ([). For reducing conditions,
BoNT/A and BoNT/E were prepared by pretreatment with 20 mM
DTT for 30 min at 37°C. Peroxidase-labeled anti-rabbit antibody
was used as a secondary antibody as described in the Materials
and Methods.

FIGURE 6: Typical isothermal calorimetric titration curve for
BoNT/A with Hn-33. Sequential injections of 20µL of Hn-33 ligand
(concentration) 30 µM) was mixed with 1.3 mL of 0.7µM
BoNT/A at 400-s intervals in a reaction cell. The titration was
performed at 25°C in a 10 mM phosphate buffer at pH 7.4. (A)
Total heat released is plotted in terms of microcalories per second
versus time. The area underneath each injection peak is equal to
the total heat released for that injection. (B) Integrated areas of the
heat-release peaks in A plotted against the injection number. The
solid line corresponds to the best-fit curve obtained by a nonlinear
regression.
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follows: The active site of BoNT/A is known to be buried
in a crevice about 24-Å deep, which is occluded by a 56
amino acid residue (residues 490-545) belt (30, 31). It has
been suggested that disulfide reduction opens up the belt and
exposes the active site to the surface of the protein for its
binding with the substrate peptide groups (31). We believe
that the interaction of Hn-33 exposes the enzyme active site
without any need to open up the belt. However, reduction
of the disulfide bond and thus opening of the belt can further
expose the active site to the substrate, as indicated by an
approximately 17% additional increase in the endopeptidase
activity of BoNT/A (Table 1). Exposure of the active site
upon interaction with Hn-33 becomes more plausible in view
of a recent report (32) suggesting the enzymatically active
structure of BoNT/A in the form of a molten globule. A
molten-globule-folded structure is significantly more flexible
than a native-folded structure (33, 34).

Interestingly, although Hn-33 was isolated from the
BoNT/A complex (14), its effect appears common to all of
the BoNT serotypes. This was demonstrated by a similar
experiment of the endopeptidase activity of BoNT/E and
BoNT/A by Hn-33 (Table 1). The Hn-33 effect on BoNT/E
is especially noteworthy, because the latter does not have a
comparative NAP in its complex form (19). Therefore, a
similar effect of Hn-33 on the two serotypes of BoNT
suggests a common mechanism involved in the accessibility
of the active site of BoNTs to their respective substrates.
Moreover, there must be common structure motifs of the
surface of the BoNT/A and BoNT/E molecules. While the
three-dimensional structure of BoNT/E is not yet solved,
common structural motifs are well-known for BoNT/A and
BoNT/B (35-37). Future work with the crystal structure of
Hn-33 and the BoNT complex would be required to confirm
the common structural motif on the BoNT surface for the
interaction with Hn-33.

Molecular basis of Hn-33-enhanced BoNT endopeptidase
activity can be discerned from an additional set of published
data, related to the Hn-33 protection of BoNT/A from
proteases (4). Hn-33 can completely protect BoNT/A from
pepsin, trypsin,R-chymotrypsin, and subtilisin, suggesting
Hn-33 either surrounds the protease cleavage sites on
BoNT/A or introduces refolding in BoNT/A so that the
cleavage sites become inaccessible. The dissociation constant
of 0.4µM derived from isothermal calorimetry experiments
of BoNT/A and Hn-33 indicates a strong binding between
the two proteins capable of introducing polypeptide refolding
in BoNT/A. This is especially likely given a single binding
site (n ) 1.0) obtained from the isothermal titration curve
(Figure 6). While it is possible that only one binding site is
involved between BoNT/A and Hn-33, more than one
binding sites could also lead ton ) 1, as long as different
binding sites have similar binding affinities. More than one
binding site is also likely considering two dimers of Hn-33
bind to BoNT/A (14, 20, 21).

Each of the seven serotypes of BoNT has a group of
associated NAPs, whose biological roles are not clearly
understood. NAPs are known to protect the toxin from
adversarial environmental conditions such as temperature,
acidity, and proteases of the gastric juice (3, 38, 39). It is
notable that Hn-33 represents the largest fraction of BoNT/A
NAPs (14) and accounts for most of the hemagglutinin
activity of the BoNT/A complex (28). Hn-33 by itself can

protect BoNT/A from proteases (4). Thus, the influence of
Hn-33 on the endopeptidase activity of BoNT/A and BoNT/E
is consistent with the Hn-33 effect on other biological and
physical features of BoNT/A and its complex with the NAPs.
Hn-33 seems to imitate the role of all NAPs in the BoNT/A
complex.

Comparison of SNAP-25 cleavage by BoNT/A and
BoNT/E in the presence and absence of Hn-33 in synapto-
somes representing nerve cell conditions (Figure 4) indicated
the following: (a) SNAP-25 cleavage by both BoNT/A and
BoNT/E is less in synaptosomes compared to the in vitro
conditions (Table 1, Figure 4). (b) Hn-33 enhanced the
endopeptidase activity of both BoNT/A and BoNT/E even
in synaptosomes, albeit to a lesser degree (Table 1, Figure
4). These results suggest that the neurotoxin complex with
Hn-33 enters the synaptosome and the lower cleavage of
SNAP-25 (in comparison to in vitro conditions) is likely to
result from the inaccessibility of SNAP-25 in the synapto-
some. We have recently made an observation (Y. Zhou and
B. R. Singh, unpublished data) that Hn-33 binds to synap-
tosomes through synaptotagmin, which will further support
the possibility of Hn-33 entry into synaptosomes. These
results are particularly significant to the possibility of the
use of the BoNT complex with Hn-33 as a therapeutic agent.
The entrance of Hn-33 and BoNT as a complex will enhance
and stablize the endopeptidase activity inside the neuronal
cell. Stable endopeptidase activity inside the neuronal is a
critical phenomenon for the long lasting effects of botulinum
either as a toxin or as a therapeutic agent (40, 41).

In summary, our results show that (i) the Hn-33 component
of BoNT/A NAPs is able to imitate the effect of all of the
NAPs in enhancing the endopeptidase activity of BoNT/A;
(ii) the Hn-33 of the BoNT/A complex is also able to enhance
the endopeptidase activity of BoNT/E, suggesting a common
structural motif of BoNT serotypes for Hn-33; and (iii)
Hn-33 bound to BoNT/A and BoNT/E enhanced the en-
dopeptidase activity in synaptosomes, suggesting a possible
entry of Hn-33 and BoNT inside the synaptosome.
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