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ABSTRACT: Botulinum neurotoxins (BoNTs) are a group of large proteins that are responsible for the clinical
syndrome of botulism. The seven immunologically distinct serotypes of BoNTs (A-G), each produced by
various strains of Clostridium botulinum, act on the neuromuscular junction by blocking the release of the
neurotransmitter acetylcholine, thereby resulting in flaccid muscle paralysis. BoNTs are synthesized as single
inactive polypeptide chains that are cleaved by endogenous or exogenous proteases to generate the active
dichain form of the toxin. Nicking of the single chain BoNT/E to the dichain form is associated with 100-fold
increase in toxicity. Here we investigated the activation mechanism of botulinum neurotoxin type E upon
nicking and subsequent reduction of disulfide bond. It was observed that nicking of BoNT/E significantly
enhances its endopeptidase activity and that at the physiological temperature of 37 �C the reduced form of
nicked BoNT/E adopts a dynamically flexible conformation resulting from the exposure of hydrophobic
segments and facilitating optimal cleavage of its substrate SNAP-25. Such reduction-induced increase in the
flexibility of the polypeptide folding provides a rationale for the mechanism of BoNT/E endopeptidase
against its intracellular substrate, SNAP-25, and complements current understanding of the mechanistics of
interaction between the substrate and BoNT endopeptidase.

Botulinumneurotoxins (BoNTs)1 are a group of large proteins
that are responsible for the clinical syndrome of botulism. Seven
antigenically different types (A-G) of BoNTs are produced by
various toxigenic strains ofClostridium botulinum (1). BoNTs are
themost potent toxins known tomankind, which act by blocking
the release of acetylcholine from the presynaptic terminal of the
neuromuscular junction, resulting in flaccid muscle paralysis. In
light of the current world security situation, there is a heightened
fear of botulinum toxin being used as a biological weapon (2),
and hence there is an urgent need to develop antidotes to
botulism (3). Interestingly, however, the therapeutic utility of
BoNTs is on the rise as they are being successfully used to treat a
variety of neuromuscular disorders and even used as a cosmetic
agent to reduce facial wrinkles (4-6).

Botulinum neurotoxins are synthesized as inactive single
polypeptide chains of 150 kDa which are cleaved by proteases
to generate the active dichain form of the toxin. Some clostridial
strains contain endogenous proteases that nick the neurotoxin
(e.g., type A), whereas botulinum neurotoxin type E (BoNT/E) is
released from the bacterium in a single chain form that is
completely unnicked andmust be exposed to exogenous proteases

such as trypsin to be activated (7, 8). In the resultant dichain
potent neurotoxin, noncovalent interactions (including hydropho-
bic and ionic interactions and the disulfide bond) link the
N-terminal light chain (Mr=50000) domain to the largerC-terminal
heavy chain (Mr=100000) (9).

The mode of action involves binding, internalization, and
translocation of BoNTs into nerve cells that is mediated by the
heavy chain followed by the metalloprotease activity of the light
chain in cytosol to selectively target proteins essential for
neuroexocytosis (1, 10). BoNT serotypes A and E act specifically
on the synaptosomal associated protein of 25 kDa (SNAP-25),
BoNT serotypes B, D, F, and G cleave synaptobrevin, whereas
BoNT serotype C cleaves both syntaxin and SNAP-25 (11). One
of the unique features of BoNT endopeptidase acitivity is that
while each of the BoNT serotypes have an identical Zn2þ binding
motif in their active sites, their substrates are either entirely
different proteins or the cleavage site on the substrate is different
for each serotype. Thus BoNTs display an extreme peptide bond
cleavage selectivity within specific substrates (1).

Nicking of the single chain BoNT/E to the dichain form is
associated with a 100-fold increase in toxicity (12, 13). Spectro-
scopic analysis of BoNT/E has indicated structural changes
associated with nicking (12). The molecular basis of nicking-
mediated toxicity has not been clearly established, but an under-
standing of the molecular features responsible for increased
toxicity could provide significant clues to the mechanism of
action of the unique BoNT endopeptidases and the design of
antidotes against botulism.

The crystal structures of botulinum neurotoxins reveal a heavy
chain belt that occupies the substrate interaction site on the
enzyme domain and the endopeptidase activities of BoNTs are
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observed only when their respective disulfide bonds are reduced.
This issue is very important to understand the mechanistics of
enzyme-substrate interaction when the toxin is intact with the
heavy chain. The heavy chain belt is believed to displace for the
substrate to effectively bind with the light chain endopepti-
dase (14), and reduction of the disulfide appears to facilitate this
process. However, this hypothesis may be challenged in single
chain BoNT, such as BoNT/E, providing a unique system not
only to investigate this mechanism in its single and dichain forms
but also to study the effect of the reduction of the disulfide bond
on its structure and endopeptidase activity.

BoNT/E targets the same intracellular substrate, SNAP-25, as
BoNT/A, but their cleavage sites are different (11). In addition,
BoNT/A and BoNT/E have differential preference between the
two isotypes of SNAP-25 (15) despite the absence of any
difference in the cleavage site regions SNAP-25a or SNAP-25b
for either BoNT/A or BoNT/E. Structural differences in the
folding and dynamics are likely to resolve the basis of these
differences. One of the differences between BoNT/A and BoNT/E
is their respective dichain and single chain forms, which may
play a role in their functional differences. Crystal structures of
BoNT/AandBoNT/E, although showing dramatic differences in
the topographical location of light and heavy chains (14, 16), do
not indicate likely differences at least between single and dichain
forms (16). Thus a comparative structural analysis of BoNT/E,
both in single and dichain forms, will provide a unique oppor-
tunity to compare with BoNT/A especially for its binding and
recognition of SNAP-25.

In this report, we present the results of our investigation of the
activation mechanism of BoNT/E, by nicking and subsequent
reduction of the interchain disulfide bond. Reduction of the
disulfide bond of even the unnicked single chain BoNT/E
enhances its endopeptidase activity, but nicking itself, even
without the reduction of the disulfide bond, enhances the
endopeptidase activity to a large extent. It was also observed
that at physiological temperatures the reduced form of nicked
dichain BoNT/E adopts a dynamically flexible conformation and
can cleave SNAP-25 maximally, suggesting a strong correlation
between the flexible conformation of BoNT/E and its endopep-
tidase activity, a phenomenon similar to that observed in
BoNT/A (17). Our observation of optimum activity of single
chain BoNT/E endopeptidase at 50 �C has practical value of
using it for assaying BoNT/E for its detection in biological fluids
in which other interfering proteases will be denatured.

EXPERIMENTAL PROCEDURES

Purification and Nicking of Botulinum Neurotoxin Type
E. Single chain type E neurotoxin was isolated and purified from
the cultures ofC. botulinum type E strainAlaska according to the
method described previously (18, 19). The neurotoxin was nicked
with trypsin (Sigma Chemical Co., St. Louis, MO) according to
previously established procedures (12). Briefly, BoNT/E and
trypsin were mixed in a ratio of 40:1 (w/w) and incubated at
room temperature for 90 min. The reaction was stopped by
incubating the mixture with soybean trypsin inhibitor linked to
glass beads (Sigma Chemical Co., St. Louis, MO) for 30 min at
room temperature. The nicked neurotoxin was recovered after
centrifuging the glass beads. Both single chain and nicked
neurotoxins were extensively dialyzed against 10 mM sodium
phosphate buffer, pH 7.0, prior to being used for experiments.
Concentration of the neurotoxin was determined using the
extinction coefficient of 1.4 at 278 nm (20). Reduced BoNT/E

was prepared by treating pure BoNT/E with 20 mM DTT for
30min at 37 �C.The sample was then extensively dialyzed against
10mMsodiumphosphate buffer, pH 7.0, containing 1mMDTT.
For determining their purity and nicking, the proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on a 8-20% gel using the PhastSystem
(Pharmacia, NJ) electrophoresis system. The protein bands were
visualized by Coomassie blue staining (Figure 1).
Circular Dichroism Spectroscopy. Circular dichroism

(CD) spectra of single and dichain forms of BoNT/E under
reducing and nonreducing buffer conditions were recorded using
a Jasco J-715 spectrophotometer equipped with a Peltier tem-
perature control system (Model PTC-348W). Far-UV CD spec-
tra were recorded at wavelengths between 250 and 190 nm using
a 0.1 cm path length cell containing 0.2-0.3 mg/mL protein
dissolved in 10 mM sodium phosphate buffer, pH 7.0, at
20 �C. The scanning speed was set at 20 nm/min, and the
response time was 8 s. Final spectra represented the average of
at least five scans and were corrected for the buffer spectrum.

Thermal denaturation experiments were carried out by moni-
toring the ellipticity at 222 nm as a function of temperature. The
temperature was raised from 20 to 90 �C with a heating rate of
2 �C/min. Thermodynamic data were analyzed as described
previously (21).
Surface Exposure of Tyrosine Residues Using UV Sec-

ond Derivative Spectroscopy. Absorption spectra of BoNT/E
were recorded between 240 and 320 nm using a Jasco UV/vis
spectrophotometer equipped with Peltier temperature control.
The spectra were derivatized to the second order. The ratio of “a”
(an arithmetic sum of the negative d2A/dλ2 at 285 nm and a
positive d2A/dλ2 at 289 nm) and “b” (an arithmetic sum of the
negative d2A/dλ2 at 291 nm and the positive d2A/dλ2 at 295 nm)
was measured at different temperatures (where A is the absor-
bance of BoNT/E). Exposure of tyrosine residues was analyzed
according to the methods of Ragone et al. (22, 12) using the
equation:

A ¼ ½ðγn -γaÞ=ðγu -γaÞ� � 100

where γn and γu are the derivative peak ratio (a/b) of BoNT/E at
25 and 37 �C, respectively. γa is the derivative peak ratio of a
mixture of free Tyr and Trp residues in the same molar ratio as

FIGURE 1: SDS-PAGEanalysis of BoNT/E in its single and dichain
forms under reducing and nonreducing conditions visualized by
Coomassie blue staining: lane 1, highmolecular mass protein marker
(200.0, 116.3, 97.4, 66.2, and 45.0 kDa); lane 2, BoNT/E nonreduced
single chain BoNT/E; lane 3, reduced single chain BoNT/E; lane 4,
nonreduced dichain BoNT/E; lane 5, reduced dichain BoNT/E; lane
6, lowmolecularmass proteinmarker (97.4, 66.2, 45.0, 31.0, 21.5, and
14.4 kDa).
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the neurotoxin. γa for BoNT/E was calculated according to the
equation Ax þ B/Cx þ 1, where A, B, and C are constants (22)
and x is the Tyr/Trp molar ratio of BoNT/E.
Fluorescence Spectroscopy. Fluorescence measurements

were carried out by measuring the fluorescence emission spectra
of the BoNT/A and BoNT/E complex at 25 �C using an ISS K2
fluorometer (Champaign, IL). The excitation wavelength used
was 295 nm, and both the excitation and emission slits were fixed
at 8 nm. The absorbance at 295 mn was kept between 0.06 and
0.08 in order to minimize the inner filter effect. Emission spectra
were recorded between 310 and 540 nm.
Endopeptidase Activity Assay. BoNT/E was assayed for

endopeptidase activity using its intracellular target protein,
SNAP-25, as substrate. Expression of recombinant His6-tagged
SNAP-25 was induced by addition of 1 mM IPTG at 37 �C for
3 h. The protein was isolated on a His-Bind column according
to the previously established procedures (23). The effect of
temperature on the endopeptidase activity of BoNT/E was
examined by incubating 7.6 μM SNAP-25 with 200 nM reduced
single chain BoNT/E, nonreduced dichain BoNT/E, and reduced
dichain BoNT/E at the designated temperature for 30 min in
an assay buffer (50 mM Tris-HCl, 10 mM sodium phosphate,
300 mM NaCl, 2 mM MgCl2, 0.3 mM CaCl2, and 0.1% NaN3,
pH 7.6). The cleavage reaction was terminated by addition of
SDS-PAGE sample buffer, and the samples were heated in a
boiling water bath for 5 min, followed by separation on a 10-
20% SDS-PAGE gradient gel. The electrophoresis was carried
out using aMini Protean II system fromBio-Rad (Hercules, CA)
at room temperature (25 �C) and at a constant voltage of 200 V.
The bands on the gel were visualized by Coomassie blue staining.
The amount of uncleaved SNAP-25 was scanned on a GEL
LOGIC 100 Imager system, analyzed, and quantified using
the Kodak Image analysis software (Eastman Kodak Co.,
Rochester, NY). The percentage of cleavage was estimated by
comparing the density of the uncleaved SNAP-25 to that of the
control SNAP-25.

RESULTS

The structure-function relationships of single chain
(unnicked) and dichain (nicked) forms of BoNT/E under redu-
cing and nonreducing conditions in different stages of protein
unfolding are examined using spectroscopic techniques to ex-
amine their impact on the functional state of the proteins. The
major goal of this study was to determine structural differences
between single and dichain BoNT/E and to correlate the struc-
tural attributes to the endopeptidase activity.
Disulfide Bond Reduction Induces Structural Changes in

Nicked BoNT/E. The endopeptidase activity of all BoNT types
has been demonstrated under conditions of either separated light
chains or at least reduction of the disulfide bond between the light
and heavy chains (24-26). Whereas reports have appeared
which imply that disulfide reduction leads to separation of
chains (14, 27-29) making the active site accessible for substrate
binding, structural analysis has not been carried out to examine
changes in conformation that accompany disulfide bond reduc-
tion. A single chain BoNT/E provides an attractive model to test
the hypothesis if chain separation is critical for the expression of
endopeptidase activity, since chain separation is not possible even
after the disulfide bond reduction. Circular dichroism, second
derivative spectroscopy, and Trp fluorescence spectroscopy were
used to examine the structural changes in BoNT/E (single and
dichain forms) following reduction of the disulfide bond.

Secondary Structural Changes in BoNT/EMonitored by
Circular Dichroism. CD is sensitive to the protein conforma-
tion and hence is a convenient method for determining structural
changes in proteins. The CD spectra of single chain BoNT/E,
reduced single chain BoNT/E, dichain BoNT/E, and reduced
dichain BoNT/E were found to be virtually indistinguishable
from each other, all exhibiting negative doubleminima at 208 and
222 nm, characteristic of R-helix-rich proteins (30), as seen in
Figure 2. The similar mean residue ellipticity values of all of the
forms of BoNT/E indicated that they had similar secondary
structural characteristics. This observation suggests that the
neurotoxin retains its basic structural core upon nicking and is
consistent with an earlier report wherein the secondary structure
was not affected by nicking BoNT/E (12).

To evaluate the thermal stability of BoNT/E, we determined
change in ellipticity at 222 nm (θ222) as a function of temperature.
Thermal denaturation of proteins provides useful information
concerning the nature and cooperativity of interactions stabiliz-
ing the structures. The temperature-dependent changes of the
molar ellipticity were well described by a sigmoidal curve with an
inflection point corresponding to the denaturing temperature.
Although the thermal denaturation was irreversible, precluding
true thermodynamic parameters, the transition curves based on
the far-UVCDsignals indicated apparentTm values of 53.5, 53.6,
52.9, and 54.1 �C for the unnicked BoNT/E, reduced form of
unnicked BoNT/E, nicked BoNT/E, and the reduced form of
nicked BoNT/E, respectively (Figure 3, Table 1). Although
the Tm values were found to be closely similar for all forms of
BoNT/E, the temperature denaturation profile of reduced
dichain BoNT/E was found to be different from the others. As
seen in Figure 3, thermal unfolding of single chain BoNT/E,
reduced single chainBoNT/E, and dichainBoNT/Eoccurswith a
sharp transition of the native protein to the denatured form
between 48 and 60 �C. However, the reduced form of dichain
BoNT/E exhibits a relatively slow and smooth unfolding pattern
from 38 to 60 �C. This relatively broad transition suggests a
noncooperative unfolding which would be consistent of a non-
rigid structure. This observation is supported by pseudothermo-
dynamic parameters such as smaller ΔH and expected higher
entropy (as reflected by smallerΔS in Table 1) of reduced dichain
BoNT/E at 20 �C. It is notable that nicking itself did not
introduce any significant instability, as demonstrated by similar
ΔH and ΔS values for single and dichain BoNT/E under
nonreduced conditions (Table 1).

FIGURE 2: Far-UV CD spectrum of single chain BoNT/E, reduced
single chain BoNT/E, dichain BoNT/E, and reduced dichain BoNT/
E, dissolved in 10 mM sodium phosphate buffer, maintained at pH
7.0, and recorded at 20 �C.
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However, the enthalpic requirement for the denaturation of
reduced dichain BoNT/E is 27% less than that of unreduced
BoNT/E. In addition, reduced BoNT/E shows over 27%
entropic instability compared to the nonreduced BoNT/E. The
free energy change (ΔG) for the unfolding of the nonreduced
dichain BoNT/E was 26% higher compared to its reduced form
(Table 1), suggesting that the unfolding transition for the reduced
form of dichain BoNT/E is more spontaneous than for the
nonreduced form. These results suggest a higher degree of
flexibility in the polypeptide folding of the reduced form of
dichain BoNT/E. Hence the temperature-dependent unfolding
results suggest that disulfide reduction in the nicked form of
BoNT/E introduces specific structural changes in the protein.
Tertiary Structural Changes in BoNT/E Monitored

by UV/Vis Absorbance and Fluorescence Spectroscopy.
Tertiary structural changes were estimated by monitoring sur-
face/solvent accessibility of aromatic amino acid residues and
thermal unfolding of BoNT/E.

Comparative polypeptide folding of single chain BoNT/E and
dichain BoNT/E in both reduced and nonreduced forms was
analyzed in terms of topography of Trp residues using fluores-
cence emission spectroscopy upon excitation of the samples at
295 nm at 25 �C.All of these forms of BoNT/E exhibited identical
scans with emission maximum at 331 nm indicating identical
surface accessibility of Trp residues in these forms (data not
shown).

UV second derivative spectroscopy is a very useful probe for
monitoring conformational changes occurring in proteins that
affect the environment of Tyr residues (12, 19).

The UV absorption spectra of single chain BoNT/E, reduced
single chain BoNT/E, dichain BoNT/E, and reduced dichain
BoNT/E were recorded between 240 and 320 nm and were
derivatized to the second order. Polypeptide folding of BoNT/E

was further analyzed by folding and unfolding patterns as a
function of temperature. Unfolding of the neurotoxin was
followed by monitoring the exposure of tyrosine residues which
was in turn monitored by examining changes in the a/b ratio as a
function of temperature. Changes in a/b ratio between native and
unfolded forms of proteins is related to the changes in micro-
environments of tyrosine residues which become more polar
following protein denaturation.

It was observed that with increasing temperatures the
a/b ratios were altered significantly. In the case of single chain
BoNT/E, the a/b ratio was found to decrease with increasing
temperatures. The a/b ratios at 25 and 45 �C were found to be
2.3(0.1 and 1.5( 0.1, respectively, reflecting a decrease of 36%
in the a/b ratio (Figure 4B). Beyond 45 �C, it was difficult to
accurately measure the peak ratios due to noise in the spectrum
which may indicate the beginning of aggregation of the protein
upon heating. A marked decrease in the a/b ratio upon heating
indicates less exposure of tyrosine residues (20). A lower exposure
may indicate either a refolding in the proteins resulting from
exposure to a nonpolar environment or a tighter construction of
the protein near the tyrosine residues. We prefer the first
explanation, as it is difficult to conceive a tighter construction
of the protein upon heating, unless we assume precipitation,
which was not apparent in the samples. In any case, our
observation suggests that significant changes in the polypeptide
folding of single chain BoNT/E occur upon heating.

The reduced form of the single chain BoNT/E also displayed a
similar pattern. Upon heating, there was a constant decrease in
the a/b ratio. The second derivative spectrum could be accurately
recorded up to 45 �C. The a/b ratios at 25 and 45 �C were 2.2 (
0.1 and 1.7 ( 0.0, respectively, reflecting a 23% decrease
(Figure 4B).

After nicking, the neurotoxin behaved differently. It was
observed that with increase in temperature to 35 �C the a/b ratio
decreased. However, when the protein was further heated to
37 �C, there was a slight increase in a/b ratio, indicating exposure
of tyrosine residues at this temperature. Upon further heating,
the a/b ratio continued to decrease up to 50 �C beyond which the
ratios could not be accurately measured (Figure 4B).

Interestingly, the reduced form of the nicked BoNT/E exhib-
ited a dramatically different unfolding pattern. It was observed
that with increasing temperatures the a/b ratio continually
increased up to 37 �C in contrast to the behavior of the
nonreduced form of the nicked neurotoxin. At 37 �C, maximum
exposure of Tyr residues was observed, suggesting that the Tyr
residues are more mobile at this temperature. The a/b ratios at
25 and 37 �Cwere 2.0( 0.0 and 2.5( 0.1, respectively (Figure 4).
Thus an increase of 20% in the a/b ratio was observed at 37 �C
from that at 25 �C. The calculated fraction of tyrosine residues
exposed to solvent at this temperature was 84.8%. Thus of the 67
Tyr residues in BoNT/E neurotoxin, 56 are exposed at 37 �C in
the reduced formof the nicked neurotoxin.Upon further heating,
the a/b ratio decreased up to 45 �C. At 50 �C the a/b ratio
remained virtually the same as that at 45 �C (Figure 4B). Beyond
this temperature (50 �C) the derivative peak positions could not
be accurately measured.

A 1.2-fold higher Tyr exposure in reduced dichain BoNT/E at
37 �C compared to the nonreduced form suggests that the peptide
segments containing exposed Tyr residues are more accessible to
the surface in the reduced nicked neurotoxin than in the
nonreduced form. A significant change in the polypeptide folding
is likely to affect the degree of tyrosine residues exposed to the

Table 1: Thermodynamic Parameters for Temperature-InducedDenatura-

tion of BoNT/E Based on the CD Signal at 222 nm

protein ΔH (kJ/mol) ΔS (J/(K 3mol)) ΔG (kJ/mol) Tm (�C)

single chain

BoNT/E

233.7 ( 3.8 709.4( 11.3 22.5( 0.3 53.5( 0.3

reduced single

chain BoNT/E

226.4( 0.8 673.6 ( 15.3 21.6( 0.2 53.6( 0.2

dichain BoNT/E 230.6( 3.4 698.6( 13.5 22.1( 0.4 52.9( 0.4

reduced dichain

BoNT/E

171.6( 4.7 519.5( 12.5 16.8( 0.3 54.1( 0.2

FIGURE 3: Thermal denaturation profile of single chain BoNT/E,
reduced single chain BoNT/E, dichain BoNT/E, and reduced dichain
BoNT/E, dissolved in 10 mM sodium phosphate buffer, maintained
at pH 7.0, and monitored by recording the CD signal at 222 nm.
Sample was heated at a rate of 2 �C/min.
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protein surface. Since Tyr residues are hydrophobic in nature,
their greater accessibility may reflect more flexibility in the
polypeptide folding of the reduced dichain BoNT/E.
Enhancement of Endopeptidase Activity of BoNT/E

upon Nicking and Reduction of Disulfide Bond. Endopepti-
dase activities of reduced single chain BoNT/E, dichain BoNT/E,
and reduced dichain BoNT/E were analyzed by their ability to
proteolytically cleave recombinant SNAP-25 protein as a func-
tion of temperature. Under nonreducing conditions, single chain
BoNT/E has been shown to exhibit practically no endopeptidase
activity (31). Hence only the reduced form of single chain BoNT/E
was assayed for enzymatic activity.

It was observed that the reduced form of single chain BoNT/E
at 200 nM concentration cleaved about 22% of SNAP-25 at
37 �C. It displayed maximum activity at 45 �C, leading to an
average cleavage of 78% (Figure 5). BoNT/E in its dichain
(nicked) form exhibits an increase in functional stability of the
neurotoxin against temperature as it was able to optimally cleave
77% of SNAP-25 at 50 �C (Figure 5).

Reduction of the disulfide bond in dichain BoNT/E intro-
duced major changes in its enzymatic activity at different
temperatures. Upon reduction of the disulfide bond, the endo-
peptidase activity of the nicked BoNT/E reached a maximum at
the physiological temperature of 37 �C as revealed by the 77%

FIGURE 4: (A) Absorption and second derivative spectra of reduced dichain BoNT/E dissolved in 10 mM sodium phosphate buffer, pH 7.0, at
25 �C(top left), 37 �C(top right), 45 �C(bottom left), and50 �C(bottomright). “a” represents the arithmetic sumof the negatived2A/dλ2 at 285nm
and a positive d2A/dλ2 at 289 nm, and “b” represents the arithmetic sumof the negative d2A/dλ2 at 291 nmand the positive d2A/dλ2 at 295 nm. (B)
Effect of increasing temperature on the secondderivative ratio (a/b) of single chainBoNT/E, reduced single chain BoNT/E, dichainBoNT/E, and
reduced dichain BoNT/E dissolved in 10 mMNaPB, pH 7.0.
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cleavage of SNAP-25 (Figure 5), which is a 2.5-fold enhancement
from the endopeptidase activity of the nicked form of BoNT/E
under nonreducing conditions at 37 �C. As the temperature was
further increased to 45 �C, the endopeptidase activity dramati-
cally decreased, exhibiting only a 21% cleavage of SNAP-25 at
45 �C. Interestingly, at 50 �C, its enzymatic activity again
increased, and it was able to cleave 64% SNAP-25 at this
temperature (Figure 5). Beyond this temperature, the endopepti-
dase activity reduced significantly, and by 60 �C, it only displayed
minimal residual activity (4%) (Figure 5). These observations
suggest that the endopeptidase activity of BoNT/E is greatly
augmented upon nicking and reduction of the disulfide bond.

DISCUSSION

The endopeptidase activity of BoNT provides many unique
characteristics to attract attention not only for its physiological
role in causing the botulism disease but also for understanding
the mechanistics of enzyme selectivity and specificity. Generally,
each of the seven serotypes of BoNT targets one of the three
components of the SNARE complex involved in the exocytosis
process selectively cleaving exclusive sites (1, 10, 32). The fact
that the endopeptidases of all the serotypes target a process

(exocytosis) rather than a particular protein in the overall process
is intriguing. An effort has been made to identify a SNARE
motif (33) to explain common features of enzyme substrate being
recognized by all BoNT serotypes. However, the recent cocrystal
structure of BoNT/A and its substrate, SNAP-25 (34), revealed
exosites in addition to the active site on BoNT/A L chain, but
those exosites were not shown to interact with the SNAREmotifs
of the SNAP-25. Therefore, the structure of biologically active
BoNT capable of productive binding with its substrate is still not
clear.

The endopeptidase activity of BoNTs is expressed in the
holotoxin (consisting of L and H chains) only when the disulfide
bond linking the two chains is reduced (24, 25, 21). This
phenomenon has been generally explained by the suggestion that
the reduction of the disulfide bond relaxes the belt surrounding
the light chain, resulting in the exposure of the endopeptidase
active site to the substrate (14). However, the crystal structure of
BoNT/B under reducing and nonreducing conditions showed no
difference in the polypeptide folding (1), suggesting a mechanism
that might be related to the dynamic rather than the static
structure of the protein. Furthermore, chain separation is sug-
gested upon disulfide bond reduction, a process unlikely to
happen given noncovalent interactions involved between the

FIGURE 5: (A) SDS-PAGE analysis of endopeptidase activity of reduced single chain BoNT/E, dichain BoNT/E, and reduced dichain BoNT/E
at different temperatures using SNAP-25 as its substrate. 7.6 μMSNAP-25was incubatedwith 200 nM reduced BoNT/E at varying temperatures
for 30min. (B)Comparative endopeptidase activity analysis of reduced single chainBoNT/E, dichainBoNT/E, and reduced dichainBoNT/Eas a
function of temperature. Cleavage percentage of SNAP-25 by the neurotoxins was monitored at varying temperatures. The error bars represent
the standard deviation of three independent experiments.
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two chains. This issue is very important to understand the
mechanistics of enzyme-substrate interaction when the toxin is
intact with the heavy chain, particularly in a single chain form.
Recently, an idea has been advanced based on studies with crystal
structures and recombinant proteins corresponding to the
BoNT/A light chain (35-37), which proposes that for binding
of the substrate the heavy chain belt needs to be displaced from its
binding track on the light chain so that the same track is utilized
by the substrate to bind to the light chain. It is possible to assume
that disulfide reduction in the dichain BoNT might allow
displacement of the belt; disulfide reduction of the single chain
BoNT is unlikely to allow for such a relaxation as the domains
of the two chains still remain covalently linked as a single poly-
peptide.

BoNT/E provides a unique system not only to investigate this
mechanism of action in the single and dichain forms but also to
study the effect of reduction of the disulfide bond on its structure
and endopeptidase activity, as some of these questions can be
addressed by examining the structure and endopeptidase activity
of BoNT/E in its single chain form and comparing it with the
dichain form with and without the reduction of the disulfide
bond.

Transformation of single chain BoNT/E into the dichain form
is well-known to enhance its toxicity (12). However, the molec-
ular basis of this activation is not clearly understood. While the
far-UV CD spectra and the temperature denaturation curves
show no apparent distinction in single and dichain BoNT/E
(Figures 2 and 3), the temperature-dependent changes in Tyr
exposure suggest that significant differences are introduced in the
polypeptide folding of single chain BoNT/E upon its nicking into
the dichain (Figure 4). Interestingly, reduction of the disulfide
bond in the single chain BoNT/E showedminimal variation from

the nonreduced form, but reduction of the dichain BoNT/E
showed a dramatically different temperature-induced profile of
changes in Tyr exposure as shown by a substantial peak in the a/b
ratio at 37 �C.

The most dramatic observations in this study are the optimum
temperature of endopeptidase activity in the reduced single and
dichain BoNT/E and the unreduced dichain BoNT/E (Figure 5).
The three samples showed optimum endopeptidase activity at 45
(single chain BoNT/E) or 50 �C (dichain BoNT/E), and reduced
dichainBoNT/E showed two temperature optima (37 and 50 �C).
While maximum activity at 37 �C is understandable and has been
observed for BoNT/A (17, 21), the maximum at 45 or 50 �C is
entirely unexpected given the spectroscopic data showing sig-
nificant loss of the secondary structure (Figure 3) which is
accompanied by substantial change in the tertiary structure
(Figure 4). The increased dynamic flexibility at this stage could
play an important role in the favorable interactions of SNAP-25
with BoNT/E at this temperature.

The reduced form of dichain BoNT/E displayed maximum
exposure of Tyr residues at the physiological temperature of
37 �C and optimum endopeptidase activity at this temperature.
Changes in Tyr exposure as a function of temperature suggested
increased intramolecular mobility and the presence of a loose
hydrophobic core in the reduced form of the nicked BoNT/E at
37 �C relative to that at 25 �C. This conformation of BoNT/E
favors maximum specific binding with SNAP-25 leading to the
optimal cleavage of the latter, an observation that is consistent
with the temperature profile of BoNT/A endopeptidase activ-
ity (17). It is likely that the relatively tighter tertiary structure at
37 �C in the single chain form may not have adequate groups
available for its interaction with the substrate protein. Figure 6
is a schematic cartoon representation of the activation of

FIGURE 6: Schematic cartoon representation of the activation of the endopeptidase activity of BoNT/E upon nicking and reduction of disulfide
bond facilitating binding and subsequent cleavage of its substrate, SNAP-25, at varying temperatures. The substrate, SNAP-25, is represented by
themagentamolecule. The enzyme (reduced formof nickedBoNT/E) is represented byblue and cyan colors. The cyan-colored structure is used to
more sharply define the active site. At 25 �C, the enzyme does not interact efficiently with the substrate and exhibits only 25% of endopeptidase
activity. At 37 �C, the enzyme adapts a higher degree of flexibility in its polypeptide folding facilitatingmaximum interaction with SNAP-25. The
polypeptide chains being flexible fit around the substrate.This subsequently leads tooptimal cleavageof SNAP-25.Upon further heating to45 �C,
the enzyme is distorted to the degree that it is not capable of binding efficiently to the substrate, and it retains 25%of its optimal activity. At 50 �C,
however, the enzyme again experiences some flexibility, and its interaction with SNAP-25 is suboptimal, leading to around 80% of its optimal
endopeptidase activity.
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endopeptidase activity of BoNT/E upon nicking and reduction of
the disulfide bond that may facilitate the binding and subsequent
cleavage of SNAP-25 at varying temperatures. The nonreduced
form of dichain BoNT/E displayed maximum enzymatic activity
at 50 �C, further favoring the strong correlation between protein
flexibility and enzyme functionality. The reduced form of dichain
BoNT/E was also found to exhibit significantly higher activity at
50 �C after reduction in the enzyme activity at 40 and 45 �C
(Figure 5). At this temperature the enzyme activity of reduced
single and dichain BoNT/A,while significantly different from the
nonreduced dichain BoNT/E, is identical, suggesting the strong
influence of the disulfide bond reduction on the folding of the
protein. Since the denaturation curves monitored in terms of
both far-UVCD (secondary structure) and second derivative UV
spectroscopy (Tyr exposure) look quite different for these two
samples (reduced form of single and dichain BoNT/E), the
function would have to be related to either the remaining
secondary structure features of the two proteins or a degree of
dynamic interactions allowed equally in reduced single and
dichain BoNT/E at 50 �C.

Unreduced dichain BoNT/E shows optimum enzyme activity
at 50 �C than the reduced dichain BoNT/E (Figure 5), perhaps
owing to the restricted flexibility of critical domains due to the
disulfide bond. Reappearance of enzyme activity in reduced
dichain BoNT/E at 50 �C could be due to either its less than
optimum interaction with SNAP-25 or decreased catalytic effi-
ciency of the enzyme, leading to around 80% of its optimal
endopeptidase activity. The point will be clarified with further
research to obtain enzyme kinetic parameters and binding
constants. This phenomenon of double optimal activity in
BoNT/E is unique and very different from the behavior of
BoNT/A (data not shown).

An application of BoNT/E endopeptidase activitymay include
detection of enzymatically active BoNT/E in environmental
samples andbiological fluids.Detection of BoNTand confirming
its biological activity are very important for taking preventive
and corrective measures (38, 39). A major problem in determin-
ing the endopeptidase activity in biological fluids is the inter-
ference from other proteases present. However, such proteases
are denatured at 50 �C, thus allowing BoNT/E endopeptidase
activity to be measured exclusively.

Protein function is largely dependent on themaintenance of an
appropriate balance between molecular stability and structural
flexibility (40). The ability to easily move between closely related
conformations forms the basis of enzyme functionality. Since
conformational motions of enzymes that are functionally im-
portant require thermal energy from the surrounding medium,
temperature plays an important role in enzyme flexibility (40).
The pseudothermodynamic parameters derived from the thermal
denaturation curves indicate that the reduced form of nicked
BoNT/E adapts a higher degree of flexibility in its polypeptide
folding (Table 1). The reduction of the disulfide bond in general is
known to lead to protein instability (41) and, in this case, is
sufficient to introduce changes in BoNT/E to enhance its
endopeptidase activity even at 37 �C.

The solution structural information of BoNTs has indicated
a more flexible structure upon reduction of the disulfide bond
(21, 42). It has recently been shown that the activation mechan-
ism of BoNT/A by reduction of the interchain disulfide bond
involves a molten globule state under physiological temperature
conditions (17). The nonreduced form of BoNT/A, on the other
hand, does not exist in such a conformation. Examination of the

biological activity suggests that the molten globule state of
BoNT/A under reducing conditions is the enzymatically active
structure (17). Hence the flexible conformation of reduced
BoNT/A at physiological temperature is highly related to its
endopeptidase activity and therefore plays a critical role in the
intracellular intoxification process. BoNT/E in its reduced
dichain form adapts a higher degree of flexibility in its polypep-
tide folding at 37 �C and can optimally cleave SNAP-25 at this
temperature. Thus like BoNT/A, there may exist a strong
correlation between this flexible conformation of BoNT/E at
the physiological temperature and its endopeptidase activity.

The crystal structures of BoNT/A and BoNT/B holotoxin and
more recently of BoNT/E have been resolved (14, 43, 16). The
X-ray crystallographic structure of BoNT/A provides a clue to
the possible role of disulfide reduction in the activation of
BoNT/A endopeptidase activity. The active site in BoNT/A is
buried 20-24 Å deep in the protein matrix and is partially
shielded by a belt from theN-terminal domain of the heavy chain
involved in the disulfide bond formation (14). The reduction of
the disulfide bond presumably allows accessibility of the active
site to the substrate. In BoNT/B, however, the active site is buried
only 16 Å deep, and the belt from the N-terminal region of the
heavy chain does not occlude the active site of the protein (43).
Nevertheless, BoNT/B requires reduction of the disulfide bond
between the light and heavy chains for activation of its endo-
peptidase activity (44). The recent X-ray crystal structure of
BoNT/E holotoxin indicates a unique domain organization
wherein the catalytic and binding domain are on the same side
of the translocation domain much unlike that of BoNTs A and
B (16). The double optima feature of the endopeptidase activity
of BoNT/E is also a significant uniqueness of BoNT/E. Could
these structural and functional features be correlated? There is no
obvious relationship. Furthermore, it notable that crystallization
of BoNT/E was reportedly difficult apparently due to the
flexibility of the structure (16). Such a flexibility is not predictable
from the denaturation curves of BoNT/E which show sharp
denaturation transition, at least under single chain conditions
(Figure 3). A notable observationmade in the crystal structure of
single chain BoNT/E that the unique organization of catalytic
and binding domains vis �a vis BoNT/A is not due to the nicking
may have to be considered tentative as we have observed
substantial structural differences in the denaturation of single
and dichain BoNT/E, at both the secondary and tertiary struc-
ture levels (Figures 3 and 4). The dichain BoNT/E showed
denaturation in two phases at the tertiary structural level (in
terms of Tyr exposure), which may be related to a multistate
denaturation process, generally reflective of independent unfold-
ing of domains or subunits. A compact structure shown in the
crystal structure may be different at least in the reduced form of
the dichain BoNT/E in solution, based on its broad unfolding
process and double enzyme activity maxima, both reflective of
flexible structures even at 50 �C.

Although crystallographic data provide useful information on
the general folding patterns of BoNTs, there is a lack of
consistent structural information of the biologically active
enzyme. Structural characteristics in solution reveal a major role
of the dynamic structure in the functioning of the molecule which
is important for the design of effective inhibitors. It has been
already observed that inhibitors identified in in vitro experiments
seem to not work under in vivo conditions and vice versa (45), or
the endopeptidase active site shows substantial flexibility (46),
suggesting that structural dynamics may play a major role in the



2518 Biochemistry, Vol. 49, No. 11, 2010 Kukreja et al.

interaction of BoNT endopeptidase to the inhibitors. An under-
standing of molecular mechanism of action of botulinum
neurotoxin may suggest a variety of ways to inhibit their action
and rescue poisoned nerve cells. Our observations with single and
dichain BoNT/E, that rather than a static structure it may be the
dynamics of the protein folding that plays a significant role in
enzyme-substrate interaction,may open new avenues to counter
and utilize these toxic proteins.

In summary, we have characterized the structure of BoNT/E in
single and dichain forms in terms of surface accessibility of Tyr
and Trp residues and correlated their structural traits with the
expression of enzymatic activity. Surface accessibility of Tyr
residues appears to play an important role in the active endo-
peptidase structure of BoNT/E. Reduction of the disulfide bond
induces exposure of the hydrophobic segments introducing
flexibility in the polypeptide folding in the nicked form of
BoNT/E. Such reduction-induced increase in the flexibility of
the polypeptide folding provides a rationale for themechanism of
BoNT/E endopeptidase against its intracellular substrate,
SNAP-25, even at the unusually high temperature of 50 �C.
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