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Enzymatic Autocatalysis of Botulinum A Neurotoxin 
Light Chain 

S. Ashraf Ahmed,1'4 Michael P. Byrne,1'3 Melody Jensen,1 Harry B. Hines,2 

Ernst Brueggemann,2 and Leonard A. Smith1 

Received April 19, 2001 

Highly purified recombinant zinc-endopeptidase light chain of the botulinum neurotoxin serotype A 
underwent autocatalytic proteolytic processing and fragmentation. In the absence of added zinc, ini- 
tially 10-28 residues were cleaved from the C-terminal end of the 448-residue protein followed by 
the appearance of an SDS-stable dimer and finally fragmentation near the middle of the molecule. 
In the presence of added zinc, the rate of fragmentation was accelerated but the specificity of the 
cleavable bond changed, suggesting a structural role for zinc in the light chain. The C-terminal pro- 
teolytic processing was reduced, and fragmentation near the middle of the molecule was prevented 
by adding the metal chelator TPEN to the light chain. Similarly, adding a competitive peptide in- 
hibitor (CRATKML) of the light-chain catalytic activity also greatly reduced the proteolysis. With 
these results, for the first time, we provide clear evidence that the loss of C-terminal peptides and 
fragmentation of the light chain are enzymatic and autocatalytic. By isolating both the large and 
small peptides, we sequenced them by Edman degradation and ESIMS-MS, and mapped the sites 
of proteolysis. We also found that proteolysis occurred at F266-G267, F419-T420, F423-E424, 
R432-G433, and C430-V431 bonds in addition to the previously reported Y250-Y251 and 
K438-T439 bonds. 

KEY WORDS: Botulinum neurotoxin; autocatalysis; proteolytic degradation; zinc-endopeptidase; light chain; 
synthetic gene. 

1. INTRODUCTION 

Proteolytic modification of proteins often by autocat- 
alytic action plays an essential role in making biologi- 
cally functional, mature products (Strasser et al., 2000; 
Dalbey and Kuhn, 2000). Due to the ubiquitous presence 
of proteases, differentiating endogenous, contaminating 
protease and autocatalytic protease action on target pro- 
teins is difficult. In this paper we address the question: 
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Is C-terminal processing and fragmentation of the light 
chain (LC5) of botulinum neurotoxin serotype A 
(BoNT/A) autocatalytic? 

Botulinum neurotoxins (BoNT), of which seven im- 
munologically distinct serotypes are known, are the most 
potent of all toxins (For reviews see Montecucco and 
Schiavo, 1995; Schiavo et al, 1995) These neurotoxins 

'Abbreviations: BoNT, botulinum neurotoxin; BoNT/A, botulinum neu- 
rotoxin serotype A; LC, light chain; HC, heavy chain; Hn, N-terminal 
domain of the heavy chain; Hc, C-terminal domain of the heavy chain; 
SNAP-25, synaptosomal-associated protein of 25 kDa; VAMP, vesi- 
cle-associated membrane protein; SNARE, soluble NSF attachment 
protein receptor; IPTG, isopropyl ß-D-thiogalactopyranoside; EDTA, 
ethylene diamine tetraacetate; TPEN, tetrakis(2-pyridylmethyl)ethyl- 
enediamine; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid; CAPS, 3-[cyclohexylamino]-l-propanesulfonic acid; 
PVDF, polyvinylidine difluoride; MALDI, matrix-assisted laser 
desorption ionization; ESIMS-MS, electrospray ionization mass spec- 
trometry-mass spectrometry; SDS, sodium dodecyl sulfate. 
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are initially expressed by strains of Clostridium botu- 
linum as 150-kDa single polypeptides. Posttranslation 
cleavage by a 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 LC possesses the toxic, zinc- 
endopeptidase catalytic domain, but in the absence of 
HC, it is nontoxic. Recombinant LC expressed by itself 
is catalytically active (Ahmed and Smith, 2000) and 
when injected into sea urchin eggs (Ahmed and Smith, 
2000; Alderton et al, 2000) or injected into mice after 
reconstitution of the holotoxin by adding HC (Zhou 
et al., 1995) is biologically active. The 100-kDa HC can 
further be proteolyzed into a 50-kDa, N-terminal, mem- 
brane-spanning domain (Hn) and a 50-kDa, C-terminal, 
receptor-binding domain (Hc). 

The region connecting BoNT/A LC and HC has 
seven lysine plus arginine residues (Thompson et al., 
1990) that are potential sites of tryptic action. Except for 
the invariant cysteine at position 430, the last 22-residue 
sequences of BoNT LCs are also highly divergent. 
Trypsin or an endogenous protease can cleave at one or 
more of those seven sites (DasGupta and Dekleva, 1990). 
This result, along with complete sequence determination 
of a cyanogen bromide fragment of a BoNT/A LC iso- 
lated from the full-length neurotoxin (Krieglstein et al., 
1994), indicated proteolytic processing or cleavage at 
K438 after initial nicking at K448 of BoNT/A holotoxin. 
This processing, which removes 10 residues from the 
C-terminus of BoNT/A LC, generating the mature prod- 
uct, is considered to be catalyzed by proteases endoge- 
nous to the Clostridia producing the toxin (Krieglstein 
et al, 1994), and in fact a trypsin-like protease was iso- 
lated (Dekleva and Dasgupta, 1990). In addition to this 
C-terminal processing,6 BoNT/A and BoNT/E LC pre- 
pared in 2 M urea from the whole toxin degraded into 
two large fragments, but the LC in the whole toxin was 
not affected (DasGupta and Foley, 1989). A recombinant 
BoNT/A LC expressed in E. coli as inclusion bodies also 
showed protein bands as fragments of the LC, as they re- 
acted in Western blots with antibodies specific for the LC 
(Ahmed and Smith, 2000). The causes of these degrada- 
tions in a highly purified native preparation from 
Clostridia (DasGupta and Foley, 1989) and in a recom- 
binant preparation expressed in E. coli that lacks any 
clostridial protease other than the BoNT/A LC (Ahmed 
and Smith, 2000) remain elusive. 

6"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 above 15 kDa. 

In our continuing efforts to obtain large amount of 
a soluble, active, and stable BoNT/A LC, we recently pu- 
rified the protein from soluble fraction of the cell-free ex- 
tract of E. coli expressing the protein. We observed that 
when stored at 4°C or at 22°C, the purified protein first 
undergoes a truncation of from 10 to 28 amino acids 
from the C-terminus followed by fragmentation at pep- 
tide bonds in the middle of the molecule. We show here 
that the protease action is not restricted to lysyl and 
arginyl bonds. We also demonstrate that the truncation 
and fragmentation are not due to contaminating protease, 
but are autocatalytic events occurring at the active site of 
the BoNT/A LC. 

2. MATERIALS AND METHODS 

2.1. Chemicals, Buffers, and Reagents 

Buffer P (50 mM Na-phosphate, pH 6.5) was used 
throughout. TPEN and ZnCl2 were from Sigma. Rabbit 
polyclonal antibodies against a 16-residue N-terminal 
sequence (PFVNKQFNYKDPVNGV) of BoNT/A LC 
were produced and affinity purified by Research Genet- 
ics (Huntsville, AL). Affinity-purified, peroxidase- 
coupled goat anti-rabbit and anti-mouse IgG (H + L) and 
ABTS substrate were from Kirkegaard Perry Laborato- 
ries (Gaithersburg, MD). The inhibitor peptide (Ac- 
CRATKML-NH2) (Schmidt et al, 1998) was synthe- 
sized and purified by Cell Essentials (Boston, MA). 

2.2. BoNT/A LC Purification 

The rBoNT/A LC was expressed by low-tempera- 
ture IPTG induction in E. coli BL21 (DE3) cells as a sol- 
uble protein from a synthetic gene in a pET24a-derived 
multicopy plasmid (Clontech, Inc.). Construction of the 
gene and expression of the protein as described (Ahmed 
and Smith, 2000) was modified as follows: a stop codon 
replaced the histidine tag at the carboxy terminus of the 
gene, and induction and expression was at 18°C for 
22-24 hr. The LC was purified to near homogeneity by 
NaCl gradient elution from each of two successive cation 
exchange columns (MonoS) in buffer P. Details of the 
expression and purification will be published elsewhere 
(manuscript in preparation). A typical preparation had a 
specific activity of 2-3 |xmol/min/mg in cleaving the 
17-residue substrate peptide (see later) when assayed in 
the presence of 0.25 mM ZnCl2 (not shown); in the ab- 
sence of added zinc, activity was 50%. The purified LC 
was thus partially resolved of the bound zinc. The puri- 
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fied protein (1^ ml) in buffer P was stored at -20°C. 
Under this condition, the protein remains stable and re- 
tains its catalytic activity for at least 1 year. 

2.3. Proteolysis Experiments 

Before each experiment, aliquots of the protein were 
thawed to room temperature and were immediately passed 
through a PD-10 column to remove the EDTA. The pro- 
tein was collected in buffer P and stored on ice. The 
EDTA-free BoNT/A LC was mixed with predetermined 
concentrations of ZnCl2, EDTA, TPEN, or the inhibitor 
peptide (see later), and 20-50 |xl was distributed in screw- 
capped Eppendorf tabes. The tubes were incubated at 4°C 
or at 22°C. The final concentration of the protein was 
0.18-0.20 mg/ml in these incubation mixtures. At various 
time intervals an equal volume (20-50 pi) of SDS-load 
buffer was added to a tube for SDS-PAGE analysis. 

A 100 mM stock solution of TPEN was prepared 
in ethanol (95%). Stock solutions of the competitive 
inhibitor peptide Ac-CRATKML-NH2 (Schmidt et al, 
1998) (5 mM), ZnCl2 (1-4 mM), and EDTA (20 mM) 
were prepared in buffer P. Unless otherwise mentioned, 
final concentrations of these reagents in the incubation 
mixtures with the LC were TPEN 5 mM, EDTA 5 mM, 
peptide 1 mM, and ZnCl2 0.25 mM. 

2.4. SDS-PAGE, Transfer on PVDF Membrane, 
and Western Blot 

SDS-PAGE under reducing conditions (Laemmli, 
1970) was carried out on 1-mm-thick 10% tricine gels 
(Novex) as described (Schagger and von Jagow, 1987). 
Samples were prepared in 0.4% SDS, 5% ß-mercapto- 
ethanol, 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-0.1 M Tricine, pH 8.3. The gels were 
stained with Coomassie Brilliant Blue. Electrophoretic 
transfer of peptides from SDS-PAGE gels onto PVDF 
membrane used 10 mM CAPS-NaOH buffer, pH 11.0, 
containing 10% methanol as the transfer buffer. Protein 
bands on the PVDF membranes were visualized by 1 min 
of staining with Coomassie Brilliant Blue followed by 
destaining in 10% acetic acid-5% methanol. The stained 
bands were cut out from the dried membranes for amino- 
terminal sequence determination. Western blots on nitro- 
cellulose membranes were prepared using a primary 
polyclonal antibody against a 16-residue N-terminal se- 
quence of BoNT/A LC and a peroxidase-coupled goat 
anti-rabbit IgG (H + L) as the secondary antibody 
(Ahmed and Smith, 2000). 

2.5. Separation of Peptides with HPLC and Their 
Characterization by ESIMS-MS 

For mass and sequence determination, peptides 
were separated on an Agilent Technologies Series 1100 
liquid Chromatograph with a 0.8 X 100 mm Poros-2 R/H 
column (PerSeptive Biosystems, Inc.). The mobile phase 
was 0.1% formic acid (solvent A) and 80% acetonitrile 
in 0.1% formic acid (solvent B). The peptides were 
eluted with a linear gradient of 0-100% B over 15 min 
at a flow rate of 0.2 ml/min. The injection volume was 
10 pi The peptides were detected and structurally char- 
acterized on a Finnigan LCQ Deca mass spectrometer 
employing data-dependent MS/MS. Molecular mass was 
also determined by MALDI-MS with a PE Biosystems 
Voyager DE instrument. Sinapinic acid was used as the 
matrix, and the sample was spotted on a stainless steel 
plate that was not washed with water or TFA. Other con- 
ditions in the experiment were accelerating voltage 
25,000 V, guide wire voltage 0.3%, and laser 2500. 

2.6. Other Analytical Methods 

The enzymatic assay was based on HPLC separa- 
tion and measurement of the nicked products from a 
17-residue C-terminal peptide of SNAP-25 correspon- 
ding to residues 187-203 (Schmidt and Bostian, 1995). 
Initially protein concentrations were determined by 
BCA assay (Pierce) with bovine serum albumin (BSA) 
as a standard. After it was established by repeated meas- 
urements that a 1-mg/ml BoNT/A LC thus determined 
has A01% (1 cm light path) value of 1.0 at 278 nm (0.98 
at 280 nm), protein concentration was determined from 
absorbance at 278 nm. For comparison, the calculated 
Ao.\% value of the LC at 280 nm in water (Pace et al, 
1995) is 0.948. Absorption spectra were recorded in a 
Hewlett-Packard 8452 diode array spectrophotometer. 
The N-terminal amino acid sequence of the LC was 
determined by Edman degradation in an Applied Bio- 
systems Procise Sequencer in the 0- to 20-pmol detec- 
tion range. 

3. RESULTS 

3.1. Cleavage and Fragmentation of BoNT/A LC 

Figure 1 shows that the BoNT/A LC undergoes 
cleavage and fragmentation that increases with time. 
The intensity of the band representing the full-length 
LC with a polypeptide mass of ~52 kDa (IA) gradu- 
ally diminished with time and a new protein band of 
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Fig. 1. Time course of proteolysis of BoNT/A LC as followed by SDS-PAGE (A) and Western blot (B). Aliquots of 25 ml of the LC (0.2 mg/ml) 
were incubated at 4°C. At intervals (see below), 25 |xl of 2X SDS-load buffer was added to an aliquot and boiled. Two SDS gels were run in parallel. 
One gel was stained by Coomassie (A) and the proteins from the other were transferred to a nitrocellulose membrane for Western blot (B). Lane 1 
in panel A shows Novex Mark-12 molecular weight markers and lane 1 in panel B shows the Novex prestained SeeBlue molecular weight markers. 
In both panels A and B, lanes 2-7 show 0, 2, 4, 14, 21, and 28 days of incubation, respectively, of LC. Identity of the protein bands between panels 
A and B is arbitrary, and the same nomenclature is used throughout the paper. 

—50 kDa (IB) appeared in its place. The results suggest 
truncation of about 2 kDa mass from the full-length 
LC. In Western blots (Fig. IB), both IA and IB also re- 
acted with a rabbit polyclonal antibody raised against a 
16-residue amino-terminal sequence of LC. This result 
suggests that the truncation from the full-length LC 
must occur at the C-terminus. Indeed, amino-terminal 
sequencing of the isolated, truncated protein (see later) 
showed the amino terminus was intact. Interestingly, 
preservation of the N-terminus of full-length BoNT/A 
neurotoxin was also observed after its posttranslation 
modification in bacterial culture (DasGupta and Dekl- 
eva, 1990). As the truncated protein IB accumulated, a 
protein band of -100 kDa (II) appeared that was de- 
tected easily in the Western blot (Fig. IB). Figure 1 
also shows that at 2 weeks of incubation, the LC frag- 
mented into IIIA + IIIB and IVC. The larger fragment 
(IIIA) above the 34-kDa marker was followed by a 
fainter fragment (IIIB) just below the 34-kDa marker. 
The results of this time course experiment also sug- 
gested that IIIB was formed from IIIA. Both of these 
fragments must represent the N-terminus of the LC, as 
they reacted with the antibody (Fig. IB). On the other 

hand, a much smaller fragment (IVC) moving faster 
than the 23-kDa marker was probably the C-terminal 
fragment, as it failed to react with the antibody (spe- 
cific for the N-terminus of the LC) in the Western blot. 
The truncation and fragmentation shown in Fig. 1 were 
independent of the batch of E. coli cell culture or the 
batch of purification of the LC (data not shown). 

3.2. Zinc Accelerates the Truncation 
and Fragmentation 

The BoNT/A LC is known to be highly substrate 
specific. Therefore, the truncation of about 2 kDa from 
the C-terminus or fragmentation into larger fragments 
upon storage of the LC at 4°C described in Fig. 1 might 
appear to be due to the presence of some contaminating 
protease in the LC preparation. However, we failed to 
detect any additional Coomassie-stained protein band 
when 0.4^1.0 (xg of the LC was electrophoresed in the 
presence of SDS. BoNT/A LC is a zinc-endopeptidase. 
Figure 2 shows that when LC was incubated with 
0.25 mM ZnCl2, the rate of fragmentation was greatly in- 
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Fig. 2. Enhancement of the proteolysis of BoNT/A LC by ZnCl2 as followed by SDS-PAGE (A) and Western blot (B). All conditions are same 
as in Fig. 1, except that 0.25 mM ZnCl2 was added to the incubation mixture of the LC. 

creased so that the antibody-reacting fragment IIIB and 
an antibody-nonreacting fragment IVA appeared within 
2 days of incubation (Fig. 2A, B). Fragment IVB ap- 
peared later in the time course. Qualitatively, the results 
are similar to those in Fig. 1 except that in the presence 
of ZnCl2, the rate of fragmentation was higher, fragment 
IIIB was formed without showing the initial formation of 
III A, and initial formation of IVA gave rise to IVB. The 
rate enhancement by zinc could be partly due to forma- 
tion of holo-LC from the partially Zn-resolved LC (see 
Section 2). Because there was no fragment IVC (Fig. 1) 
detected in this experiment (Fig. 2), zinc must also have 
a structural role on the LC. From the results shown in 
Fig. 2A it is not possible to judge if the C-terminal trun- 
cation of IA in forming IB and dimerization in forming 
II precede the fragmentation into III and IV. However, in 
some other experiments (not shown) using a lower con- 
centration of ZnCl2, we were able to show that formation 
of IIIB occurred before formation of IB and that frag- 
mentation was the last event. 

The rates of C-terminal truncation and fragmenta- 
tion of LC either in the absence or in the presence of 
ZnCl2 were much higher when incubated at 22°C than at 
4?C (data not shown). In fact, amino-terminal sequence 
was determined on the fragments generated by incuba- 
tion at 22°C for 2 days only (see later). 

3.3. Amino Acid Sequence of the Small Peptides 
Generated by C-Terminal Processing 

To map the sites of proteolysis, we isolated the 
small peptides by ultrafiltration of a C-terminally trun- 
cated LC mixture. Amino acid sequences of these pep- 
tides were determined by ESIMS-MS (Table I). The pep- 
tides with G433 at the amino terminus (peptide 4) and 
K438 at the carboxy terminus (peptide 5) indicated 
cleavage by a trypsin-like protease on the R432-G433 
and K438-T439 bonds, respectively. Of these, only the 
lysyl bond at K438 was reported to be cleaved by a 
clostridial endogenous protease or by trypsin (DasGupta 
and Dekleva, 1990). However, we could not detect a 
cleavage at the K444-G445 bond as reported before by 
an endogenous clostridial protease (DasGupta and Dek- 
leva, 1990), nor could we detect cleavage at K440-S441 
or at K427-L428 bonds, the other potential sites of tryp- 
tic cleavage. Although these results indicated that the 
LC preparations did not contain a protease activity that 
could cleave at K427-L428, K440-S441, and K444- 
G445, it is equally possible that some of the small pep- 
tides generated by cleavage at these sites were lost dur- 
ing sample preparation. Interesting findings of this ex- 
periment (Table I) are the peptides with N-terminus of 
T420 (peptide 1) and V431 (peptide 3), as the preceding 
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Table I. Sequence of the C-Terminal Peptides Generated after Initial Cleavage of the BoNT/A LC 

Peptide 
420 425 430 435 440 445 

Mass4 K-N-F-T-G-L-F-E-F-Y-K-L-L-C-V-R-G-I-I-T-S-K-T-K-S-L-D-K-G-Y-N-K 

1 2188(2188) 
2 2124 (2112)c 

3 2008 (2008) 
4 1753 (1753) 
5 989 (977)c 

T-G-L-F-E-F-Y-K-L-L-C-V-R-G-I-I-T-S-K 
CC-V-R-G-I-I-T-S-K-T-K-S-L-D-K-G-Y-N-K 

V-R-G-I-I-T-S-K-T-K-S-L-D-K-G-Y-N-K 
G-I-I-T-S-K-T-K-S-L-D-K-G-Y-N-K 

CC-V-R-G-I-I-T-S-K 

" The peptides were generated by incubating 0.4 mg of the LC in 0.5 ml of buffer P at 4°C for 2 weeks. They were 
isolated by ultrafiltration through a Centricon CM 10 (Amicon) membrane that was previously treated with 
10 mM EDTA. The filtrate containing the peptides was stored at -20°C for 1 week before mass and sequence 
determinations by ESIMS-MS. The sequence on the first row with the numbers above it represents the known C- 
terminal sequence of the LC (Ahmed and Smith, 2000). 

6 Experimentally determined mass from ESI-MS; calculated mass for the sequence shown is given in parentheses. 
c The calculated mass was 12.1 Da smaller than the experimental value. Except for cysteine in peptides 2 and 5, 

the experimentally determined masses of all other amino acid residues agree well with their calculated values. 
Note that cysteine in peptides 2 and 5 occurred at the N-terminus, but when it was in the middle of the peptide, 
there was no ambiguity in the results. 

residues at F419-T420 and C430-V431 bonds, respec- 
tively, are certainly not the sites of "tryptic" cleavage. 

The sequence data (not shown) from the ESIMS-MS 
results for the peptides 2 and 5 agree very well with the 
residue stretches V432-K449 and with the residue 
stretches V431-K438, respectively. However the experi- 
mentally determined mass for "C430," the residue at the 
amino side of V431 in both peptides, was greater by 12.1 
Dalton than the theoretical mass for cysteine. At this stage, 
we are uncertain about the discrepancy in the mass of this 
"cysteine." Chemical modification experiments (data not 
shown) using iodoacetamide or acidified methanol failed 
to shift the masses of these peptides, indicating that the 
suspected "cysteine" did not have a free sulfhydryl group 
nor was a contaminating aspartic acid. Cysteine in pro- 
teins are known to occur as derivatives such as cysteine 
sulfenic acids (Ahmed and Claiborne, 1992; Claiborne 
et al., 1999). We are currently attempting to decipher the 
chemical nature of this "cysteine." If indeed it was a mod- 
ified C430, cleavages at the carboxy ends of F419, C430, 
and V431 in addition to R432, K438, and K438 indicate 
that the proteolytic activity in our preparation was not 
"tryptic" in nature, but had a broad specificity. 

the experimental and calculated values were within 
0.07%. Identity of IIIA as having a sequence range of 
V1-F266 was based on the kinetics of its (and of IVC's) 
appearance on SDS-PAGE (Figs. 1 and 2) and N-termi- 
nal sequence of IVC. The sequence data along with 
Western blot results clearly demonstrated that the amino 
terminus of the LC (IA and IB) remained unchanged dur- 
ing the prolonged incubation period. Although we did 
not determine the C-terminal sequence of the peptides 
IIIA and IIIB, N-terminal sequences of the peptides IVA, 
IVB, and IVC (Table II) indicate that fragmentation of 
IA and IB (Figs. 1 and 2) occurred by cleavage at the 
Y250-Y251 and F266-G267 bonds. Again, if the cleav- 
ages of these tyrosyl and phenylalanyl bonds were cat- 
alyzed by a protease, it must have been "nontryptic" in 
nature. Identity of the peptides IVB and IVC as having 
F423 at the C-terminal indicated that a C-terminal pro- 
cessing of the LC at F423-E424 remained undetected in 
our small peptide isolation experiment (see previous sec- 
tion). This result nonetheless supports that C-terminal 
processing occurred at phenylalanyl bonds in addition to 
lysyl, arginyl, valyl, and (most likely) cysteinyl bonds. 

3.4. Identity of the Large Peptides Generated by 
Fragmentation 

The large peptides generated by fragmentation in 
the middle of the LC were identified by comparing the 
mass determined by MS with a calculated mass for a 
stretch of sequence based on the amino-terminal se- 
quence determination (Table II). Agreements between 

3.5. Metal Chelator TPEN Inhibits Truncation and 
Fragmentation 

As shown in Fig. 2, if the C-terminal truncation and 
fragmentation of the LC was indeed dependent on the 
presence of zinc, removing zinc from the incubation 
mixture and from the active site of the LC would be ex- 
pected to abolish the truncation and fragmentation 
events. However, zinc is very tightly bound to the active 
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Table II. Identity of the Polypeptides Generated by Proteolysis 
of the BoNT/A LC 97.4 - 

Mass Mass Sequence N-terminal 66.3-; 

Peptide0 (Exp) (Calc) range sequence 55.4 - 

IA 51,315 51,318 V1-K448 2-VQFVNKQ 

IB 48,866 48,870 V1-Y426 2-VQFVNKQ 

II 97,727' 
97,870'' 

36.5 - 
31.0- 

IIIA n.d.c 32,270 V1-F266 2-VQFVNKQ 

IIIB 28,111 28,130 V1-Y251 2-VQFVNKQ 

IVA 23,207 23,207 Y252-K448 252-YEMSGLE 

IVB 20,319 20,319 Y252-F423 252-YEMSGLE 

IVC 18,400 18,400 G267-F423 267-GGHDAKF 97.4- 

" Peptide designations are from Figs. 1 and 2. Mass was determined by 
ESIMS-MS. Masses of the peptides IA and IB were determined sep- 
arately. Peptides were generated by incubating the LC (1.8 mg/ml 
buffer P) alone or in the presence of 0.25 mM ZnCl2 for 2 days at 
22°C. Partial precipitation of the protein was visible after 1 day and 
was removed by centrifugation before ESI analysis. Masses of IIIB, 
IVA, and IVB were determined in samples containing ZnCl2, and 
those of IA, IB, IIIA, and IVC were determined in samples with no 
ZnCl2. Calculated masses are for the sequence ranges shown based on 
N-terminal sequence and mass data. The N-terminal sequences were 
determined separately for IA, IB, and IIIA in solutions and for IIIB, 
IVA, IVB, and IVC on PVDF membrane after separation by 
SDS-PAGE and transfer on membrane. 

* Data from MALDI-MS determined in a sample containing IB with an 
initial concentration of 0.2 mg/ml. 

cMass could not be detected in several experiments, probably due 
either to precipitation or to irreversible binding to column resin. Al- 
though a peptide with a lower mass can have slower mobility than a 
homologous higher mass peptide in SDS-PAGE due to charge dif- 
ferences (Ahmed et al, 1986), the kinetics of appearance of IIIB from 
IIIA (Fig. 1) and their identification by N-terminal sequence deter- 
mination suggest that IIIA must be larger than IIIB. Identity of IIIA 
as having a sequence of V1-F266 with a mass of 32,270 was based 
on N-terminal amino acid sequence determination and SDS-PAGE 
results (Figs. 1 and 2). 

site of LC. Extensive treatment with 10 mM EDTA in 
the cold (Ahmed and Smith, 2000) or with 10 mM 
EDTA at room temperature (Li and Singh, 2000) failed 
to completely remove zinc from the active site of the LC. 
In agreement with these observations, including 10 mM 
EDTA failed to protect the LC from C-terminal trunca- 
tion and processing (Fig. 3A). In contrast, the metal 
chelator TPEN largely protected the LC from truncation 
and fragmentation (Fig. 3A). We also found that at 1 mM 
TPEN concentration, the LC showed no activity when 
assayed for 5 min (data not shown). Because the incuba- 
tion mixture with TPEN did not contain any exogenous 
metal or zinc, any chelation by TPEN must have in- 
volved the active-site zinc of the LC. Our results also 
suggest that truncation and fragmentation of the LC upon 
storage at 4°C or at room temperature were autocatalytic. 

^P^^^    «SS3    ^^MM 
^^ tftf ^S'-IB 

-IIIA 

1 2345 6789       10 
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66.3 -: 

55.4-1 

36.5 -J 
31.0- 

■ j^HHf 'wl^fg^ 

-IIIA 
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Fig. 3. Protection of BoNT/A LC from proteolysis by the metal 
chelator TPEN (A) and the competitive peptide inhibitor CRATKML 
(B), followed as a time course by SDS-PAGE. (A) The LC (0.2 mg/ml) 
was incubated in small aliquots with 10 mM EDTA (lanes 2-5) or with 
5 mM TPEN (lanes 7-10). Lanes 2 and 7, 3 and 8, 4 and 9, and 5 and 
10 show 6, 14, 21, and 28 days of incubation, respectively. (B) The LC 
was incubated withl mM peptide inhibitor containing 5 mM DTT 
(lanes 2-5) or without the peptide inhibitor (lanes 10-7) at 4°C. DTT, 
which does not have an effect on proteolysis (not shown), was added to 
maintain the peptide in monomer form. Lanes 2 and 10, 3 and 9, 4 and 
8, and 5 and 7 show 6, 14, 21, and 28 days of incubation, respectively. 
In both panels A and B, lane 1 represents LC alone at day 0, and lane 
6 has molecular weight markers (labels on left). The protein band IIIA 
(see Fig. 1) was faint in this experiment and was not captured in the 
photographic reproduction; therefore its location in the original gel is 
shown by arrows in the figure. Note that (a) presence (lanes 2-5, A) and 
absence (lanes 10-7, B) of EDTA had little effect on proteolysis of IA 
to IB and finally to IIIA, (b) TPEN (lanes 7-10, A) significantly 
reduced the rate of conversion of IA to IB and prevented formation of 
IIIA during the course of the experiment, and (c) the peptide inhibitor 
(lanes 2-5, B) drastically reduced the proteolysis of IA to IB and 
prevented the formation of IIIA. 

3.6. A Specific Competitive Inhibitor of LC Activity 
Was an Effective Inhibitor of Truncation 
and Fragmentation 

Autocatalytic truncation and fragmentation of pro- 
teins can arise from chemical catalysis and from enzy- 
matic catalysis. To differentiate these two possibilities, 
we used a peptide specifically synthesized as a compet- 
itive inhibitor of BoNT/A proteolytic activity (Schmidt 
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et al, 1998). This peptide inhibitor, with a sequence of 
CRATKML, competitively inhibits the cleavage of a 
17-residue substrate peptide based on SNAP-25 by 
BoNT/A neurotoxin with a K{ of 2 \iM (Schmidt et al, 
1998). We found that at 1 mM inhibitor peptide con- 
centration, the LC showed no activity when assayed for 
5 min (data not shown). Figure 3B shows that when the 
LC was incubated with 1 mM peptide inhibitor, both 
C-terminal truncation and fragmentation at the interior 
of LC were largely prevented. In the presence of the 
peptide inhibitor, however, the LC underwent a very 
slow cleavage, as can be expected in an enzymatic ac- 
tivity with a competitive inhibitor. Densitometric scan- 
ning of the gel showed that after 28 days, in the pres- 
ence of the peptide inhibitor, less than 10% of the LC 
(IA) was converted into the C-terminally truncated form 
(IB). In contrast, in the absence of the peptide inhibitor, 
more than 80% of the LC (IA) was converted into the 
truncated form (IB). Results of this experiment prove 
that loss of 10-28 residues from the C-terminus of LC 
followed by fragmentation into two major peptides 
(Figs. 1 and 2, Tables I and II) occurred at the active site 
of the LC and that these reactions were enzymatic. The 
results also provide direct evidence that the cleavage re- 
actions were not due to any contaminating protease in 
the preparation of the LC. 

4. DISCUSSION 

4.1. C-Terminal Processing and Fragmentation 
of the LC Are Autocatalytic 

Our studies provide the first evidence in favor of au- 
tocatalysis of BoNT/A LC. Several lines of evidence also 
indicate that this autocatalysis is enzymatic in nature: 

1. Highly purified LC (Fig. 1) underwent proteolysis 
(Fig. 1) regardless of its batch of purification and 
batch of E. coli cell growth expressing the protein. 

2. Zinc, a cofactor bound at the active site of BoNT/A 
LC (Fu et al., 1998), whose addition (as ZnCl2) to the 
reaction mixture accelerates its enzymatic catalysis 
(Ahmed and Smith, 2000), also enhances BoNT/A 
proteolysis (Fig. 2). 

3. The heavy metal chelator TPEN that inhibits the enzy- 
matic activity of LC also inhibited the proteolysis of 
LC (Fig. 3A). TPEN is the most effective metal chela- 
tor antagonist in the BoNT-induced blockade of trans- 
mission in mouse nerve-hemidiaphragm preparations 
(Simpson et al., 1993; Sheridan et al., 1997) that in- 

hibits the enzymatic activity of LC (this study) and pro- 
tects animals against BoNT/A poisoning (Adler et al., 
1997). 

4. The heptapeptide CRATKML that was shown to be 
a competitive inhibitor of BoNT/A catalytic (proteol- 
ysis) activity (Schmidt et al., 1998) and that inhibits 
LC catalytic activity (this study) effectively protects 
the LC from proteolysis (Fig. 3B). 

Cleavage of highly purified LC from various 
batches first reduced the possibility that the proteolysis 
of LC was due to a contaminating protease. By en- 
hancing the proteolysis with zinc and inhibiting it with 
TPEN (a metal chelator), we suggest that the proteoly- 
sis was catalyzed by the LC itself. Finally, protection 
from proteolysis by the competitive inhibitor validated 
that the proteolysis was enzymatic and autocatalytic. 
An earlier study on LC prepared in 2 M urea from the 
whole toxin purified from Clostridium reported that the 
Y250-Y251 bond was cleaved over time (DasGupta 
and Foley, 1989). From the facts that the protein was 
purified in the presence of aprotinin and PMSF, that no 
fragmentation was observed in the full-length toxin, and 
that no other Y-Y bond in the molecule was cleaved, 
presence of a contaminating protease in the LC prepa- 
ration was considered unlikely. If cleavage was due to 
a contaminating protease, then proteases having this 
same bond specificity must be common to E. coli as 
well as Clostridium, and must have physical properties 
that cause them to copurify with the recombinant LC as 
well as whole toxin; this is not very likely. Instead of 
enzymatic catalysis, an alternate explanation of a se- 
quence-specific chemical cleavage was sought (Das- 
Gupta and Foley, 1989). We previously also observed 
protein bands recognized by LC-specific antibody that 
appeared to arise by fragmentation of the LC expressed 
as inclusion bodies in E. coli (Ahmed and Smith, 2000). 
This study also found fragmentation by cleavage at the 
Y250-Y251 bond and an additional fragmentation at 
F266-G267. C-terminal processing and fragmentation 
with an LC expressed and purified in soluble form from 
E. coli avoiding the use of the denaturants like urea 
(DasGupta and Foley, 1989) or sarkosyl (Ahmed and 
Smith, 2000) eliminate the possibility of exposing a 
cleavage site by prior use of a denaturant. An autocat- 
alytic enzymatic action of the LC is the most logical ex- 
planation. Direct evidence in support of the autocat- 
alytic fragmentation comes from a recent preliminary 
report in which the Y250-Y251 bond was found at the 
active site of a truncated LC and as cleaved (Knapp 
et al, 2000) (see later). 
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4.2. Fragmentation Follows a Stable 
Dimer Formation 

During purification from inclusion bodies, we ob- 
served a protein band in reducing SDS-PAGE that ap- 
peared to be a dimer of the LC, in addition to several 
smaller fragments (Ahmed and Smith, 2000). In the 
experiments shown in Fig. 1, we observed the gradual 
accumulation of a species (II) with a mass of 97,870 
(Table II) that appeared to follow the accumulation of the 
C-terminally truncated LC (IB) with a mass of 48,892 
(Table II). Species II thus was a dimer arising from 
species IB. Presence of a non-covalently bound dimer in 
a reducing SDS-PAGE experiment is generally unlikely 
but not uncommon (Klatt et al, 1995; Ettinger et al, 
2000). Consistent time-dependent appearance of this 
species in several experiments led us to conclude that an 
SDS-stable dimer was formed after the removal of 10-28 
amino acid residues from the C-terminus of LC. In a 
dimer, the Y250-Y251 bond of one IB chain may be jux- 
taposed to the active site of the complementary chain for 
cleavage. This explanation is consistent with the kinetics 
of formation of IB, II, and IIIA and IVC (Fig. 2 and 
Scheme II). In the three-dimensional structure of the LC 
determined at 3.3 A resolution for the whole BoNT/A 
toxin (Lacy et al, 1998; Lacy and Stevens, 1999), 
residues 432-^48 at the C-terminus show no electron 
density. Residues 420^431 containing one ß-strand 
(ß 15) appear to be more flexible than the rest of the mol- 
ecule. Residues 233-259 containing the Y250-Y251 
bond formed a loop (loop C) bordering the active-site 
gorge, and the F266-G267 bond occurs just after the 
helix 4 (residues 260-266) ends. A visual inspection of 
the structure suggests that proteolytic removal of the 
C-terminus should eliminate the steric hindrance for the 
loop C to be accommodated in the active site that is sit- 
uated in a 35-Ä-deep pit (Lacy et al, 1998; Lacy and 
Stevens, 1999) in forming the dimer. Direct support for 
the formation of a stable dimer comes from a recent pre- 
liminary report on the structure of a C- and N-terminal 
truncated LC (Kadkhodayan et al, 2000) determined by 
X-ray crystallography (Knapp et al, 2000). The mole- 
cule formed a dimer in the asymmetric unit in which the 
Y250-Y251 bond was cleaved, near the active site, and 
the resulting carboxylate group remained coordinated to 
the catalytic zinc (Knapp et al, 2000). Two related re- 
ports on factors inducing SDS-stable dimer formation 
that may involve a carboxylate come from addition of 
tetrehydrobiopterin and arginine to nitric oxide synthase 
(Klatt et al, 1995) and the presence of a specific glu- 
tamic acid residue in a class II MHC allele (Ettinger 

et al, 2000). Our results of proteolysis in the presence of 
ZnCl2 (Fig. 2 and Scheme II), on the other hand, also 
showed that removal of the C-terminus could not be a 
prerequisite for a dimer formation, as fragmentation oc- 
curred before accumulation of IB. This indicates a struc- 
tural role for zinc. 

4.3. A Structural Role for Zinc 

Zinc, the natural cofactor of the LC, is tightly bound 
at its active site. Most preparations of the LC that were 
purified through two columns and a dialysis step in the 
presence of EDTA retained at least 50% of its activity in 
the absence of added zinc (see Section 2). In the experi- 
ments described here, adding zinc increased the rate of 
fragmentation (compare Fig. 2 with Fig. 1) partly due to 
formation of holo-LC from the partially Zn-resolved LC. 
Apart from these measurable differences, there was a 
qualitative difference in the self-proteolysis in the pres- 
ence and absence of added ZnCl2 that are summarized in 
Schemes I and II, respectively. In the absence of ZnCl2, 
C-terminal processing occurred followed by fragmenta- 
tion from initial cleavage at the F266-G267 bond 
(Scheme I). In the presence of ZnCl2, fragmentation re- 
sulted from cleavage at the Y251-Y252 bond bypassing 
the C-terminal processing (Scheme II). Zinc at the active 
site or in excess in solution thus can changed the prefer- 
ence of the cleavage site from F266-G267 to Y251- 
Y252, obviously by some conformational or structural 
change in the molecule. Zinc thus must have a structural 
role in addition to its essential catalytic role. In fact, a 
structural role of zinc in maintaining the tertiary structure 
of the LC (Li and Singh, 2000) and of the full-length 
BoNT/A (Fu et al, 1998) was recently reported. More- 
over, our failure to observe a conversion of IVB to IVC 
(1-2, Schemes I—II) may indicate a changed conforma- 
tion of the N-terminus of IVB from that which occurs in 
the middle of LC (IA or IB). Indeed, a specific structural 
element has been proposed to be a requirement for the 
true substrates of BoNT neurotoxins (Washbourne et al, 
1997; Lebeda and Olson, 1994; Rossetto et al, 1994) 
rather than its primary structure alone. This analogy pro- 
vides additional support in favor of an autocatalysis of 
the LC. 

4.4. Specificity of the Proteolysis 

BoNT/A and its LC are specific for only the 
Q197-R198 bond of SNAP-25. By demonstrating the 
autocatalytic action of LC in this report, we found that 



230 Ahmed et al. 

VI 
2.  r- 

VI 
3.   h- 

VI 
4.    I— 

F423 E424 K448 
 1  I 1 

F266 G267 
 1  I  

F423 E424 K448 
 1  I 1 

Y250 Y251 F266 G267 
 1   I 1 I  

F423 E424 K448 
 1  I 1 

vorable structure or conformation. We did not determine 
the rates of autocatalysis; a rough estimate, however, in- 
dicated that the rate of cleavage of the Q197-R198 bond 
in a 17-residue C-terminal peptide of SNAP-25 by the 
BoNT/A LC was 105 times higher than the autocatalytic 
cleavage. We are currently investigating the relationship 
between autocatalysis of LC and its catalytic activity on 
substrates. 

Scheme I. Steps in the self-proteolysis of BoNT/A LC in the absence 
of added zinc. Arrows show the sites of proteolysis. Full-length LC is 
denoted by IA. The fragments IB, IIIB, and IVC correspond to the 
fragment designations in Fig. 1. The primary event is the C-terminal 
truncation to form IB followed by cleavage between Y286 and G287 
producing IIIA and IVC. The fragment IIIA in turn is further 
proteolyzed between Y251 and Y252 to generate IIIB. Lengths of the 
fragments (e.g., 1V-K448) are based on mass determined by MALDI- 
NIS and N-terminal amino acid sequence shown in Table II. The C- 
terminal peptide E424-K448, although shown here as a single peptide 
for convenience, is in fact is a mixture of several peptides (see Tables 
I and II). 

4.5. Conclusions 

We provide evidence for the first time that prote- 
olytic C-terminal processing and a proteolytic fragmen- 
tation reaction in a soluble BoNT/A LC are enzymati- 
cally catalyzed by the LC itself. We found that the 
specificity of proteolysis of the LC was not restricted to 
a particular Q-R bond of SNAP-25 but encompassed 
specific Y-Y, F-G, V-R, R-G, K-T, C-V, and probably 
L-C bonds in the LC when they occurred in a favorable 
conformation. 
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Scheme II. Steps in the self-proteolysis of BoNT/A LC in the 
presence of added zinc. Arrows show the sites of proteolysis. The 
fragments IIIB, IVA, and IVB correspond to the fragment 
designations in Fig. 2. Unlike the steps shown in Scheme I, IA may 
bypass the C-terminal truncation and initial formation of IIIA but 
undergo proteolysis between Y251 and Y252 in directly forming IIIB. 
The fragment IVA is further cleaved into IVB. Although a C-terminal 
cleavage of IVB into IVC is possible, we did not observe (see Fig. 2) 
this species in the presence of added zinc. See Fig. 2 and Scheme I for 
other explanations. 

Y250-Y251, F266-G267 at the middle of the molecule, 
and F419-T420, F423-E424, R432-G433, K438-T439, 
C430-V431, and L429-C430 (most likely) bonds at the 
end of the molecule were also recognized as sites of pro- 
teolytic action. This broad specificity of the cleavable 
bonds is not surprising if we consider that substitutions 
at P2, PI, and P2' sites of a 17-residue peptide did not 
abolish its substrate property for BoNT/A (Schmidt and 
Bostian, 1997). Because not all Y-Y, F-E, F-G, R-G, 
and K-T bonds of the light chain were cleaved, it is ap- 
parent that the cleavable bonds became accessible to 
autocatalysis during storage, probably by assuming a fa- 

We thank Laura Shanholtz for the proteolysis ex- 
periments and enzyme assays, Dr. James J. Schmidt for 
N-terminal sequence determination, helpful comments, 
and discussions, and Dr. Frank Lebeda for a critical read- 
ing of the manuscript. 
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