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ABSTRACT: The zinc-endopeptidase light chain of botulinum A neurotoxin undergoes autocatalytic
fragmentation that is accelerated by the presence of the metal cofactor, zinc [Ahmed, S. A. et al. (2001)
J. Protein Chem. 20, 221-231]. We show in this paper that>95% fragmented light chain obtained in the
absence of added zinc retained 100% of its original catalytic activity against a SNAP-25-derived synthetic
peptide substrate. In the presence of zinc chloride, when>95% of the light chain had undergone
autocatalytic fragmentation, the preparation retained 35% of its original catalytic activity. On the other
hand, in the presence of glycerol, the light chain did not display autocatalysis and retained 100% of the
original activity. These results suggest that the activity loss by incubation with zinc was not a direct
consequence of autocatalysis and that the environment of the active site was not affected significantly by
the fragmentation. The optimum pH 4.2-4.6 for autocatalysis was different than that (pH 7.3) for intrinsic
catalytic activity. Inhibition of autocatalysis at low pH by a competitive inhibitor of catalytic activity
rules out the presence of a contaminating protease but suggests a rate-limiting step of low pH-induced
conformational change suitable for autocatalysis. Our results of LC concentration dependence of the
fragmentation reaction indicate that the autocatalysis occurs by both intramolecular and intermolecular
mechanisms.

Seven immunologically distinct botulinum neurotoxins
(BoNT),1 designated BoNT/A-G, are the most potent of all
toxins (see refs2 and 3 for a review). Apart from being
potential military threat and bioterrorism agents (4), these
neurotoxins are also widely used as laboratory research tools
(5) and as clinical drugs in a variety of neuromuscular
disorders of the skeletal, glandular, and smooth muscles and
pain disorders, as well as in cosmetic applications (6, 7).
These neurotoxins are initially expressed by strains of

Clostridium botulinumas 150-kDa single polypeptides.
Posttranslational cleavage by an endogenous trypsin-like
protease generates a 50-kDa N-terminal light chain (LC) and
a 100-kDa C-terminal heavy chain (HC) that are still
connected by a disulfide bond. The 100-kDa HC can further
be proteolyzed into a 50-kDa N-terminal membrane spanning
domain (Hn) and a 50-kDa C-terminal receptor-binding
domain (Hc). The LC possesses the toxic, zinc endopeptidase
catalytic domain, but in the absence of HC, it is nontoxic.

With three functional domains, the mechanism of action
of these neurotoxins is multiphasic. The Hc domain plays a
role in binding the neurotoxin to specific receptors located
exclusively on the peripheral cholinergic nerve endings (8).
The Hn domain is believed to participate in a receptor-
mediated endocytotic pore formation in an acidic environ-
ment, allowing translocation of the catalytic LC into the
cytosol. Reducing the disulfide bond connecting the LC with
the Hn upon exposure to the cytosol or within the acidic
endosome (9, 10) is thought to release the catalytic LC into
the cytosol. The LC then cleaves at specific sites of one of
the three different SNARE proteins, synaptobrevin, syntaxin,
or SNAP-25 (11-13). These proteins are essential for
synaptic vesicle fusion in exocytosis. Their proteolysis
inhibits exocytosis and blocks acetylcholine secretion, leading
ultimately to muscular paralysis and death.

Recombinant LC is catalytically active (1) and when
injected into sea urchin eggs (1, 14) or injected into mice
after reconstitution of the holotoxin by adding HC (15), it is
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biologically active. DasGupta and Foley (16) first observed
that BoNT/A and BoNT/E LC prepared in 2 M urea from
the whole neurotoxin degrades into two large fragments.
Recently, we demonstrated that recombinant BoNT/A LC
undergoes C-terminal processing2 at several sites between
residues 419-448 and fragmentation2 between residues 250
and 267, both by autocatalytic proteolysis (17). In that study,
which employed a partially zinc-free LC, C-terminal pro-
cessing was predominant, followed by fragmentation at the
F266-G267 bond, and finally a cleavage between Y251-
Y252. In the presence of added zinc chloride, fragmentation
at Y251-Y252 occurred rapidly, bypassing the cleavage at
the F266-G267 bond and followed by C-terminal processing
of the C-terminal fragment.

Biological significance of this autocatalysis reaction is not
known. Proteolytic modification of proteins by autocatalytic
action plays essential roles in making biologically functional,
mature products (18-21). Because the LC is the catalytic
moiety of BoNT, with immense military and public health
implications and therapeutic applications, detailed charac-
terization of the protein at molecular level is extremely
important. Therefore, we followed the consequence of
autocatalysis on its catalytic activity on a true substrate
mimic. In this paper, we report that autocatalytic fragmenta-
tion can occur without significant effects on the intrinsic
activity of the LC. We found that in addition to zinc chloride,
low pH drastically increases the rate of autocatalysis. By
employing active-site inhibitors, we reconfirmed the enzy-
matic nature of the autocatalysis, and by following LC
concentration dependence on the fragmentation, we demon-
strated that the autocatalysis occurs by both intramolecular
and intermolecular mechanisms.

EXPERIMENTAL PROCEDURES

BoNT/A LC, Chemicals, Buffers, and Reagents.The 448-
residue recombinant BoNT/A LC with an extra valine residue
at position 2 (1) was expressed and purified as described
(17). The homogeneous preparation was stored at-20 °C
in buffer P (50 mM Na-phosphate pH 6.5) containing 150-
250 mM NaCl and 2 mM EDTA. The protein was desalted
by passing through a PD-10 gel filtration column and was
collected in appropriate buffer before each experiment and
assays. Buffer P (50 mM Na-phosphate pH 6.5) was used
throughout except in the enzyme assays where 50 mM Na-
HEPES pH 7.4 was employed. Zinc chloride was obtained
from Sigma. Rabbit polyclonal antibodies against a 16-
residue N-terminal sequence (PFVNKQFNYKDPVNGV) of
BoNT/A LC were produced and affinity-purified by Research
Genetics (Huntsville, AL). Affinity-purified, peroxidase-
coupled goat anti-rabbit and anti-mouse IgG (H+ L) and
ABTS substrate were from Kirkegaard Perry Laboratories
(Gaithersburg, MD). The peptide inhibitor I (Ac-CRATKML-
NH2) (22) was synthesized and purified by Cell Essentials
(Boston, MA). The peptide inhibitor II (2-mercapto-3-
phenylpropionyl-CRATKML-amide) (23) was a generous
gift from Dr. J. J. Schmidt.

Autocatalysis Experiments.Before each experiment, ali-
quots of the LC were thawed to room temperature and
immediately passed through a PD-10 gel-filtration column
equilibrated with buffer P. The protein was collected in buffer
P and stored on ice. The LC was mixed with predetermined
concentrations of ZnCl2 or glycerol, and 5µL (for activity
assays) and 50µL (for SDS-PAGE) aliquots were distrib-
uted in screw-capped Eppendorf tubes. The final concentra-
tion of the protein was 0.17 mg/mL (3.3µM) in these
incubation mixtures. The tubes were incubated at 22°C. At
various time intervals, 25µL of 2× SDS-load buffer was
added to a 50µL aliquot for SDS-PAGE analysis. At the
same time intervals, the 5µL aliquots were used for catalytic
activity assays (see later).

SDS-PAGE and Western Blot. SDS-PAGE was carried
out under reducing conditions (24) on 1-mm-thick 10%
tricine-gels (Novex) as described (25). Samples were boiled
for 5 min in 0.4% SDS, 5%â-mercaptoethanol, 12%
glycerol, and 450 mM tris-HCl (pH 8.45) by boiling for 5
min. The running buffer contained 0.1% SDS in 0.1 M tris-
0.1M tricine, pH 8.3. The gels were stained with Coomassie
Brilliant Blue. Protein bands were scanned in a BioRad GS-
710 densitometer gel scanner with Quantity One software,
and the relative amount of proteins in stained bands in each
lane were quantified. Identity of LC and its N-terminal
fragments were confirmed by Western blots on nitrocellulose
membranes that were prepared by using a primary polyclonal
antibody against a 16-residue N-terminal sequence of
BoNT/A LC and a peroxidase-coupled goat anti-rabbit IgG
(H+L) as the secondary antibody (1).

Enzymatic ActiVity Assays.The enzymatic assay was based
on HPLC separation and measurement of the cleaved
products from a 17-residue C-terminal peptide corresponding
to residue 187-203 of SNAP-25 (1, 26). A master reaction
mixture lacking the LC was made and aliquots were stored
at -20 °C. At the time of assay, an aliquot of the master
mix was thawed and 25µL was added to 5µL of the LC
(see above) to initiate the enzymatic reaction. Components
and final concentration in this 30-µL reaction mixture were
0.9 mM substrate peptide, 0.25 mM ZnCl2, and 0.16-0.55
nM LC, 0.5 mg/mL bovine serum albumin (BSA), and 50
mM Na-HEPES, pH 7.4. BSA was included because in some
experiments, it gave higher activity (unpublished). ZnCl2 was
included in the assay mixture despite its inhibitory effect
(see Results) to make the assay conditions similar, as one
LC incubation contained ZnCl2 before the assays. After a
3-5 min incubation at 37°C, the reaction was stopped by
acidifying with 90 µL of 0.7% TFA, and 100µL of this
mixture was analyzed by HPLC as described (1). For Km

andVmax determinations (Figure 2C), the reaction mixtures
were incubated at 23°C.

UV-Visible Absorption, Circular Dichroism and Fluo-
rescence Measurements.To determine protein concentration
and to assess purity, UV-visible absorption spectra were
recorded at 22°C with a Hewlett-Packard 8452 diode array
spectrophotometer. LC concentration was determined using
A0.1% (1-cm light path) value of 1.0 at 278 nm (17) or by
BCA assay (Pierce) with BSA as standard. Both methods
give the same result.

Circular dichroism spectra were recorded at 20°C (10°C
for Zn-autocatalyzed LC), with a Jasco 718 spectropolarim-
eter with quartz cuvettes of 1-mm path length. An average

2 “C-terminal processing” and “truncation” are interchangeably used
in this paper to denote either sequential or random removal of 4-28
residues from the C-terminus of the LC. “Fragmentation” denotes
cleavage of the LC or the truncated LC into two large fragments with
mass> 15 kDa.
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of five scans were recorded to increase signal-to-noise ratio
at a scan speed of 20 nm/min with a response time of 8 s. In
all measurements, a buffer blank was recorded separately
and subtracted from sample recordings. Mean residue weight
(114.55) was calculated by using a molecular mass of
51 318.4 Da for the 448-residue LC (17). Secondary struc-
tural contents were calculated by SELCON supplied in the
Softsec program (Softwood, Co.).

Tryptophan fluorescence emission spectra were recorded
at 20 °C (10 °C for Zn-autocatalyzed LC) in a PTI
QuantaMaster spectrofluorimeter, model RTC 2000 equipped
with a Peltier controlled thermostat and Felix software
package. Emission and excitation slit widths were set at 1
nm and excitation wavelength at 295 nm. Each spectrum
was an average of five scans.

RESULTS

The BoNT/A LC Preparation.The recombinant LC used
in this report was expressed inEscherichia coliand purified
as described (17), and was judged near homogeneous from
Coomasie stained SDS-PAGE gels (Figure 1). A specific
activity of 3.2 µmol min-1 mg-1 of this preparation in the
absence of added zinc against a 17-mer SNAP-25 peptide
substrate was obtained. Adding 0.25 mM ZnCl2 to the assay
mixture decreased the specific activity to 2.4µmol min-1

mg-1. Adding BSA to the reaction mixture stimulated the
activity but did not affect the inhibitory action of zinc. Thus,
when assayed in the presence of 0.5 mg/mL BSA and 0.25
mM ZnCl2, the specific activity was increased to 3.72 (Figure
2B). We did not explore the BSA effect further but included
it in some reaction mixtures to conveniently calculate low
levels of activity.

Autocatalysis and Catalysis of BoNT/A LC.We define
autocatalysis as the process that results in autolysis of the
LC into fragments by one or more cleavage, and catalysis
as the cleavage of a soluble, SNAP-25 peptide substrate
catalyzed by the LC. We reported earlier that BoNT/A LC
underwent autocatalytic degradation when stored at 4°C (17).
To investigate any consequence of this autocatalytic degrada-
tion on the intrinsic catalytic activity, we incubated LC in
50 mM Na-phosphate buffer (pH 6.5) at room temperature
(22 °C). At various time intervals, an aliquot was analyzed
by SDS-PAGE for structural integrity of the LC (Figure
1). In the absence of exogenous zinc, the LC remained intact
for 164 h, but thereafter it was degraded first into IB (V1-
Y426)3 and then into fragments designated as IIIB (V1-
Y251), IVB (Y252-F423), and IVC (G267-F423) (Figure
1A). In the presence of ZnCl2, the LC rapidly degraded into
two major fragments, IIIB and IVA (Y252-K448) (Figure
1B), and unlike in Figure 1A, no IB was detected. Peptide
designations and identity of fragments were based on their
locations on SDS-PAGE (Figure 1) and Western blots (not
shown) as they were previously identified by N-terminal
sequence, ESI-MS, and ESIMS-MS determinations (17). In
the presence of glycerol, the LC remained mostly intact

3 Peptide designation uses sequences of the recombinant LC that
contain one extra valine after the initial methionine, and as reported in
Table 2 of ref1. Their identity in the two schemes in that report does
not take account of the extra valine of the recombinant LC. Fragment
IB having a sequence stretch of V1-Y426 is also defined as V1-
F423 as was explained at the legend of Scheme 1 (ref1).

FIGURE 1: Time course of autocatalytic proteolysis of BoNT/A LC
at pH 6.5 in the absence (A) and presence of 0.5 mM ZnCl2 (B) or
10% glycerol (C). 100µL aliquots (0.17 mg/mL of buffer P) of
the LC were incubated at room temperature (22°C). At intervals
0.05 mL of 2× SDS-load buffer was added to an aliquot and boiled
for 5 min. Lane 1 shows Novex Mark-12 molecular mass markers
with indicated molecular masses. Lane 2-12 represents 0, 20, 44,
72, 116, 164, 212, 235, 259, 311, and 362 h of incubation. Peptide
designations3 at right are from ref17: IA, full-length LC with
residues V1-K448; IB, LC residues V1-Y426; II, a dimer of IA
and/or IB; IIIB, LC residues V1-Y251; IVA, residues Y252-
K448; IVB, Y252-F423; IVC, G267-F423. Variations in the
amount of sample application partly account for the differences in
the intensity of bands in some adjacent lanes. The extent of
autocatalysis was therefore calculated in terms of percent of LC
remaining intact as IA in each lane and data were plotted in Figure
2A.
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during the incubation (Figure 1C). Glycerol appeared to
protect the structure of the LC. In the presence of glycerol,
however, a dimeric species, II, in the pathway of autocatalysis
(17) was clearly detectable. One notable feature is that the
incubation mixtures both in the presence or absence of ZnCl2,
showed the presence of 3% of intact LC even after prolonged
incubation (Figure 2A). We have no explanation, but this

residual intact LC may represent a precipitated LC formed
during incubation that may have escaped fragmentation.

To determine the catalytic activity of the autocatalytically
fragmented LC, we determined the extent of LC remaining
intact upon incubation as shown in Figure 1 and plotted the
results in Figure 2A. Figure 2B shows the catalytic activity
of the LC as a function of incubation time under identical
conditions of Figure 1. In the absence of any additive or in
the presence of glycerol, the catalytic activity of the LC
increased about 1.7-fold after incubation at 22°C for 116 h.
Upon further incubation the activity slowly decreased, yet
the lowest activity measured (137%) was 37% higher than
the original. In contrast, in the presence of ZnCl2, catalytic
activity of the LC at first rapidly decreased, but after 100 h,
35-40% of the activity was retained (Figure 2A) although
most (>96%) of the LC was degraded (Figure 2A). Although
in the presence of glycerol, most of the LC remained intact
and active (Figures 2A and 1C), in the absence of any
additive, most of the LC (>96%) was degraded (Figures 2B
and 1A), yet most of the catalytic activity was retained.
Glycerol thus appeared to protect both the structure and
activity of the LC. Comparison of the results of Figure 2A,B
demonstrated that autocatalytically fragmented LC retained
its intrinsic catalytic activity.

We also determined the substrate affinity,Km, of auto-
catalyzed LC for the synthetic 17-residue SNAP-25 peptide
substrate. Figure 2C shows thatKm, 2.2 mM, of a Zn-
autocatalyzed LC did not change appreciably from that of
the intact LC, 2.0 mM. The correspondingVmax, 1.3 µmol
min-1 mg-1 LC at 23 °C, is 30% of the intact LCVmax of
4.1 µmol min-1 mg-1, similar to the specific activity
difference observed in Figure 2B above.

Effects of pH on Catalysis and Autocatalysis.We deter-
mined the optimum pH of the LC for autocatalysis and
catalysis employing four buffers with an overlapping pH
range of 3-9 (Figure 3A,B). Because autocatalysis must
occur at the active site, one can expect the pH optima for
autocatalysis and catalysis to be same. On the contrary, we
found that while the optimum pH for catalysis was 7.2-7.4
(Figure 3B), that for autocatalysis was 4.6 (Figure 3A). Using
a narrow pH increment of 0.2 of the acetate buffer and a
shorter incubation time of 5 h, we found the optimum pH
was 4.2-4.6 (not shown). The experiments in Figure 3A
were carried out in the presence of ZnCl2 in which the
fragmentation pattern as shown in Figure 1B were observed
at all pH. In experiments without ZnCl2 and with much
longer incubation time (not shown), the fragmentation pattern
at low pH was similar to that observed in the presence of
ZnCl2 as shown in Figure 1B in that fragment IVA was
produced, but at higher pH the pattern was similar (not
shown) to those observed in Figure 1A. Quantitative analysis
and plots of percent LC remaining intact against pH (not
shown) nonetheless yielded a pH-activity curve similar to
that shown in Figure 3A and an identical optimum pH of
4.6.

ActiVe-Site Inhibitors of BoNT/A LC Inhibit Autocatalysis.
Earlier, we showed that TPEN, a metal chelator, and
CTKRML (peptide inhibitor I,Ki, ∼2 µM) (22), a competi-
tive inhibitor of BoNT/A LC inhibited fragmentation of the
LC (17). To further eliminate the possibility of a contaminat-
ing protease in our LC preparation, we used another inhibitor
(peptide inhibitor-II) having aKi of 0.3µM (23) in addition

FIGURE 2: Comparison of autocatalysis (A) with catalysis (B) of
BoNT/A LC as a function of incubation time at pH 6.5 and room
temperature (22°C). (A) The Coomassie blue-stained SDS gels in
Figure 1 were scanned densitometrically and the results, expressed
as percent of the LC remaining intact in each lane, are plotted. (B)
Five microliter aliquots of the LC in screw-capped Eppendorf tubes
were incubated under the conditions of Figure 1. Intrinsic catalytic
activity on these aliquots was determined with a synthetic, SNAP-
25-derived substrate (see Experimental Procedures) at pH 7.4 in
triplicate for each data point. 100% activity in the absence of any
additive represents a specific activity (SA) of 3.72µmol min-1 mg-1

LC; in the presence of ZnCl2, 2.69 µmol min-1 mg-1 and in the
presence of glycerol, 4.04µmol min-1 mg-1. Incubating LC at room
temperature (22°C) was in the absence (closed triangle) or presence
of 0.5 mM ZnCl2 (open triangle) or 10% glycerol (open circle).
(C) Double reciprocal plot of substrate concentration versus reaction
velocity for catalytic cleavage of the synthetic, SNAP-25-derived
substrate by intact (closed triangle) and zinc-autocatalyzed LC (open
triangle). Each data point represents an average of 4-5 determina-
tions. Autocatalyzed LC was prepared by 168 h of incubation of
intact LC with 0.5 mM ZnCl2 as described in Figure 5 legend. LC
preparation used in this experiment and Figure 5 was different than
used in rest of the paper in that it was frozen at-20 °C for more
than two years.
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to the peptide inhibitor-I used previously. We first incubated
the LC separately with the two inhibitors at pH 6.5 for 10
min. One reaction mixture was then acidified to pH 4.7 and
the incubation was continued for 17-72 h. Figure 4A shows
that at pH 4.7, fragmentation was less (than control) in the
presence of peptide I, but this peptide was not very effective
in preventing the LC from fragmentation. However, peptide
II was more effective than peptide I and greatly reduced the
fragmentation so that 30% of the LC was intact compared
to only <5% in the control experiment. At pH 6.5 (Figure
4B), both peptides completely prevented the fragmentation.
Both inhibitors are competitive with substrate (22, 23).
Therefore, failure of either inhibitor to completely inhibit
the fragmentation at low pH is most probably due to
dissociation of the inhibitors from the active site at low pH.

As a more direct proof that autocatalysis is not due to a
contaminating protease, we employed three mutant LCs.
Conservative replacement of residues Y366 and R363
severely impaired catalysis, and these residues were impli-
cated in transition state stabilization (27). When incubated
with 0.5 mM ZnCl2 for 20 h, the LC mutants Y366F and
R363L remained fully intact, while 70% of the wild type
LC underwent fragmentation. Thermostability and spectro-
scopic properties of these poorly active (0.1-2% of wild
type) proteins showed that their structures did not signifi-
cantly differ from that of the wild-type LC. As a negative
control, a naı¨ve mutant E63A with full catalytic activity was
degraded to 68% under similar conditions.

Dependence of LC Concentration on Autocatalysis. To
distinguish between intermolecular and intramolecular reac-

tions, we determined the rates of autocatalysis as a function
of LC concentration at two pH values of 6.5 and 5.0 (Figure
5). At all concentrations of LC, the rate of autocatalysis in
acetate buffer pH 5.0 (Figure 5B) was 40-fold faster than in
phosphate buffer pH 6.5 containing ZnCl2 (Figure 5A), and
followed first-order kinetics, as shown for a LC concentration
of 0.2 mg/mL. At this concentration, half-life of the light
chain was 15.1( 0.8 min at pH 5.0 and 11.75( 0.93 h at
pH 6.5 containing ZnCl2. The rates of reactions, and the rate
constants increased with concentration of LC in the range
of 0.05-1.8 mg/mL (Figure 5A), indicating it to be an
intermolecular (or bimolecular) reaction. At either pH, the
extrapolated rate constant,k, to zero LC concentration,
however, is far from zero, indicating it to be a unimolecular
or intramolecular reaction at low LC concentration. Half-
life at pH 5.0 was calculated as 17 min at zero protein
concentration.

Structural Features of LC at Low pH and in the Presence
of Zinc.To detect and identify any conformational changes
induced by zinc or low pH, we collected far-UV circular
dichroism and tryptophan fluorescence spectra of the LC at
pH 6.5 with and without 0.5 mM ZnCl2 and at pH 4.67 (no
added zinc). The CD spectra that measures secondary
structure of proteins were very similar in the three conditions
(Figure 6A). The CD results calculated as % secondary
structure are summarized in Table 1. The structural content
of intact and fragmented LC at pH 6.5 is not significantly
different, but there appears to be a general increase in the
helical content of the intact LC in the presence of ZnCl2 or
at low pH. Like the small difference in the secondary
structural contents, both zinc and low pH appear to little
affect the tryptophan fluorescence spectra (Figure 6B) and
yield of the LC (Table 1), with ZnCl2 affecting more than
low pH. The blue-shifted tryptophan fluorescence emission
spectra with aλmax of 324 nm (λmax of free tryptophan is
about 354 nm) are similar to those observed by Li and Singh
(28) and suggest that the two tryptophan residues are buried
in a hydrophobic environment that is not affected by either
low pH or zinc.

CD and tryptophan fluorescence spectra of a fragmented
LC prepared by incubation with ZnCl2 (not shown) showed
very little difference with the intact LC in the former, but
the fluorescence intensity decreased by 26% (Table 1)
without affecting the emission maximum or shape of the
spectrum (not shown). The results of the CD and fluorescence
experiments suggest that although the secondary structure
of the fragmented LC is not significantly different than that
of the intact LC, there may be some conformational or
tertiary structural changes in the fragmented LC.

Thermal Denaturation of Intact and Autocatalytically
Fragmented LC.Temperature-dependent unfolding of LC
was followed by monitoring CD at 222 nm (Figure 7). In
contrast to lesser differences in the secondary structural
contents (Figure 6A, Table 1), the unfolding pattern of LC
determined under three different conditions differed signifi-
cantly. We could not determine the thermodynamic param-
eters because the thermal denaturation was irreversible. The
thermal denaturation curves shown in Figure 7 nonetheless
allowed calculation of the apparent melting temperature,Tm

(midpoint of thermal transition) values (Table 1). A sharp,
monophasic denaturation curve was obtained at pH 6.5 in
the absence of ZnCl2 (Figure 7), indicating that the LC

FIGURE 3: Effects of pH on autocatalysis (A) and catalysis (B).
(A) A stock solution of LC (in 10 mM Na-phosphate buffer pH
6.5) was diluted more than 4-fold to a final concentration of 0.17
mg/mL with 50 mM solutions of the indicated buffers and incubated
with 0.5 mM ZnCl2 for 17 h at room temperature (22°C).
Coomassie blue-stained SDS-PAGE gels were developed as
described in the legends of Figure 1 and densitometrically scanned
as described in the legend of Figure 2A. (B) Intrinsic catalytic
activity of LC (0.014 mg/mL) in various buffers (38 mM) was
assayed in duplicate at 37°C. Buffers: acetate (closed circle), MES
(open triangle), HEPES (closed triangle), Na-phosphate (open
circles), and tris-HCl (square).
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preparation was homogeneous, and yielding aTm of 41.5
°C. The denaturation curve at pH 6.5 in the presence of ZnCl2

appeared to be biphasic with an inflection point at about 58
°C, and yielded a higherTm of 54 °C. At pH 4.7, increasing
the temperature increased the ellipticity at 222 nm (Figure
7) as was observed by others (28), and aTm of 50 °C was
calculated for this thermal transition. Thus, both low pH and
presence of ZnCl2 at higher pH significantly stabilized the
LC as indicated by an increase inTm by 9-12 °C. TheTm

of the autocatalytically fragmented LC, determined in the

presence of ZnCl2, was between those of the intact LC at
pH 6.5 in the presence and absence of ZnCl2 (Table 1).
Although fragmented LC appeared to be more stable than
intact LC, this might have been due to the effect of ZnCl2.

DISCUSSION

We demonstrated recently that the LC undergoes auto-
catalytic fragmentations at the Y250-Y251 and F266-G267
bonds (17). By following the kinetics of this autocatalytic
reaction in parallel with measurement of intrinsic catalytic
activity toward the soluble SNAP-25 peptide substrate, we
conclusively demonstrated in this report that autocatalysis
does not have any direct consequence on the intrinsic activity

FIGURE 4: Inhibition of autocatalysis by active-site inhibitors at pH 4.67 (A) and at pH 6.5 containing 0.5 mM ZnCl2 (B) as shown by
SDS-PAGE. The LC (0.2 mg/mL) was incubated without or with 1.4 mM peptide inhibitor I, or 2 mM peptide inhibitor II in 43 mM
Na-acetate pH 4.67 or 50 mM Na-phosphate pH 6.5 plus 0.5 mM ZnCl2, all containing 4 mM DTT. The pH 4.67 incubation (A) was for
20 h and the pH 6.5 plus ZnCl2 incubation (B) was for 72 h, both at 22°C. Lane 2 (lane 1 in panel B) represents intact LC; lanes 3-4 (lane
2 in B), LC + peptide inhibitor I; lanes 5-6 (lane 3 in B), LC+ none; lanes 7-8 (lane 4 in B), LC+ peptide inhibitor II; and lane 1 (lane
5 in B), molecular mass markers.

FIGURE 5: Dependence of autocatalytic rates on LC concentration.
Progress curves of autocatalysis at pH 6.5 containing 0.5 mM zinc
chloride (A) and at pH 5.0 without zinc chloride (B) at a LC
concentration of 0.2 mg/mL, 23°C. The rate constants,k, were
calculated by first-order fits [% cleaved) maximum cleaved× (1
- e-kt)] of the data points at various LC concentrations and are
shown in the inset. LC (1.8 mg/mL, 50 mM Na-phosphate, pH 6.5)
was diluted to indicated concentrations, and autocatalysis was
followed by SDS-PAGE and densitometric scans of stained gels
as described in Experimental Procedures. For pH 5.0 data, LC (1.41
mg/mL, 10 mM Na-phosphate, pH 6.5) was diluted to indicated
concentrations with 100 mM Na-acetate pH 5.0. The choice of
higher concentration of acetate was to ensure a stable pH after
dilution. Aliquots were removed to stop the reaction with SDS load
buffer, and the extent of autocatalysis was followed.

FIGURE 6: Far UV circular dichroism (A) and tryptophan fluores-
cence emission (B) spectra of LC at 6.5 (open circle), at pH 4.7 in
43 mM Na-acetate (closed circle), and at pH 6.5 in the presence of
0.5 mM ZnCl2 (triangle) in buffer P.
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of the BoNT/A LC. Several lines of evidence led us to this
conclusion: (a) No significant degradation was observed
during the first 116 h of incubation in the absence of any
additive (Figures 1A and 2A), although the intrinsic catalytic
activity increased by 70% during this period (Figure 2B).
(b) Although degradation of LC was observed after 164 h,
eventually resulting in>96% degradation (Figure 2A), there
was only a small decrease (<20% from the highest value)
in activity during this period (Figure 2B). (c) A rapid
degradation accompanied the incubation with ZnCl2, resulting
in >90% degradation during the first 116 h (Figure 2A);
nonetheless, 40% of the intrinsic activity was retained. The
lowered activity was partly due to greater inhibition of
activity of the fragmented LC by higher concentration of
exogenous zinc, as observed earlier with a LC purified from
inclusion bodies (1) and other zinc proteases (29). As the
autocatalyzed LC was prepared in the presence of 0.5 mM
ZnCl2, the assay mixture for its catalytic activity (see
Experimental Procedures) contained 0.33 mM ZnCl2 as
opposed to 0.25 mM ZnCl2 in all other catalytic activity assay
mixtures. An additional possibility for this lowered activity
may have been due to more favorable interaction of zinc
with the fragment IVA (Figure 1B) produced in the presence
of ZnCl2 that was larger than IVB and IVC (Figure 1A)
produced in the absence of ZnCl2. (d) Adding glycerol almost
completely protected the LC from degradation, yet the same
initial increase in catalytic activity was observed as in the
absence of any additive. Stabilization of proteins by polyols
such as glycerol is well-known and is possibly the result of
enhanced protein folding (30). We have not further inves-
tigated the increase in catalytic activity during storage either
in the absence or presence of glycerol.

Enzymatic Nature of the Autocatalytic Reaction.In the
earlier report (17), we characterized the autocatalytic reaction

of LC by mapping the autocatalytic sites. We also provided
evidence that the reaction is significantly inhibited by the
metal chelator, TPEN, and a competitive peptide inhibitor
of BoNT/A catalytic activity. These results led us to conclude
that the autocatalytic reaction was enzymatic in nature and
occurs at the same active site of its endopeptidase activity.
However, the apparent slow fragmentation reaction occurring
over hours and days of incubation at room temperature (22
°C) (Figures 1, 2A, and 3A) compared to minutes of
incubation for the catalytic reaction on a peptide substrate
at 37°C (Figures 2B and 3B) may mislead one to wonder if
the former is nonenzymatic. Three considerations suggest
that the autocatalysis reaction rate should be higher than
reported here. (a) If the autocatalysis reactions were followed
at 37°C, it would be expected to increase by 3-5-fold. We
avoided incubation at higher temperature because of rela-
tively low thermostability of LC (Figure 7 and Table 1) in
phosphate buffer in which the autocatalysis experiments were
conducted. (b) In the autocatalytic reaction, the substrate is
the enzyme itself. From the first-order kinetics observed in
Figure 5, we conclude that theKm . 35 µM (1.8 mg/mL).
Thus, the reaction rate is greatly limited by LC concentration.
(c) The autocatalysis reaction was limited by a putative, low
pH-induced conformational change of LC (see later). Hence,
at pH 6.5 (Figure 2A) only a marginal fraction of LC will
be available as a substrate. Therefore, the extent of autoca-
talysis around neutral pH was limited by substrate avail-
ability. Moreover, LC concentrations employed (<0.6 nM)
in the enzymatic assays (Figure 2B) were considerably lower
than employed (3.3µM) in autocatalysis (Figure 2A) to
capture “initial” rates in the former case and to detect low
levels of fragmentation by Coomassie staining (see Experi-
mental Procedures) in the latter. Recent biophysical studies
with BoNT/A established that the neurotoxin is 4-fold more
active as a monomer at<50 nM concentration than as a
dimer at a higher concentration (31). If a similar concentra-
tion dependence of monomer-dimer equilibria holds for LC,
it may partly account for the low autocatalytic activity. Apart
from these considerations, a side-reaction catalyzed by an
enzyme can be very slow. For example, a tryptophan
cleavage reaction is 4 orders of magnitude slower than
tryptophan synthetic reaction catalyzed by bacterial tryp-
tophan synthase (32).

The most unambiguous proof that the autocatalysis reac-
tion is enzymatic in nature comes from use of peptide
inhibitors (Figure 4A,B) and mutant LC (not shown). A high-
affinity competitive inhibitor of BoNT/A LC activity more
efficiently inhibited the reaction than a low-affinity competi-
tive inhibitor at pH 4.7 (Figure 4A), and both almost
completely protected LC from degradation at pH 6.5 (Figure
4B). Because these competitive inhibitors must bind at the

Table 1: Calculated Secondary Structural Content, Tryptophan Fluorescence,a and Melting Temperature of Intact and Autocatalytically
Fragmented LC under Various Conditions

LC pH addition %R-helix % â-sheet % turns % random coil Trp Fluo (Rel) Tm (°C)

intact 6.5 none 27.5 20.8 17.7 30.5 1.0 41.5
6.5 ZnCl2 28.6 21.6 15.6 29.6 1.23 54.0
4.7 none 36.6 19.4 19.4 25.0 1.06 50.0
8.1b NaCl 22.0 27.5 18.75

fragmented 6.5 ZnCl2 28.2 18.0 17.6 32.3 0.77 47.0
a CD and Trp fluorescence spectra were collected at 20°C except for the fragmented LC at pH 6.5, collected at 10°C. At the lower temperature,

ellipticity at 220 nm and fluorescence emission slightly increases, and were ignored.b LC separated from purified BoNT/A, data from ref51.

FIGURE 7: Thermal unfolding of LC at 6.5 (open circle), at pH 4.7
in 43 mM Na-acetate (closed circle), and at pH 6.5 in the presence
of 0.5 mM ZnCl2 (triangle) in buffer P as monitored by circular
dichroism at 222 nm. Protein concentration in these experiments
was 0.17-0.2 mg/mL. The midpoint of thermal transition,Tm,
calculated from this experiment and others not shown are sum-
marized in Table 1.

Activity of Autocatalyzed BoNT/A Light Chain Biochemistry, Vol. 42, No. 43, 200312545



active site of LC, inhibition of degradation must also be
occurring at the active site. Finally, two mutant LCs with
impaired catalytic activity, showed no sign of autocatalytic
degradation (see Results). Therefore, autocatalysis and
catalysis must be catalyzed at the same enzyme active site
making the former enzymatic in nature. These results also
provide convincing evidence that the degradation of LC was
not due to a contaminating protease.

Effects of Low pH and Zinc Are Similar on Autocatalysis.
In qualitative and in rate comparisons, the autocatalytic
fragmentation appeared to be similarly affected by low pH
and zinc. Autocatalysis of LC in the presence of ZnCl2

generated fragments IIIB and IVA as shown in Figure 1B,
and this pattern was consistent at all pH values. In the
absence of zinc, two fragmentation patterns were observed:
(a) at low pH the pattern was identical to that observed in
the presence of zinc as shown in Figure 1B, and (b) at high
pH of 7-9 the pattern was as expected in the absence of
zinc as shown in Figure 1A. ZnCl2 and low pH thus
qualitatively produced the same autocatalysis at Y251-Y252
bond. We also found that the extent of autocatalysis was
dramatically enhanced by both ZnCl2 and low pH: most of
LC was rapidly degraded at pH 4.7 in the absence of zinc
(Figure 4A), as at pH 6.5 in the presence of zinc (Figure
4B). In addition to these observations, enhanced thermosta-
bility of LC induced by low pH and zinc also support that
these two agents had the same or similar role on the
autocatalysis.

Kinetic analysis of concentration dependence of autoca-
talysis data at low pH 5.0 and at pH 6.5 in the presence of
ZnCl2 indicates that the autocatalysis is both intramolecular
and intermolecular (Figure 5). The situation appears complex,
and a more thorough kinetic study is needed to get a clearer
picture. However, an analogy with pepsin-pepsinogen
autocatalysis model (33) offers a reasonable explanation of
our data. The time courses of the intramolecular (eq 1) and
intermolecular (eq 2) reactions, having two distinct rate

constants ofk1 andk2, respectively, were analyzed by McPhie
(33) to show that if the initial concentration of protein isAo,
andA is concentration of the starting protein species at any
time, t, then,

Initially, the reaction follows pseudo-first-order (intramo-
lecular) kinetics (eq 4):

where the apparent rate constant,k ) (k1 + k2Ao), but at
later times, depending on the relative values ofk1 andk2Ao,
the intermolecular reaction (eq 2) will predominate.

The sigmoidal curve of (control) fragmentation reaction
at pH 6.5 in the absence of ZnCl2 with an extended lag time
(Figure 2A, closed triangle) is characteristic of an intermo-
lecular autocatalytic reaction (eq 2), which must await

accumulation of sufficient species B by the slow intramo-
lecular reaction (eq 1). These data of Figure 2A were
analyzed with eq 3 (33) to estimate the values ofk1 as 2.1
× 10-5/h, andk2 as 0.23/mg/h. Least-squares analysis of the
concentration dependence of the autocatalytic rates (Figure
5) yieldedk1 andk2 values of 0.06/h and 0.7/mg/h at pH 6.5
containing ZnCl2, and 2.4/h and 0.5/mg/h at pH 5.0,
respectively. Althoughk1 is 40 times higher at pH 5.0 than
at pH 6.5 containing ZnCl2, it is much higher under these
conditions than at pH 6.5 in the absence of ZnCl2. Thus,
lowering of pH to 5.0 or inclusion of ZnCl2 at pH 6.5
stimulated the intramolecular phase of the autocatalytic
reaction by more than 103-105-fold, while rate of the
intermolecular reaction is increased only 2-3-fold. A simple
acid catalysis of the intramolecular reaction is unlikely since
a drop of 1.5 pH units will be expected to a maximum 30-
fold stimulation.

Although a Y251-Y252-cleaved dimeric structure have
been known (34), the structure of LC (of BoNT/A) at the
currently available 3.3 Å resolution (35) does not offer a
structural interpretation of the possible intramolecular step.

The optimum pH for autocatalysis is almost 3 pH units
lower than the optimum pH for intrinsic catalytic activity
(Figure 3). The simplest explanation for the low pH optima
for autocatalysis is that a low pH induces a conformational
change in the molecule such that the cleavable bonds are
optimally poised at the active site of the same or another
molecule for cleavage. It is possible that exogenous zinc also
induced a similar conformational change. The data shown
in Figure 7 indicate that the conformation of LC is stabilized
by addition of zinc or by lowering the pH. In the case of the
metal ion, this may be achieved by specific binding of the
metal to the native form of the protein. At low pH, acidic
groups may be titrated, reducing disruptive electrostatic
interactions in the native form. These changes in conditions
have very large effects on the rate (k1) of self-cleavage of
LC (see above and Figures 3 and 5), which are most readily
explained by an ensuing conformational change in the
molecule, into a more easily cleavable state. However,
invariance of the CD and fluorescence spectra of LC as
shown in Figure 6, indicates that this putative conformational
change does not involve large changes in secondary and
tertiary structures. In this study, we employed 50 mM Na-
phosphate pH 6.5, and 43 mM Na-acetate (plus 7 mM Na-
phosphate) pH 4.7. Using 50 mM K-phosphate (containing
100 mM KCl, 1 mM â-mercaptoethanol, and 0.05% dode-
cylphosphocholine) pH 7.0, 5.0, and 4.5, other investigators,
however, reported a (hyperbolic) decrease inR-helical
content of LC at the intermediate pH (36), and the LC
structure significantly changes at pH 4.0 (37). Nearly
identical CD spectra of intact and fragmented LC (Figure
6A) is not surprising, because in the three-dimensional
structure of LC determined at 3.3 Å resolution for the whole
BoNT/A neurotoxin (35, 38) revealed that the cleavable
bonds Y251-Y252 and F266-G267 are not contained in
secondary structure (helix, sheet or turn).

Role of Zinc.Zinc, the natural cofactor of the LC, is bound
at its active site. Catalytic activity of the preparation of LC
employed in this study was inhibited by the presence of zinc
in the assay mixture (see Results). Metalloproteases require
metals to remain bound at the active sites to display protease
activity, but are usually inhibited by excess metal in solution

A 98
k1

B (1)

A + B 98
k2

2B (2)

log
k1A

[Ao(k1 + k2Ao) - k2A]
) -(k1 + k2Ao)t (3)

A ) Aoe
-kt (4)
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(29). We reported earlier that catalytic activity of a zinc-
free LC is restored by adding zinc to the assay mixture and
the activity of a zinc-containing LC is inhibited by adding
zinc to the reaction mixture (1). Similar results were also
obtained with whole BoNT/A (39) and other metalloproteases
(29). Moreover, a LC specific activity of 3.2µmol min-1

mg-1 using the 17-mer SNAP-25 peptide substrate in the
absence of exogenous zinc obtained in this study (see
Results) is highest among all of LC preparations obtained
thus far (1, 17) or of the whole BoNT/A (26). Furthermore,
the homogeneous nature of the LC preparation is supported
by a single and sharp thermal transition of the LC at pH 6.5
(Figure 7). These considerations and our catalytic activity
results led us to conclude that the LC preparation employed
in this study was saturated with active-site zinc.

Adding zinc to this holo-LC preparations dramatically
increased the rate of fragmentation (compare Figure 1, panel
B with panel A). Thus, zinc must have a role other than an
active-site catalytic role. Moreover, in a partially zinc-free
LC preparation, adding ZnCl2 failed to convert a IVA
fragment to a IVB (see Figure 1) fragment (17) as found
with the holo-LC preparation described here (compare Figure
1, panel B with panel A). Thus, zinc must have a structural
or conformational role at or around the cleavable bonds in
addition to its essential catalytic role. The midpoint of
thermal transition,Tm of 41.5 °C at pH 6.5 (Figure 7), in
the absence of added zinc, is comparable to 44°C recently
reported for LC at pH 7.5 and in the presence of NaCl (27),
but is significantly lower than 52°C determined for a hexa-
His tagged LC in tris-HCl buffer pH 7.0 (28). These
differences were most likely due to differences in the buffers
employed and LC sequence. We cannot explain the apparent
biphasic behavior of the thermal transition in the presence
of ZnCl2 (Figure 7). It is possible that excess zinc exerts
more than one effect on the structure of LC, making it more
thermostable than by low pH (Tm, 54 versus 50°C). One
stabilizing effect of zinc might relate to preferential binding
of zinc to a second metal-binding site. Recently, Subraman-
yam Swaminathan detected and identified two additional
divalent metal binding sites in the BoNT/B holotoxin
structure by X-ray crystallography (personal communication).
The first of these sites involves residues in the vicinity of
the autocatalytic sites in BoNT/A LC. Interaction of excess
zinc in solution with this second metal binding site might
juxtapose the cleavable bonds to the active site. A second
effect of zinc stabilizing a particular conformation that
imparts additional thermostability to the LC may be that of
a cosolvent. Natural ligands of proteins and cosubstrates of
enzyme reactions are known to exert such effects on protein
conformations. For example, stabilizing one of the several
active conformations of tryptophan synthase is induced by
solvent effects of monovalent cations (40) and of a cosub-
strate, 2-mercaptoethanol (41).

Autocatalytic CleaVage Sites.Recently, we demonstrated
that the LC undergoes C-terminal processing2 at several sites
between residues 419-448 and fragmentation2 near the
middle of the molecule, both by autocatalytic proteolysis
(17). In that study, which employed a partially zinc-free LC,
C-terminal processing was predominant, and fragmentation
at the F266-G267 bond preceded the final cleavage (frag-
mentation at Y251-Y252) bond. In the presence of added
ZnCl2, fragmentation at Y251-Y252 occurred rapidly,

bypassing cleavage at F266-G267, and was then followed
by C-terminal processing. In the presence of the metal
chelator, TPEN, or a competitive peptide inhibitor, CRAT-
KML, fragmentation was prevented and C-terminal process-
ing was drastically reduced. In the present study, which
employed fully Zn-containing holo-LC, C-terminal process-
ing (represented by appearance of IB in Figure 1A) was a
minor event that did not lead to detectable cleavage at F266-
G267 (absence of fragment IIIA). F266-G267 bond cleavage
must therefore be related to loss of zinc from the protein’s
active site. Indeed, an active-site glutamic acid residue at
position 261 in helix 4, only five residues preceding the
F266-G267 bond at the end of the helix, forms part of the
tetravalent coordination geometry of active-site zinc (35, 42).
Loss of zinc from the active site can make this region more
flexible and susceptible to autocatalysis. Autocatalytic
fragmentation at Y251-Y252 bond, at the tip of flexible
loop C (35, 42), is more pronounced and occurs in the partial
zinc-depleted and in the fully zinc-containing LC. A recent
preliminary report on the X-ray crystallographic studies of
a C- and N-terminal truncated LC found the Y251-Y252
bond is cleaved at the active sites of a dimer (34).

Significance of the Autocatalytic Reaction.Significance
of the fragmentation reaction of LC is intriguing. Autocata-
lytic proteolysis of expressed proteins has long been recog-
nized as necessary events in generating highly active catalysts
as in chymotrypsinogen-chymotrypsin (43) and pepsino-
gen-pepsin (33). Other consequences include triggering of
apoptosis as in mammalian caspases (21) or in modifying
an amino acid to generate a catalytic-site residue as in
S-adenosyl methionine decarboxylase (19). In contrast, the
situation with BoNT/A LC is quite different because auto-
catalysis does not enhance or abolish catalytic activity, nor
is it known to be related to any cellular regulatory mecha-
nism. The LC is naturally expressed byClostridia as the
N-terminal domain of a larger 150 kDa BoNT/A molecule.
A posttranslational tryptic cleavage of the neurotoxin gener-
ates a dichain comprising the 50 kDa LC and the C-terminal
100 kDa domain still connected by a disulfide bond. The
whole neurotoxin released by the bacterium is a complex
with other protective proteins (44, 45); the latter probably
acts as a defensive tool for the bacteria, and there is no
indication that the 150 kDa molecule undergoes autocatalysis
(16), unlike the LC reported here. The 100 kDa chain is
thought to contain a central, 50 kDa membrane translocation
domain (Hn) and a C-terminal, 50 kDa domain (Hc) for
binding the neurotoxins to specific receptors located exclu-
sively on the peripheral cholinergic nerve endings (8). The
Hn domain is believed to participate in a receptor-mediated
endocytotic pore formation in an acidic environment, allow-
ing translocation of the catalytic LC into the cytosol.
Reducing the disulfide bond that connects the LC to Hn upon
exposure to the cytosol or within the acidic endosome (9,
46) is thought to expose the catalytic LC into the cytosol.
Recent experiments using lipid bilayers clearly demonstrated
that disulfide cleavage triggered translocation of LC alone
through a HC channel at pH 5.0. Our experimental data on
concentration dependence of rates at pH 5.0 (Figure 5B)
suggest that if LC autocatalysis takes place within the acidic
endosome, it can occur at a very low concentration, and fast
enough during its few minutes of transit there (36). The in
vitro cleavage half-life of 17 min determined at room
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temperature (23°C) in this study will be expected to be faster
at a much higher physiological temperature of 37°C. In
addition, some unknown cellular factor could also enhance
the reaction farther. Moreover, since the reaction is largely
unimolecular at low pH, cleavage will not be retarded by
the presence of other proteins (47). Experiments using cell
lines to detect autocatalysis in vivo are in progress.

The BoNT/A activity against SNAP-25, its natural sub-
strate, persists in cultured spinal cord cells for more than 11
weeks (48). This duration is much longer than employed in
our experiments (0-14 days), which detected the fragmenta-
tion. In addition to pH, we found a variety of conditions
such as buffer and salt composition and concentration,
monovalent and divalent metal ions, as well as temperature
and radiation that affect the fragmentation reaction (manu-
script in preparation). Inside the cell, LC can thus be expected
to be more susceptible to autocatalytic fragmentation. If
autocatalysis indeed is also a phenomenon within intoxicated
cells, what role or benefit does it add to the process of
toxicity? The results presented in this paper clearly demon-
strate that fragmentation of LC did not affect its catalytic
activity at least in vitro. Although the prevalent hypothesis
that cleavage of a specific bond in one of the SNARE
proteins by the LC is due to BoNT toxicity leading to
inhibition of neurotransmitter exocytosis, a second, nonpro-
teolytic inhibitory mechanism involving activation of neu-
ronal transglutaminase has also been proposed (49). More-
over, tyrosine phosphorylation of BoNT/A and BoNT/E by
Src kinase has been reported to enhance both proteolytic
activity and stability of the neurotoxins, and in case of at
least the former, under in vivo conditions (50). It remains to
be discovered if there is any correlation of the autocatalytic
reaction described in this paper with the fate of LC, its
phosphorylation or stability of BoNT/A proteolytic efficiency
on SNAP-25 as well as any effect on transglutaminase
activity inside the cells.

In conclusion, we demonstrated that autocatalytic frag-
mentation of BoNT/A LC did not lead to activation or
inactivation of its zinc-endopeptidase catalytic activity.
Autocatalysis is the result of both intramolecular and
intermolecular reactions. Low pH and zinc appeared to
stimulate the intramolecular reaction by several orders of
magnitude, presumably by inducing a conformational change.
Our findings suggest that the autocatalytic reaction is a
possibility during translocation of BoNT/A LC through an
acidic endosome.
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