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ABSTRACT. Seven serotypes of botulinum neurotoxins, the most toxic substances known to mankind, are
each produced by different strains@lostridium botulinumalong with a group of neurotoxin-associated
proteins (NAPs). NAPs play a critical role in the toxicoinfection process of botulism in addition to their
role in protecting the neurotoxin from proteolytic digestion in the Gl tract as well as from adverse
environmental conditions. In this study we have investigated the effect of temperature on the structural
and functional stability of BoNT/A complex (BoNT/AC) and BoNT/E complex (BoNT/EC). Although

the NAPs in the two complexes are quite different, both groups of NAPs activate the endopeptidase
activities of their BONTs without any need to reduce the disulfide bonds between light and heavy chains
of respective BoNTs. BONT/AC attains optimum enzyme activity at the physiological temperature of
37 °C whereas BONT/EC is maximally active at 4&, and this is accompanied by conformational
alterations in its polypeptide folding at this temperature, leading to favorable binding with its intracellular
substrate, SNAP-25, and subsequent cleavage of the latter. BONT/A in its complex form is found to be
structurally more stable against temperature whereas BoNT/E in its complex form is functionally better
protected against temperature. Based on the analysis of isolated NAPs we have observed that the structural
stability of the BONT/AC is contributed by the NAPs. In addition to the unique structural conditions in
which the enzyme remains active, functional stability of botulinum neurotoxins against temperature plays
a critical role in the survival of the agent in cooked food and in food-borne botulism.

Botulinum neurotoxin (BoN7) is known to be the “most by pH induced translocation, and finally acting in the cytosol
poisonous of all poisons”j. The seven immunologically  to block neurotransmitter releasg 7). BONTs possess Zh
distinct serotypes of BONT (AG), each produced by various endopeptidase activity against a select group of neuronal
strains ofClostridium botulinumact on the neuromuscular  proteins involved in the exocytosis process, causing the
junction blocking the release of the neurotransmitter acetyl- blockage of acetylcholine release at the neuromuscular
choline, thereby resulting in flaccid muscle paraly&s3). junction @, 9). BoNT serotypes A and E target the synap-
Although BoNT is the causative agent of the most dreaded tosomal-associated protein of 25 kDa (SNAP-25). BoNT B,
food poisoning disease, botulism, it also remarkably servesD, and F target the vesicle-associated membrane protein
as a powerful tool to treat an ever expanding list of medical synaptobrevin, also known as VAMP, and BoNT C cleaves
conditions related to neuromuscular disordetss). syntaxin and SNAP-2510, 11).

Botulinum neurotoxin is a 150 kDa protein composed of  The most common source of botulism is by ingestion of
a heavy chain (100 kDa) and a light chain (50 kDa) linked 44 contaminated with spores 6f botulinumand preserved
via disulfide bond(s) and noncovalent interactions. To ,nder anaerobic conditions that favor germination of spores
produce |ts_ toxic effect, the'toxm progresses through a series; 4 secretion of the neurotoxinZ). All BoNT serotypes
of well-defined steps that includes binding to receptors on 4e sensitive to the low pH and proteases of the gastric juice

the surface of cholinergic nerve endings mediated by the (13 The neurotoxins are associated with a group of nontoxic
C-terminus of heavy chain, penetrating the plasma membrane, teins called NAPs (neurotoxin-associated proteins) in the

by receptor-mediated endocytosis, penetrating the endosome, e fluids to form large complexes which are designated
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small intestine or in alkaline conditiond7), implying no and a path length of 1 mm, at 2@€. BoNT/AC and /EC
further roles of NAPs beyond translocation across the gut samples dissolved in 10 mM NaPB (sodium phosphate
wall. buffer), pH 6.0, in the range of 0.2 to 0.3 mg/mL were used
Because of the extreme toxicity and stability of BoNT in for far-UV CD measurements. A total of five scans were
the presence of NAPs, BoONT complexes are on the top of recorded and averaged to increase the signal-to-noise ratio.
the list of biological warfare agentg1). Ironically, it is the The final spectra were obtained after subtracting the buffer
complex form of the BoNT that is used as therapeutic agent spectrum from the sample spectrum. Secondary structure
to treat several muscular disorders and in cosmetic applica-elements were estimated according to previously established
tions 22), and NAPs may play a natural formulating agent proceduresZ8). Near-UV CD spectra in the 25B40 nm
for stable BoNT product. Furthermore, under certain condi- region were recorded using a 10 mm cell containirgl 2
tions, such as direct injection of BONT complex locally to mg/mL protein dissolved in 10 mM NaPB, pH 6.0, at
treat neuromuscular disorders, NAPs could play further role 20 °C. A scanning rate of 20 nm/min, response time of 8 s,
in the action of the toxin by dramatically enhancing its and bandwidth of 1.0 mm were used. Final spectra, repre-
endopeptidase activity?8, 18). senting the average of at least five tracings, were corrected

BONT produced in culture fluids with NAPs as complexes for the buffer spectrum.
exist in three different forms. 19S referred to as the ‘extra  Thermal DenaturationThermal denaturation of BoNT/
large’ or LL complex, 16S complex referred to as ‘large’ or AC and BoNT/EC was performed by increasing the tem-
L toxin, and 12S known as M complex. BoNT/AC is known Perature of the sample from 20 to 9C, with a slope of
to exist in M, L, or LL forms. BoNTs B, C, D, and E 2 °C/min, using a Jasco PTC-340W temperature control
complexes exist in M and L form24, 25, 15). BONTs A, module. The far- and near-UV CD signals were monitored
B, and E are responsible for majority of cases of human at 222 and 280 nm, respectively. All of the experiments were
botulism @6), and hence any information obtained on the repeated. at least three times using differ.ent preparations of
functional structure of BoNTSs could provide an opportunity the botulinum complexes. Thermodynamic parameters were
to design inhibitors and antidotes against human botulism. calculated according to the methods described previo28Jy (

Since much is known about the critical role of NAPs in

the enhanced endopeptidase activity of BONT/AS, 23), _ Tertiary Structural Analysis Using UMk Second Detia-
and protection against proteases, heat, and acidity, a com!iv€ SpectroscopyAbsorption spectra of BONT/AC and
parative study of the structurdunction relationship of ~ BONT/EC were recorded between 240 and 320 nm using a

BoNT/AC with newly identified BoNT/ECZ5) will provide Jasco UV/vis spectrophotometer equipped.with a temperature
a basis for deciphering the details of mechanism of their control module. The spectra were derivatized to the second

action at the molecular level which is important to BoNTs ©rder. The ratio of a (an arithmetic sum of the negatit&/ d
clinical applications and for developing antidotes against 94” at 285 nm and a positived/di? at 289 nm) and b (an
botulism. NAPs of BONT/AC are quite different from that afithmetic sum of the negative?Afdi? at 291 nm and the
of BONT/EC. An examination of their cumulative role in POSitive dA/dA? at 295 nm) was measured at different
intact complex of BoNT/A and BoNT/E provides a unique (€mperatures. The degree of tyrosine exposure for BoNT/
opportunity to understand their structural and functional role AC was calculated according to the methods as described
in the neurotoxin action. Furthermore, BONT/E targets the Previously €9, 30, 31). o
same intracellular substrate SNAP-25 as BoNT/A; thus, Fluorescence Spectroscojjuorescence emission spectra
intense structural and biochemical analysis on BoNT/EC will Of BONT/AC and BoNT/EC were recorded using an ISS K2
provide an opportunity to compare with BONT/AC especially fluiorometer (Champaign, IL). The fluorescence spectra were
for its relevance to binding and recognition of SNAP-25.  récorded using an excitation wavelength of 295 nm. The
In this study, we have investigated the effect of temper- excitation and emission slit widths were set to 8 nm. In or_der
ature on the structural and functional stability of BONT/A to minimize the inner filter effect, the sample concentration
and E complexes. The results indicate that BoNT/AC is was fixed such that the absorbance at 295 nm was less than

: 0.1.
structurally more stable than BONT/EC against temperature . . . .
y d P Enzymatic Actiity Assay.The endopeptidase activity of

whereas BoNT/EC is functionally better protected against ) ; L
temperature in comparison to BONT/AC. Functional stability BONT/AC and BONT/EC was estlm_ated using their intrac-
ellular target protein, recombinant His-tagged rat SNAP-25a,

of the botulinum complexes against temperature plays a .
critical role in the survival of the agent in cooked food and as 'spbstrate. The temperature effect on the endt_)peptldase
in food-borne botulism. activity of the botulinum complexes was examined by
incubating 6uM SNAP-25 with 200 nM BoNT/AC, and
EXPERIMENTAL PROCEDURES 6.4uM SNAP-25 with 200 nM BoNT/EC, at the designated
temperature for 30 min in an assay buffer (50 mM Tris,
BoNT/AC and BoNT/EC Growth and Isolatioifhe 10 mM sodium phosphate, 300 mM NacCl, 2 mM MgCl
procedure for the purification of BONT/AC was adapted from 0.3 mM CaC}, and 0.1% Nah pH 7.6). The cleavage
previously established procedur@y). BONT/EC was puri-  reaction was terminated by addition of SDS-PAGE sample
fied according to the method of Singh and Zha@§)( buffer, and the samples were then separated 68086
Structural Analysis by Circular DichroismCircular sodium dodecyl sulfatepolyacrylamide gel electrophoresis
dichroism (CD) spectra were recorded using a Jasco Model(SDS-PAGE). The electrophoresis was run using a Mini
715 spectropolarimeter (Jasco Inc., Easton, NJ). For far-UV Protean Il system from BioRad (Hercules, CA) at 25
CD measurements, spectra were recorded from 190 to 250under a constant voltage of 200 V. The bands on the gel
nm at a speed of 20 nm/min, with a response time of 8 s were visualized by Coomassie blue staining. The amount of
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Ficure 1: A, SDS-PAGE analysis of BONT/AC and BoNT/EC
under nonreducing conditions visualized by Coomassie blue stain-
ing. Lane 1: High molecular mass protein marker; lane 2: BoNT/
AC; lane 3: BONT/EC; lane 4: low molecular mass protein marker.
B, Schematic diagram showing the genomic organizatio€.of
botulinumtype A (20) and their expressed proteins in forming
BoNT/AC. C, Schematic diagram showing the genomic organiza-
tion of C. botulinumtype E (L7) and their expressed proteins in
forming BoNT/EC.
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Ficure 2: A, SDS-PAGE analysis of endopeptidase activity of
BoNT/AC at different temperatures using SNAP-25 as its substrate.
SNAP-25 (6uM) was incubated with 200 nM BoNT/AC at varying
temperatures for 30 min. B, SDS-PAGE analysis of endopeptidase
activity of BONT/EC at different temperatures using SNAP-25 as
its substrate. SNAP-25 (6:4M) was incubated with 200 nM BoNT/

EC at varying temperatures for 30 min. C, Endopeptidase activity
of BONT/AC and BoNT/EC as a function of temperature. Cleavage
percentage of SNAP-25 by BONT/AC and BoNT/EC was monitored
at varying temperatures. The error bars represent the standard
deviation of three independent experiments.

55 60 65

BoNT/EC @3, 32, 17, 25, 31Chang and Singh, unpublished
results). A schematic model of BONT/AC and BoNT/EC
genes and their expressed proteins is shown in Figures 1B
and 1C, respectively.
Heat-Actvated Z@* Endopeptidase Actity of BONT/A

and BoNT/E Neurotoxin Complekhe substrates for the zinc
endopeptidase activity of BONTSs are the components of the
cellular secretory machinery. The 25 kDa synaptosomal-
associated protein (SNAP-25) is the intracellular substrate
for BONT/A and BoNT/E. To investigate the functional

uncleaved SNAP-25 was scanned on a GEL LOGIC 100 giapility of BoNT/AC and BoNT/EC against temperature,

Image system and analyzed and quantified using the Kodakye getermined their endopeptidase activity on SNAP-25 as
Image analysis software (Eastman Kodak Co., Rochester,, fynction of temperature. It was observed that the endopep-
NY). The percentage of cleavage was calculated by compar-tiqase activity of BONT/AC at 200 nM concentration reaches
ing the density of the uncleaved SNAP-25 band to that of 5 haximum at 37C (Figure 2A), as revealed by the 61.0
the control SNAP-25. + 1.9% cleavage of SNAP-25 (Figure 2C). As the temper-
RESULTS ature was further increased, it was observed that BONT/AC
retained 33% of the optimum enzymatic activity at %D,
BoNT and NAPs in BoNT /AC and BoNT/ERxeshly and beyond this temperature it displayed only residual
prepared BoNT/AC and BoNT/EC each exhibited six Coo- activity (Figure 2C). BONT/EC at 200 nM, on the other hand,
massie blue stained protein bands when analyzed on awas found to have optimum enzymatic activity at 45
4—-20% SDS-PAGE gel under nonreducing conditions (Figure 2B), where it cleaves 9641 3.6% SNAP-25 as seen
(Figure 1A). For BoNT/AC the protein bands correspond to in Figure 2C. BONT/EC retained significant activity (42%
145 (BoNT/A), 120 (NBP: neurotoxin binding protein), 53 of the optimum enzyme activity) even at a high temperature
(NAP-53), 33 (Hn-33), 20 (NAP-20), and 14 kDa (NAP- of 55 °C, and beyond this temperature it retained only
14) (23). For BONT/EC, the protein band correspond to 138 residual activity. To confirm that the optimum activities of
(BONT/E), 118 (NBP), 80 (NAP-80), 60 (NAP-60), 40 BONT/AC and BoNT/EC were not higher than 3T, or
(NAP-40), and 18 kDa (NAP-18)1{, 25, 32). The assign- lower than 45°C, respectively, we monitored the endopep-
ments of bands observed on SDS-PAGE gels are based oridase activity of both BONT/AC and BoNT/EC at an interim
previous biochemical and genetic analysis of BONT/AC and temperature of 40C and observed that the activity of BONT/
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Ficure 3: Far-Uv CD spectra of BONT/AC and BONT/EC  Figure4: Thermal denaturation profile of BONT/AC and BoNT/

recorded at 20C in 10 mM sodium phosphate buffer, pH 6.0.  Ec monitored by recording the CD signal at 222 nm. Sample was
Spectral recording was carried out at a speed of 20 nm/min and heated from 20 to 96C, at a rate of Z2C/min.

with a response time of 8 s. Baseline corresponding to the buffer
solution was subtracted.

Table 2: Thermodynamic Parameters for the Temperature-Induced

- - Denaturation of BONT/AC and BoNT/EC Based on the CD Signal
Table 1: Secondary Structure Estimation of BONT/A and BONT/E 5t 222 nm

Complexes -
- - protein  AH (kJ/mol) AS(J/K.mol) AG (kJ/mol) Tn(°C)
protein  a-helix (%) S-sheets (%) f-turns (%) random (%)
BoNT/AC 351.3+18.4 995.1+519 51.3+38 75.6+1.4

BoNT/AC  12.7+1.6 49.8£35 9.14+29 285£0.6 BONT/EC 115.3+5.3 337.9+15.7 14.6+0.8 63.2+0.8
BONT/EC 324429 418+62 86+17 17.3+27

) ) wherein it undergoes a broad and slow unfolding transition
AC remained highest at 37C and that of BONT/EC was  fom 48 °C to 75 °C indicative of a noncooperative

optimum at 45°C. unfolding. These observations suggest that BoNT/EC is
In an effort to confirm that SNAP-25 itself was not Conformationa"y less stable than BoNT/AC.

degrading at such high temperatures, BoNT/AC and BoNT/  Temperature-induced unfolding of BONT/AC and BoNT/

EC alone were heated to different tempel’atures and thenEC resulted in aggregate formation, as observed for many

added to SNAP-25. The reaction was allowed to proceed at|arge proteinsZ4). To estimate thermodynamic parameters

37 °C for 30 min. This experiment confirmed that BONT/  of protein unfolding, it is assumed that the process occurs

AC and BoNT/EC are optimally active at 3T and 45°C,  as a single reversible phenomenon. Therefore, it was not
respectively, and that BoNT/EC retains 40% enzyme activity appropriate to calculate true thermodynamic paramexe®s (
even at a high temperature of 36 (data not shown). AS andAH) (29, 35). Calculation of pseudo-thermodynamic

Temperature-Induced Conformational Transitions in parameters revealed thaH, AS andAG values for BoNT/
BoNT/A and BoNT/E Neurotoxin Complex@&s. elucidate ~ AC were approximately three times higher than those for
the structural basis of their differential temperature profile BoNT/EC (Table 2). These results indicate a higher degree
of enzyme activity, we first analyzed the secondary structures of flexibility in the polypeptide folding of BoNT/EC in
of BONT/AC and BoNT/EC by far-UV CD. As seen in  comparison to BONT/AC.

Figure 3, significant difference in the far-UV CD signal at ~ To understand the structural basis of differential enzyme
222 nm was observed for the two complexes. BONT/EC was activities of BONT/A in its purified and complex forms, we
found to have morer-helical structure than BONT/AC as  analyzed the secondary structures of BoNT/A in complex
indicated by the secondary structure estimation of the two and purified forms and the structure of NAPs that were
proteins (Table 1). In addition, the far-UV CD signal at 208 isolated from BoNT/AC, by far-UV CD. As seen in Figure
nm indicated that BONT/AC possesses more random coil 5, BoNT/AC exhibits a different spectral profile as compared
structure than BoNT/EC. This suggests different conforma- to that of pure BoNT/A. Spectral analysis revealed that
tions for the two complexes, as would be expected from their BoNT/A has 43% morex-helical structure than BoNT/AC
different composition of proteins. or isolated NAPs. While it has not been possible to separately

To further distinguish the molecular folding patterns of monitor BoNT/A structure within the complex, the dramatic
the two complexes, thermal denaturation analysis was carrieddifference in the protein secondary structure of BONT/A in
out. Upon heating, BoNT/AC exhibited a sharp typical its purified and complex forms suggests that the interaction
unfolding transition with melting temperatur&.{) of around with NAPs leads to substantial changes in BoNT/A. To
75 °C (Figure 4). BONT/EC, on the other hand, exhibited a further investigate differential molecular folding profile of
significantly different transition curve with a smooth but slow BONT/A in its complex and purified forms, we carried out
unfolding transition. TheT,, for BONT/EC unfolding was temperature-induced unfolding of the proteins. BONT/AC
63 °C, indicating a relatively unstable structure (Figure 4). exhibited a typical unfolding transition with a melting
Comparison of the temperature-induced unfolding profile of temperature T,) of 75 °C. NAPs unfolded withT,, of
BoNT/AC and BoNT/EC indicated that BONT/AC displays 72 °C whereas;T, for pure BoNT/A unfolding was found
an abrupt cooperative pattern of unfolding which starts from to be 54°C (Figure 5, inset). This suggests that interaction
70 °C and ends at 80C, indicative of a two-state (NU) of NAPs with the neurotoxin in the complex enhances its
unfolding whereas BoNT/EC exhibits a gradual unfolding structural stability against temperature. Taken together, these
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FIGURE 7: Fluorescence emission spectra BoONT/AC and BoNT/
EC dissolved in 10 mM sodium phosphate buffer, maintained at
Ficure 5: Far-UV CD spectra of BONT/AC, NAPs, and BoNT/A  pH 6.0. Spectral recordings were carried out at room temperature.
recorded at 20C in 10 mM sodium phosphate buffer, pH 6.0. Excitation wavelength was set at 295 nm. The absorbance at
Spectral recording was carried out at a speed of 20 nm/min and 295 nm was less than 0.1 for the samples. Excitation and emission
with a response time of 8 s. Baseline corresponding to the buffer slit widths were set at 8 nm.

solution was subtracted. Inset: Thermal denaturation profile BONT/
AC (=), NAPs (- - -), and BONT/A {----) monitored by recording
the CD signal at 222 nm. Sample was heated from 20 t&C @t

a rate of 2°C/min.

EC also shows major negative peaks at 261 and 269 nm
which can be ascribed to Phe residu28)( A shoulder at
278 nm can be attributed to the Tyr residues. A strong near-
UV CD signal at 280 nm for BONT/AC compared to BoNT/
EC indicates that Tyr residues in BONT/AC are deeply buried
in the protein matrix while BONT/EC has a looser hydro-
phobic core containing Tyr residues.

Results obtained when the thermally induced unfolding
of BONT/AC and BoNT/EC was examined by monitoring
the CD signal at 280 nm as a function of temperature were
the same as those seen when the unfolding was monitored
at 222 nm (data not shown). The low&k, observed for
BONT/EC again indicated a relatively unstable structure.

Comparative tertiary structural changes in BoNT/AC and
BoNT/EC as a function of temperature were also analyzed
by monitoring the topography of Tyr residues using UV
second derivative spectroscopy, and Trp residues using
Ficure 6: Near-UV CD spectrum of BONT/AC and BoNT/EC fluorescence em_iss_ion spectroscopy. Figure 7 shows the
recorded at 20C in 10 mM sodium phosphate buffer, pH 6.0. fluorescence emission spectra of BONT/AC and BoNT/EC
Spectral recording was carried out from 250 to 320 nm at a speedobtained between 310 and 450 nm after exciting the samples
of 20 nm /min and with a response time of 8 s. at 295 nm at 28C. Both BoNT/AC and BoNT/EC exhibited
identical scans with emission maximum at 327 nm. The
excitation at 295 nm selectively excites Trp residues. The
significantly blue-shifted emission maximum of Trp fluo-
rescencd fluorescence emission maximum of free Trp is at
around 350 nm 39)} in both BoNT/AC and BoONT/EC
suggest that fluorescent Trp residues in the proteins are
36). located in the hydrophobic environment of protein matrix

Near-UV CD technique is used to probe tertiary structural and that both BONT/AC and /EC have identical topography
changes in proteins that affect the environment of aromatic around Trp residues at room temperature.
amino acid residues3f, 38). The near-UV CD spectra of The second derivative UV absorption spectrum of BoNT/
the two complexes are dramatically distinct as seen in AC and BoONT/EC at 25C is shown in Figure 8A and 8B,
Figure 6. The near-UV CD spectrum of BONT/AC shows a respectively. The spectral region of interest for the deter-
major negative band at 280 nm (Figure 6), corresponding to mination of exposed Tyr residues is 28800 nm. The
asymmetry around Tyr residues. The shoulder at 286 nmspectra of both the proteins exhibited the typical second
corresponds to Trp residue39j. The shoulder observed at  derivative negative and positive peaks of proteins at 285,
265 nm can be attributed to Phe residues. BONT/EC, on the289, 292, and 295 nm4{, 40). Even though the peak
other hand, displayed a strikingly different near-UV CD positions in the second derivative spectrum of the two
spectrum (Figure 6). The band observed at 292 nm can becomplexes remained the same, there was significant differ-
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data suggest that the endopeptidase activity of BONT/A in
the complex where its disulfide bond remains intact may
reflect an enzymatically active conformational state which
may be similar to the enzymatically active molten globule
or PRIME conformation we have observed previougl$, (

assigned to th&_,, transition of Trp residueg, 23), while
the band observed at 286 nm corresponds télthansition
of Trp residues40). The near-UV CD spectrum of BONT/

ence in their a/b ratios indicating different topography around
Tyr residues in the proteins (Figure 8C). The ratio of a (an
arithmetic sum of the negative’A¥dA 2 at 285 nm and a
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Ficure 8: A, Absorption (---) and second derivative ) spectra

of BONT/AC dissolved in 10 mM sodium posphate buffer, pH 6.0

at 25°C. B, Absorption (---) and second derivative spectrd Of

BoNT/EC dissolved in 10 mM sodium phosphate buffer, pH 6.0 at

25°C. C, Effect of increasing temperature on the second derivative

ratio (a/b) of BONT/AC ®) and BoNT/EC 4) dissolved in

10 mM NaPB, pH 6.0.

30 70

positive dA/dA? at 289 nm) and b (an arithmetic sum of the
negative dA/dA? at 292 nm and the positive’A/d1? at
295 nm) for BONT/AC and BoNT/EC at 28C was 2.25+
0.18 and 1.83t 0.02, respectively (Figure 8C).

To probe the effect of temperature on the tertiary structural
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27% (Figure 8C). It was difficult to accurately measure the
peak ratios beyond 62C and 50°C for BoNT/AC and
BoNT/EC, respectively, because of noise in the spectrum
which could have resulted from aggregation of the proteins
upon further heating.

Estimation of degree of Tyr exposure (carried out as
described previously36) upon complete denaturation of
BoNT/AC with 6 M guanidine.HCI (30 min at 25C)
revealed that about 94% of Tyr residues of BONT/AC were
exposed to polar solvent environment (data not shown).
Degree of Tyr exposure could not be determined for BoNT/
EC, as the amino acid sequence for the entire large complex
is not yet known.

DISCUSSION

Among the unique characteristics of BONES), its novel
endopeptidase activity is the most critical and defining feature
of these macromoleculed4). The endopeptidase activity
of the intact toxin is expressed only under the condition when
the disulfide bond between its light and heavy chain is
reduced, or the light chain is separated from the heavy chain.
These features are consistent with the mode of action in
which the disulfide bond between the chains is reduced
during the translocation process and the separated light chain
is available in the cytosol of nerve cell3l). Another unique
characteristic of BoNTs is their complex forms consisting
of BONT and NAPs. The NAPs and BoNTs are not only
genetically encoded as gene clusters and physically associated
but are functionally involved in the protection against low
pH and proteases in the Gl tract, translocation across the
gut wall, and dramatic activation of the endopeptidase
activity. The role of NAPs in the activation of the endopep-
tidase activity is particularly noteworthy for further examina-
tion, as the presence NAPs in BoNT complex results in
activated endopeptidase without the need to reduce the
disulfide bond between the light and heavy chain. Since we
have obtained two entirely different groups of NAPs in
BoNT/AC and BONT/EC, examination of variation in
endopeptidase activity with temperature-induced conforma-
tional states of these complexes is expected to reveal a
common mechanism of enhancement of endopeptidase
activity by NAPs.

Examination of the biological activity of BoNT/AC
revealed that it acquires optimum activity at the physiological
temperature of 37C under conditions where the disulfide
bond between the light chain and the heavy chains was not
reduced (Figure 2A and 2C), which is a behavior similar to
that of the reduced form of BONT/A neurotoxin and the light
chain of BoONT/A @6, 45). This enhancement in the

changes, second derivative absorption spectra were obtaineéndopeptidase activity of BONT/A in the complex has been

at different temperatures (2%5 °C). The a/b ratio was

attributed to its direct interaction with NAPs leading BoNT/A

determined at each of these temperatures to determine théo adopt a structurally active state similar to that of reduced

change in exposure of Tyr residues in the proteins with

temperature. It was observed that with increasing tempera-

BONT/A (23). At 37 °C, BONT/A under reducing conditions
exists in a molten globule conformation and that is the

tures, the a/b ratio for the 2 complexes, decreased suggestingnzymatically active structurelf). Recently we have also

a lower exposure of Tyr residued?). The a/b ratios of
BONT/AC at 25°C and 62°C were 2.25+ 0.08 and 1.96t

shown that the endopeptidase moiety of BONT/A (the light
chain) acquires a novel PRIME conformation at°& and

0.04, respectively, reflecting a decrease of 13% in the a/b exhibits maximum endopeptidase activity against its intra-

ratio at 62°C from that at 25°C (Figure 8C) whereas for
BONT/EC, the a/b ratios at 28C and 50°C were 1.83+
0.02 and 1.34t+ 0.06, respectively, reflecting a decrease of

cellular substrate, SNAP-25, at this temperati86).(Our
observation of the optimal endopeptidase activity of BONT/
AC at 37°C reinforces the hypothesis of a conformational
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alteration in BoNT/A upon its interaction with NAPs in the
complex. This altered conformation of BoNT/A in the
complex, similar to the molten globule conformation of
reduced BoNT/A or the PRIME conformation of the light
chain of BONT/A at physiological temperature, may facilitate
its favorable interaction with SNAP-25, leading to the

Kukreja and Singh

than that of BONT/AC at 37C (BoNT/AC displays 32%
higher endopeptidase activity than that of BONT/EC at
37°C; Figure 2C). Higher toxicity of BONT/A in comparison
to BONT/E may in part be reflected by the fact that BONT/A
in its complex form is more enzymatically active at the
physiological temperature of 3T as compared to BONT/E

optimal cleavage of the latter at this temperature, even underin the complex form.

conditions which keep the disulfide bond between the light
and heavy chains of BONT/A intact.
This implication of a substantial functional role of NAPs

The effect of temperature on the polypeptide folding of
BoNT/AC and BoNT/EC was examined by monitoring CD
signals at 222 and 280 nm as a function of temperature. The

requires further experimental evidence to provide a confirmed unfolding curves of both the complexes obtained from CD
mechanism of the enhanced enzyme activity. At a minimum, recordings in the far- and near-UV regions coincide and
these results suggest the substantial role of NAPs in theindicate that both the secondary and tertiary structures for

critical endopeptidase activity of BONT, which may even
have relevance to the biological activity of BoN vivo.
While the toxicoinfection process of botulism assumes

both the complexes unfolded simultaneously andTihéor
the unfolding was 78C and 63°C for BONT/AC and BoNT/
EC, respectively. However, the temperature denaturation

separation of the NAPs from BoNT before reaching the nerve profile of BONT/EC reveals that the unfolding transitions in

cell, injection of BoNT/A complex for therapeutic or

this protein occur over a significantly broader temperature

cosmetic use does not separate the two components. Furrange than those of BONT/AC, suggesting a less cooperative

thermore, currently it is not known what role the toxin plays
inside the bacterial cell or in the native ecologically condi-
tions of C. botulinum An activated form of the endopeptidase
complex may have a critical role under those conditions.
Interestingly, BONT/EC, under nonreducing conditions,
was found to exhibit optimum enzyme activity at 46
(Figure 2B) and displays a 2.3-fold higher activity at this
temperature than that at 37TC (Figure 2C). We have
observed that the reduced form of single chain BoNT/E is
maximally active at 45C (Kukreja and Singh, unpublished

unfolding of BONT/EC which would be consistent with a
nonrigid structure. The lower, value observed for BONT/
EC indicates that it is conformationally less stable than
BoNT/AC (Figure 4).

Thermal denaturation of proteins provides key thermody-
namic information about the stability of proteins. The free
energy changeAG) for the unfolding of BONT/EC was 70%
higher than that of BONT/AC, suggesting that BONT/EC is
less heat stable than BoNT/AC. This observation is further
supported by both a small&H and expected higher entropy

results). Because the purified single chain BONT/E under (as reflected by smalleAS in Table 2). The 3-fold higher

nonreducing conditions is enzymatically inactiie) it can

values forAH and AG for BONT/AC compared to BONT/

be concluded that the enhanced endopeptidase activity ofEC indicate that the unfolding transition for BONT/EC is

BONT/E in the complex (wherein it exists in the nonreduced
single chain form) is likely to result from its interaction with

more spontaneous compared to BoNT/AC. These results
indicate a higher degree of flexibility in the polypeptide

the NAPs. This interaction must introduce specific changes folding of BONT/EC.

in BONT/E to adapt a structurally active state similar to that

The effect of temperature on the solvent accessibility of

of the reduced form of single chain BoNT/E, a phenomenon tyrosyl residues of BoNT/AC and BoNT/EC were also

similar to the one observed in BoNT/AC.

BONT/AC is composed of six NAPs including Hn-33. Hn-
33 makes up the largest fraction of the NAPs in BoONT/AC
(46) and strongly protects the toxin against proteadds. (
The X-ray crystallographic structure of BONT/A indicates
that the active site is buried 2@4 A deep in the protein
matrix and is partially shielded by a belt from the N-terminal
domain of the heavy chain involved in disulfide bond

examined by means of UV second derivative spectroscopy
in the near-ultraviolet region. With increasing temperatures,
a marked decrease in the a/b ratios of BONT/AC and BoNT/
EC with T, of around 62C and 45°C, respectively (Figure
8C), suggesting lower exposure of tyrosine residues upon
heating. A significant change in the polypeptide folding is
likely to affect the degree of tyrosine residues exposed to
the protein surface4@, 36). These results suggest that

formation and that the reduction of the disulfide bond exposes significant changes in the polypeptide folding of BONT/EC

the active site48). Recently it has been proposed that the
interaction of Hn-33 with BoNT/A in the complex exposes

the enzyme active site without the need of opening the belt,

occur upon heating, and that at a temperature of around
45 °C, it exists in a conformational state that is different
from the native state (28C) or from the conformational

leading to its enhanced enzyme activity, and that Hn-33 state that is at the physiological temperature of °€7

mimics the effect of all NAPS in enhancing the endopepti-
dase activity of BONT/A 1{8). Hn-33 from BoNT/AC also

Interestingly, it is at this temperature that BONT/EC exhibits
optimum enzyme activity (Figure 2C). This change in the

enhanced the endopeptidase activity of BONT/E, suggestingconformation of BONT/EC at 43C may be responsible for

a common structural motif of BONT serotypes for Hn-33
(18). However, our report wherein BONT/EC that is devoid
of Hn-33 also displays enzyme activity under nonreducing
conditions (~42% at 37°C, and 96% at 43C) (Figure 2C)
suggests that the interaction of BoNT/E with the NAPs
present in BONT/EC is sufficient to alter the structure of the
neurotoxin where it conforms to a structurally active state
similar to that of the reduced form of BoNT/E. However,
the efficiency of cleavage of SNAP-25 by BoNT/EC is less

its optimum enzyme activity at this temperature. It is possible
that at this temperature the interactions of BONT/E with the
NAPs in the complex may be favorable to bring the enzyme
active site close to the substrate cleavage site which in turn
leads to maximum cleavage of SNAP-25 at this temperature
as compared to that at 3C. The topography of Tyr residues

is known to play an important role in the toxicity of BONT/
E, since the modification of 1012 tyrosine residues in
BoNT/E by tetranitromethane abolished the toxici@)



Botulinum Neurotoxin Complex

The two complexes (BoNT/AC and BoNT/EC) have
significant differences in their protein components, composi-
tion, and conformation reflected by secondary structure

analysis, near-UV CD spectra, and temperature denaturation
pattern of secondary and tertiary structures. However, NAPs 14.

seem to play a similar structural and functional role in

protecting the toxin and enhancing its endopeptidase activity,
suggesting the presence of specific interactions between the 15.

two components (BoNT and NAPs) of BONT complexes.
It is notable that we carried out the denaturation of BONT/ ¢

AC

bacterial cultures where the toxin is released. Examination

and BoNT/EC at pH 6.0, which is similar to the pH of

of the stability of the two complexes at that pH is closer to

the

native conditions. We carried out the enzyme activity at

a pH closer to the physiological condition to relate it to any
biological relevance it may have to humans or animals. We
have tested the temperature profile of the enzymatic activity
at pH 6.0 and 7.6, which showed an identical prof&)(

We have also carried out CD spectral analysis as well as a

denaturation profile of BONT/AC and BoNT/EC at both pHs
and observed identical spectral profiles (data not shown).
In summary, we have demonstrated the following: (i)
BoNT/A and BoNT/E in their complex forms are enzymati-
cally active under nonreducing conditions. BoNT/AC under
nonreducing conditions attains optimum activity at the
physiological temperature of 3T whereas BoNT/EC under

nonreducing conditions achieves maximum endopeptidase

activity at 45°C. (ii) BONT/EC undergoes conformational
alterations in its polypeptide folding at 4&, and this may
result in its favorable binding with the substrate leading to
maximum cleavage of the latter. (iii) Because of the direct
interaction with NAPs, BONT/A and E in their respective
complex forms may conform to a structurally active state
which is similar to that of the reduced BoNT/A and BoNT/

E, respectively, leading their enhanced endopeptidase activ-

ity. (iv) BONT/AC is structurally more stable while BoNT/

EC

is functionally more stable against temperature.
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