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Abstract

Clostridium neurotoxins, comprising the tetanus neurotoxin and the seven antigenically distinct botulinum neurotoxins
(BoNT/A-G), are among the known most potent bacterial protein toxins to humans. Although they have similar function,
sequences and three-dimensional structures, the substrate specificity and the selectivity of peptide bond cleavage are different
and unique. Tetanus and botulinum type B neurotoxins enzymatically cleave the same substrate, vesicle-associated membrane
protein, at the same peptide bond though the optimum length of substrate peptide required for cleavage by them is different.
Here, we present the first experimentally determined three-dimensional structure of the catalytic domain of tetanus neurotoxin
and analyze its active site. The structure provides insight into the active site of tetanus toxin’s proteolytic activity and
the importance of the nucleophilic water and the role of the zinc ion. The probable reason for different modes of binding of
vesicle-associated membrane protein to botulinum neurotoxin type B and the tetanus toxin is discussed. The structure

provides a basis for designing a novel recombinant vaccine or structure-based drugs for tetanus.

Published by Elsevier Ltd.
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1. Introduction

Tetanus neurotoxin (TeNT) produced by Clostridium
tetani and the seven antigenically distinct botulinum
neurotoxins (BoNT/A-G) produced by Clostridium botuli-
num together constitute the family of clostridial neurotoxins
(CNTs) (Montecucco and Schiavo, 1995; Rawlings and
Barrett, 1995). Tetanus neurotoxin acts on the central
nervous system and inhibits the release of glycine and +y-
aminobutyric acid causing spastic paralysis, tetanus
(Galazka and Gasse, 1995). In contrast, botulinum neuro-
toxins (BoNTs) act on the peripheral nervous system and
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inhibit the release of acetylcholine at the neuromuscular
junction, causing flaccid paralysis, botulism (Simpson,
1986). These proteins are of public health concern as
paralysis by these toxins still takes hundreds of lives every
year (Galazka and Gasse, 1995). They are also emerging as
biowarfare threats.

CNTs consist of three functional domains: binding,
translocation, and catalytic. CNTs bind to the neuronal cells
via gangliosides and a second protein receptor and then are
internalized. Their catalytic domain is translocated through
the vesicle membrane into the cytosol where it attacks and
cleaves one of the proteins forming the core of the synaptic
vesicle fusion apparatus. CNTs synthesized as 150 kDa
inactive single chain molecules are post-translationally
modified either by endogenous or exogenous proteases
into two polypeptide chains covalently linked by a
disulfide bond: the C-terminal heavy chain (HC, 100 kDa)
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and the N-terminal light chain (LC, 50 kDa). The C-terminal
heavy chain is responsible for the binding of the toxin to
specific neuronal receptors and the translocation of the N-
terminal LC, the catalytic domain, into the neuronal cytosol.
The LCs of CNTs contain the zinc-binding motif HExxH +
E and are accordingly zinc-dependent metalloproteinases
causing toxicity (Eswaramoorthy et al., 2004; Fillippis et al.,
1995; Kurazono et al., 1992; Schiavo et al., 1994; Simpson
et al, 2001). Interestingly, though CNTs display high
sequence homology, have similar functions and probably
have similar structure, they are unique in that their target
protein and the scissile bonds they cleave are different, a
property very commonly shared by members of a given
protease family. TeNT, BoNT/B, /D, /F, and /G cleave
vesicle-associated membrane protein (VAMP) (Schiavo
et al.,, 2000). While the cleavage site is different for D, F
and G, it is the same for TeNT and BoNT/B, a unique case in
CNTs. Similarly, BoNT/A, /E, and C cleave synaptosomal-
associated protein 25 kDa (SNAP-25) at different peptide
bonds (Binz et al., 1994; Schiavo et al., 1993; Vaidyanathan
et al,, 1999). BoNT/C is unique in that it also cleaves
syntaxin.

Chemically modified TeNT is the most used human
vaccine and BoNTs are increasingly used in the therapy of
human diseases caused by hyperfunction of cholinergic
nerve terminals (Jankovic and Hallett, 1994). Chemically
treated toxoid vaccine is available against BoNTs but no
therapeutic treatments exist as of now. To develop an
effective structure-based vaccine/inhibitor/antitoxin to treat
tetanus victims, an understanding of the molecular mech-
anism at the atomic level, especially the peptidase activity
by the catalytic domain, is a prerequisite. Though
experimental three-dimensional structures are available for
some of the CNTs and their functional fragments, no
experimental structure is available for TeNT-LC except for
a homology-based model (Agarwal et al., 2004a;
Breidenbach and Brunger, 2004; Emsley et al., 2000;
Hanson and Stevens, 2000; Lacy and Stevens, 1998;
Rossetto et al., 2001; Segelke et al., 2004; Swaminathan
and Eswaramoorthy, 2000; Umland et al., 1997). These
structures helped to map the active site and the residues
forming it. Although the active sites are similar, the
specificity and selectivity of CNTs suggest that there must
be additional factors that define the substrate specificity.
Thus, it becomes important to understand the molecular
structure of each of the CNTs at the atomic level to gain
insight into their unique ability to cleave at specific scissile
bonds within the same substrate and also among different
substrates. A possible catalytic mechanism has been
proposed for TeNT from the homology model (Rossetto et
al., 2001). Extensive mutational studies have been carried
out on TeNT (Li et al., 1994; McMahon et al., 1993;
Yamasaki et al., 1994). Some of these mutants were
proteolytically inactive indicating that they may have a
direct role in the catalytic activity of the protease. However,
there was no matching X-ray structural information

available to interpret these results. The chemical character-
ization of the active site and of the residues involved in zinc
binding of TeNT is important to understand the mechanism
of the proteolytic activity of this novel family of
metalloproteases (Montecucco and Schiavo, 1995; Schiavo
et al., 1994) and may lead to the development of novel and
safer recombinant vaccine produced outside of C. tetani. A
crystal structure analysis provides a tremendous amount of
insight into both the structure and the function of the protein.
Although the crystallization of TeNT-LC has been reported,
no experimental structure is available in literature (Tonello
et al., 1994). Here, we present the first experimental three-
dimensional structure of TeNT-LC and compare it with the
crystal structures of available BONT-LC structures.

2. Materials and methods

2.1. Expression and purification of his-tagged TeNT-LC
protein

The procedure for expression and purification is as
described in Agarwal et al. (2004b) except that ampicillin-
containing medium was used. The protein was eluted from
Ni-NTA agarose columns with increasing concentrations of
imidazole buffer. Fractions of the eluate were analyzed by
SDS-PAGE using 4-20% gels followed by staining with
Coomassie blue. A ~52 kDa band corresponding to TeNT-
LC reproducibly eluted in 50-100 mM imidazole fractions
was obtained. Recovery of TeNT-LC was more than 4 mg/1
of induced cell culture. At this stage, it is nearly 80%
pure. TeNT-LC was further purified by gel filtration on a
(2X20 in.) column of Superdex-75 using Akta FPLC which
also helped in exchanging the buffer from phosphate to
20 mM HEPES, pH 7.2+4+200 mM NaCl. Peak fractions
containing only pure TeNT-LC were pooled and concen-
trated to ~ 10.0 mg/ml using Centriprep YM-10.

2.2. Enzymatic activity of TeNT-LC

The proteolytic activity of TeNT-LC was assayed in
vitro on its substrate VAMP which had an N-terminal GST
tag. The assay was performed in a final volume of 20 pL.
[20mM HEPES, pH 7.4, 2mM DTT, 10 uM Zn(CHj;.
COO),] containing a 10-5000 nM concentration of LC and
a 5 uM concentration of VAMP and the mixtures were
incubated at 37 °C for 30 min. The reactions were stopped
by adding 10 pl of 3X concentrated SDS-PAGE sample
buffer. The extent of cleavage was then evaluated following
SDS-PAGE (4-20% gels) by the appearance and intensity of
anew band at ~30 kDa due to the cleavage of GST-VAMP
at GIn76-Phe77 peptide bond of VAMP. A 1000 nM
concentration of LC was required to cleave 50% of the
substrate in 30 min.
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2.3. Crystallization

The crystallization screening was carried out by the
sitting drop vapor diffusion method using Hampton
Research high throughput crystallization screens and
TECAN Genesis Freedom crystallization robot. One
microlitre of the protein solution containing 10 mg/ml
protein, 200 mM NaCl, and 20 mM HEPES buffer at pH 7.2
was combined with 1 ul of the precipitant and equilibrated
against 600 pl of the same precipitant. Diffraction-quality
crystals obtained at room temperature using 20% PEG 4000,
0.2M MgCl,, and 0.1 M HEPES at pH 7.0 as precipitant
grew to their full size in about 4 weeks. Mother liquor
containing 15-20% glycerol proved to be a good cryopro-
tectant for collecting X-ray diffraction data at liquid
nitrogen temperature. Crystal data are presented in Table 1.

2.4. Data collection

Data were collected at liquid nitrogen temperature at the
National Synchrotron Light Source, Brookhaven National
Laboratory. Since the protein contains one zinc ion per
molecule, dual-wavelength anomalous dispersion (DAD) data
were collected from a wild-type LC crystal at wavelengths
1.2810and 1.2824 A, corresponding to the peak and inflection

of the zinc absorption edge at beamline X12C, NSLS with a
CCD-based Brandeis B4 detector. Data covering a total of
360° rotation in ¢ were collected for an oscillation range of 1°
per frame. However, the diffraction limit extended to 3.0 A
only. Higher resolution data to 2.4 A resolution were later
collected at beamline X25, NSLS. Data were processed with
HKL2000 (Otwinowski and Minor, 1997). Details of data
collection statistics are given in Table 1.

2.5. Structure determination

The peak and edge data were used to locate the position
of zinc atom using SOLVE (Terwilliger and Berendzen,
1997). Initial model phases were also calculated by the
molecular replacement method using AmoRe with BoNT/
B-LC (PDB idcode: 1F82) as search model (Navaza and
Saludjian, 1997). AmoRe gave a good starting model with
R and correlation coefficient of 0.47 and 0.58, respectively.
Phases obtained with zinc were refined by SHARP
(De-La-Fortelle and Bricogne, 1997) using the model
phases as external phases and further improved by density
modification (Cowtan, 1994). The molecular model with
the sequence of TeNT-LC was built using the program O
(Jones et al., 1991). At this stage, since higher resolution
data were available, they were used in the refinement.

Table 1
Data collection and refinement statistics
Crystal-I Crystal-II
Space group C222 C222
Cell parameters a=105.49 A, b=176.92 A, a=106.61 A, b=177.29 A,
and c=57.45 A and c=54.55 A
Phasing
Method: DAD Peak Edge Native
Wavelength (A) 1.2810 1.2824 1.10
Anomalous scatterer Zinc Zinc
Resolution (A) 50-3.0 50-3.0 50-2.4
No. of reflections 15,350 15,365 20,639
Rmerge* (%) 0.13 (0.35) 0.13 (0.35) 0.12 (0.39)
Overall completeness (%) 99.8 (99.3) 98.5 (98.1) 99.4 (99.1)
Redundancy 13.3 (9.7) 12.8 (9.3) 9.4 (9.3)
Overall FOM 0.20
After solvent flattening 0.90
Refinement statistics
Resolution range (f\) 50-2.6
No. of reflections 15,170
Overall completeness (%) 92.7 (90)
R-factor 0.21
R-free 0.27
No. of protein atoms 3221
No. of heterogen atoms 1
No. of water molecules 113
RMS deviations
Bond lengths (;&) 0.007
Bond angles (°) 1.33

# The values corresponding to the outermost shell are given within parentheses. Rmerge is as defined in HKL.2000. FOM, R-factor and R-free

are as defined in SHARP program.
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After initial rigid body refinement, the structure was further
refined using CNS (Brunger et al., 1998). Solvent
molecules were added from the difference Fourier map.
The protein model is complete except for residues 64-67,
208-219, 252-264 which are in the loop regions and for
about 30 C-terminal residues, for which the electron
density is poorly defined, indicating these regions may be
disordered. The final R and R-free values are 0.21 and 0.27,
respectively. The structure has been validated with
PROCHECK (Laskowski et al., 1993), and the distribution
of residues in the Ramachandran plot is given in Table 1.
Coordinates have been deposited with the Protein Data
Bank (1YVG).

(a)

3. Results

3.1. Structure of TeNT-LC

TeNT-LC forms a dimer in the crystal via a crystal-
lographic two-fold with about 10% (3100 A?) of the total
surface area buried at the interface. A Ribbons represen-
tation of the catalytic domain dimer of TeNT-LC along with
the active site residues is shown in Fig. 1a. All of the LC
structures so far determined, except BoNT/B-LC, exist as
dimer either via crystallographic or non-crystallographic
two-fold. While the dimeric interface covers the active site

Fig. 1. (a) Ribbons representation of a dimer of TeNT-LC, with zinc and the coordinating residues shown in the ball-and-stick model. The dimer
is formed by a crystallographic two-fold symmetry passing through the mid point normal to the plane of the figure. (b) The active site of TeNT-
LC showing the interactions and hydrogen bonding network involving the residues that are nearly conserved in TeNT, BoNT/B, /E and /A LCs.
Hydrogen bonds are shown as dashed lines in black. The nucleophilic water molecule coordinated with zinc is labeled ‘NWa’.
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zinc in BoNT/A-LC, the active sites are exposed to the
solvent region in BoNT/E and TeNT-LCs.

As in other LC structures, the active site of TeNT-LC is
located deep inside a cavity by which the substrate gains
access to the active site. The active site is centered around a
zinc cation coordinated by a strictly conserved HExxH+E
motif. In TeNT-LC, zinc is directly coordinated by residues
His232, His236 and Glu270 (the numbering scheme is as in
Swiss-Prot: P04958) (Fig. 1b). The fourth ligand is a
nucleophilic water molecule that also forms a strong
hydrogen bond with Glu233. The coordinating distances
are given in Table 2. The coordination geometry at zinc is
slightly distorted from tetrahedral geometry. The ¢-carboxyl
group of Glu233 serves to coordinate the hydrogen-bonded
nucleophilic water molecule in one of the four tetrahedral
positions around the catalytic zinc ion. This interaction
seems to be important for the activation of the nucleophilic
water. In most zinc endopeptidases, the substrate or an
inhibitor displaces the nucleophilic water and moves it
closer to the glutamate residue serving as proton shuttling
agent. Because of this movement, the nucleophilic water
would make stronger hydrogen bonds (possibly two) with
the proton shuttling glutamate, making it a strong nucleo-
phile (Swaminathan et al., 2004). The residues coordinated
with the zinc form a primary sphere of residues centered
around the active site and their direct role in catalysis has
been confirmed through site-directed mutagenesis studies
(Lietal., 1994; Rossetto et al., 2001; Yamasaki et al., 1994).
From mutagenesis experiments, it also appears that residues
in the secondary layer near the active site are essential or

Table 2
Active site residues interacting distances (A) in TeNT, BoNT/B,
and /E LC structures

TeNT-LC  BoNT/ BoNT/
(A) B-LC(A)  E-LC(A)
Zn-H232 NE2 237 2.11 2.18
Zn-H236 NE2 2.13 2.15 2.16
Zn-E270 OEIl 2.49 2.60 2.22
Zn-E270 OE2 2.46 2.20 2.46
Zn-Nu. water 2.50 2.08 2.17
Nu. water—-E2330E1 3.84 3.54 4.03
Nu. water-E2330E2  3.09 2.80 2.82
Nu. water-Y374-OH  6.06 4.62 3.56
Nu. water-E270 OE1 ~ 3.62 3.11 3.15
Nu. water-R37INH2 ~ 7.90 7.46 7.06
E3590E1-H232ND1  2.65 2.71 2.61
E3590E2-R37INH1  4.42 3.04 2.99
E2690E1-H236ND1  2.79 3.03 2.76
E2690E1-H239ND1  2.58 2.73 2.73
Y374-OH-Zn 5.37 430 3.94
Y374-OH-E2700E1  3.10 3.69 3.15
Y374-OH-E2700E2  4.48 3.70 3.43
R371NH-Zn 7.29 6.50 7.08

The numbering scheme corresponds to TeNT.

play a crucial role in the catalytic function. These residues
found in the vicinity (within 10 A from zinc) of the active
site zinc include Glu233, His239, Phe274, Glu359, Thr370,
Arg371, Tyr374, and Asn378. Among these, mutation of
Glu233, His239, Phe274, Arg371 and Tyr374 residues in
TeNT and the corresponding residues in BoNTs resulted in
complete or partial loss of the catalytic activity indicating
their direct role in catalytic function. These residues are
found farther than 3.0 A from the zinc or the nucleophilic
water and their interacting distances are given in Table 2.
These along with a few water molecules form hydrogen
bonds to the residues coordinated with the zinc ion (Fig. 1b),
indicating that these residues are essential for the stability of
the structure and/or the conformation of the active site.
The TeNT-LC model excludes the 60 (residues 64—67),
200 (residues 208-219) and 250 (residues 252-264) loops
since the electron density is poorly defined in these regions.
Residues in these loop regions, in general, appear disordered
in all LC structures. A probable reason is that they lose
hydrophobic interactions with the translocation domain that
were present in the holotoxin on separation or lack of it in
the recombinant LC. The C-terminal region which forms the
central strand of a 3 sheet with the two outer strands from
the translocation domain in the holotoxin may similarly be
disordered. These catalytic domain loops were observed to
change their conformation significantly upon separation
from the holotoxin and subsequent binding of the substrate
in the case of BoNT/B (Hanson and Stevens, 2000). In fact,
the substrate is found to bind between these loops. Thus,
efficient proteolysis of the substrate seems dependent on the
movement of these loops because it exposes the binding
surface of the catalytic domain and brings the catalytic
residues in position and facilitates the catalysis. Unfortu-
nately, the poorly defined electron density prevents a
detailed comparison of these loops with those of substrate
bound and unbound BoNT/B-LC. However, when the model
of TeNT-LC is superposed on native or substrate bound
BoNT/B-LC, the weak electron density at least allows
tracing the direction of these loops. Thus, it is very likely
that these loops in TeNT-LC undergo similar rearrangement
upon substrate binding as in the case of BONT/B-LC and, in
addition, this cooperative change is supported based on
kinetic data on TeNT (Cornille et al., 1997). Comparison
with BoNT/B-LC and the packing consideration of the C222
space group suggest that the orientation of these loops may
be different from BoNT/B-LC as otherwise there will be
steric interactions. The position of loop 140 (residues 140—
148) in TeNT-LC looks to be different than that observed in
BoNT/B-LC. The loop 140 of TeNT-LC is tilted away from
the corresponding BoNT/B-LC loop with the farthest
distance between corresponding residues being approxi-
mately 12 A A possibility that the missing residues in the
250 loop may be due to auto catalysis as in the case of
BoNT/A-LC was ruled out since the SDS-PAGE gel
analysis showed no such indication (Segelke et al., 2004).
The disorder in the C-terminal region seems to be common
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to all LCs. This may also be due to the lack of the interchain
disulfide bond.

3.2. Comparison with other CNT LCs

The structure of TeNT-LC is similar to those of BONT/A,
B, and E-LCs indicating that all the LCs of CNTs have
similar structure and are unique only in that they have
stringent substrate specificity. The specificity of CNTs is
therefore likely to arise from the residues that form the
channel by which the substrate gains access to the active site
and the complementarity of substrate and the enzyme
residues. When the C, atoms of TeNT-LC were super-
imposed onto those of BoNT-LCs using the program
LSQMAN the rms deviation varied between 1 and 1.4 A
(1.02 A for 380 C, of BoNT/B, 1.2A for 350 C, of
BoNT/E, 1.4 A for 340 C,, of BoNT/A) (Kleywegt and
Jones, 1997). A stereo view of the C,, trace of TeNT-LC
superimposed on other BoNT-LC models is shown in
Fig. 2a. The TeNT-LC structure superimposes better with
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BoNT/B than with BoNT/A or BoNT/E-LC. This is not
surprising since TeNT and BoNT/B have the substrate
specificity and scissile bond selectivity for VAMP among
these CNTs. This may also be partly because TeNT and
BoNT/B LCs share 52% sequence identity which is greater
than that (~35%) shared by all clostridial neurotoxin LCs
(Kurazono et al., 1992; Lacy and Stevens, 1999). An
alignment of sequences of LCs of TeNT, and BoNT/B is
shown in Fig. 3.

When the active sites of TeNT and BoNT/B are
superposed, they preserve some of the structural features
involving a few conserved residues. These include Asn168,
Glutamate residues 169, 233, 269, 359, His239, Thr273,
Arg371, 1le235 and Phe274 and the zinc-binding motif
residues HExxH (Fig. 2b). Many of the interactions
established by these residues are common to all CNTs
(Agarwal et al., 2004a). However, it is intriguing to note
here that although TeNT and BoNT/ B process the same
peptide bond in VAMP, there are some differences in details
near the active site. Three catalytically important residues,

Fig. 2. (a) Stereo view of a superposition of C, traces of TeNT (blue), BoNT/B (red), /E (green), /A (light blue). The conformations of all the
LCs are similar except for the loop regions. The loops 60, 200 and 250 are incomplete in the TeNT-LC structure. The loop140 points in the
opposite directions in TeNT and BoNT/B LCs. Zinc atoms are shown in different sizes for clarity. (b) Stereo view of a superposition of the
active sites of TeNT (green) and BoNT/B (magenta) LCs showing the differences in the interactions of the three catalytically important residues
Glu359, Arg371 and Tyr374 in the two LC structures. The residues shown are within 10 A distance from the zinc position. The interactions
involving the hydrogen bonds are shown in dashed lines. The water molecules of TeNT are shown in dark green and those of BoNT/B are shown

in purple.
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TENT PI TI NNFRYSDPVNNDTI | MVEPPYCKGA.DI YYKAFKI TDRI W VPERYEFGTKPEDFNP 60
BONT/ B PVTI NNFNYNDPI DNNNI | MVEPPFARGT GRYYKAFKI TDRI W | PERYTFGYKPEDFNK 60
‘k:‘k‘k***.*.**::*:.‘k‘k‘k‘k‘k‘k‘k:.:‘k *************:**** *kk kkhkkkk*k
TENT PSSLI EG ASEYYDPNYLRTDSDKDRFLQTMVKLFNRI KNNVAGEALLDKI | NAI PYLGN 119
BONT/ B SSG FNRDVCEYYDPDYLNTNDKKNI FLQTM KLFNRI KSKPLGEKLLEM | NG PYLGD 120
.***‘k* ** * * ***** ******* * % ** *** *****
TENT SYSLLDKFDTNSNSVSFNLLEQDPSGATTKSAMLTNLI | FGPGPVLNKNEVRG VLRVDN 179
BONT/ B RRVPLEEFNTNI ASVTVNKLI SNPGEVERKKG FANLI | FGPGPVLNENET- - - - I DI ad 176
*::* * % * % - .* * ) ..:::************ **
TENT KNYFPCRDGFGSI MQVAFCPEYVPTFDNVI ENI TSLTI GKSKYFQDPALLLMHELI HVLH 239
BONT/ B ONHFASREGFGA NQVKFCPEYVSVFNNVQENKGASI FNRRGYFSDPALI LMHELI HVLH 236
:* * .* *** kkkkx Khkkkkx .* **x  x%k ** **** * ok k ok kkk ok kK
TENT GCLYGMVIQVSSHEI | PSKQEI YMQHTYPI SAEELFTFGGQDANLI SI DI KNDLYEKTLNDYK 299
BONT/ B GLYA KVDDLPI VPNEKKFFMQSTDAI QAEEL YTFGGQDPSI | TPSTDKSI YDKVLQ\IFR 296
**** * **** * .* **** ****** * * * * ..
TENT Al ANKLSQVTSCN- DPNI DI DSYKQ YQQKYQFDKDSNGQYI VNEDKFQ LYNSI MYGFT 358
BONT/ B G| VDRLNKVLVCI SDPNI NI NI YKNKFKDKYKFVEDSEGKYSI DVESFDKLYKSLM:GFT 356
* **** * ** ** * :** * * * ** * * * % %
TENT El ELGKKFNI KTRLSYFSMNHDPVKI PNLLDDTI YNDTEGFNI ESKDLKSEYKGQNVRVN 418
BONT/ B I:_I'NI AENYKI KTRASYFSDSLPPVKI KNLLDNEI YTI EEGFNI SDKDVEKEYRGQNKAI N 416
......:**** * % % % * % % % **** ** * % k % % .** -.** * % % :*
TENT TNAFRNVDGSGLVSKLI GLCKKI | PPTNI RENLYNRT 455
BONT/ B KQAYEEI SKEHLAVYKI QVCKSVKAPG ————————— 443

* %

Fig. 3. The alignment of sequences of TeNT and BoNT/B LCs using CLUSTAL-W. The residues seen within 4 A distance from the substrate
VAMP are highlighted. The residues coordinated to zinc are in bold inside the box. The bottom line represents the degree of homology—**’

identical, ‘:” conserved and ‘.” semiconserved.

Glu359, Arg371 and Tyr374, were found to be different with
respect to their position and interactions they make near the
active site (Fig. 2b). Through mutagenesis experiments on
TeNT and BoNT/A-LCs and structural studies on various
serotypes of BoNTs, it has been shown that these residues
are involved in the catalysis (Agarwal et al., 2004a; Binz
et al., 2002; Hanson and Stevens, 2000; Rossetto et al.,
2001; Segelke et al., 2004). In TeNT, the OE1 atom of
Glu359 forms a hydrogen bonded interaction with ND1
atom of the His232, which is coordinated with the zinc ion,
and thus helps in orienting the side chain of His232. The
Glu359 side chain OE1 and OE2 atoms are held in position
through hydrogen bond interactions with two water
molecules. These two water molecules in turn interact
with NH2 of Arg371 and NE2 of Asn224. However, in
BoNT/B the side chain atoms of the equivalent Glu357
directly interact with the NH2 of the equivalent Arg369 and
OG1 of Thr368. The side chain of the equivalent residue
Thr370 in TeNT-LC is positioned away from this site.
However, the side chain of Asn224 in TeNT-LC provides an
interaction. Interestingly, the position of Asn224 in TeNT-
LC is occupied by Ser221 in BoNT/B-LC (Fig. 2b).

The NE, NHI and NH2 atoms of Arg371 in TeNT
interact with OD1 of Asn378, the main chain O atom of
Tyr374 and a water molecule, respectively. However, NE

and NH2 atoms of the equivalent Arg369 in BoNT/B
interact with OE2 and OEl atoms of Glu357, whereas
the NH1 atom of Arg369 is too far away to interact with
the main chain O atom of Tyr372. As a result, in
BoNT/B-LC the Arg369 is close to Glu357 but is away
from the Tyr372. In contrast, in TeNT the equivalent
Arg371 moves away from the Glu359 but is close to
Tyr374 and one more aromatic residue Phe274. Recently,
mutation of the equivalent Phe266 in BoNT/A-LC was
shown to have an effect on the catalytic activity of the
toxin (Rigoni et al., 2001). The side chain of Arg371 in
TeNT is positioned in between the aromatic planes of the
Tyr374 and Phe274, so that the guanidino group of
Arg371 interacts with the 7 electron clouds of the two
aromatic rings to neutralize their charge (Fig. 2b). These
amino—aromatic electrostatic interactions were observed
to occur in the range of 3.6-6 A (max at 4.7 A) distance
in proteins (Burley and Petsko, 1986). The NH1 atom of
Arg371 was found to be at a distance of 4.18 and 3.95 A
from the aromatic planes of Tyr374 and Phe274,
respectively. However, in BoNT/B-LC, these electrostatic
interactions seem to be stabilized through interaction
between Arg369 and Glu357.

The OH-group of Tyr374 in TeNT forms a hydrogen
bond with Glu270 OE1, which in turn is coordinated with
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the zinc ion (Fig. 2b). This interaction seems to be important
to hold the side chain of the residue Glu270 in position. The
corresponding residue in BoNT/B (Tyr372) has been
implicated to be involved in stabilizing the cleaved product
of the substrate by donating a proton to the leaving group,
Phe77, of the VAMP (Hanson and Stevens, 2000). This
hydrogen bond mediated interaction is absent in BoNT/
B-LC. However, the side chain of the residue Tyr372 in
BONT/B is at a distance of 4.3 A from the catalytic zinc ion,
but the equivalent distance in TeNT is 5.37 A. It is not clear
whether this has an effect on the catalytic activity.

3.3. Differential mode of VAMP binding to TeNT
and BoNT/B-LCs

Both TeNT and BoNT/B cleave VAMP at the same
peptide bond, GIn76-Phe77. Nevertheless, appreciable
divergence in their sequence (52% similar) reflects some
differences between the two enzymes. Indeed, the two
enzymes were observed to be different in their proteolytic
activities towards different minimum sized VAMP sub-
strates, pH and temperature profiles, and sensitivity to
inhibitors such as captopril. It was suggested that these
differences could be a consequence of subtle differences in
their intracellular actions and due to fine structural details at
the atomic level (Foran et al., 1994). It has been shown that
BoNT/B cleaves a peptide corresponding to the VAMP
segment encompassing residues 55-94 while TeNT requires
residues 33-94, an amino-terminal extension of 22 residues,
to cleave efficiently (Cornille et al., 1997; Foran et al., 1994;
Pellizzari et al., 1996). The minimum length of substrate
peptide for BoNT/B contains only the second (V2) of
the two SNARE Secondary Recognition (SSR) motifs; but
for TeNT the optimum substrate length contains both SSR
motifs of VAMP, V1 and V2 (38—47 and 62-71). In general,
it is the residues spanning the cleavage site in a substrate,
which define the efficiency of a protease. Since these toxins
require different minimal substrate length, they must
recognize their substrate in a unique but different fashion.
Studies based on mutation of VAMP residues, and
antibodies raised against motif peptides or recombinant
proteins have suggested that TeNT and BoNT/B were
similar in their recognition of SSR motifs (Pellizzari et al.,
1996). With the currently determined three-dimensional
structure of TeNT-LC, it is clear that the LCs of TeNT and
BoNTY/B fold very similarly and their active site architecture
exhibits extensive similarity although with some differences
in H-bonding interactions. Hence, the difference in mini-
mum length peptide required for activity cannot be
explained by the sole recognition of the cleavage site.
This might suggest that the binding interactions required for
positioning the substrate for cleavage may be different.
Taking together these observations, it is very likely that
TeNT and BoNT/B bind VAMP at the same site but their
mode of binding may differ. Thus the two toxins are likely to
have extended substrate-binding regions in which a large

number of amino acids interact with moieties away from the
active site. Indeed, in the crystal structure of BoONT/B bound
substrate product, the substrate and the protease have
numerous interactions remote from the active site (Hanson
and Stevens, 2000).

An extensive analysis in terms of three-dimensional
structure to pinpoint the differences that may be responsible
for unique recognition of VAMP by TeNT and BoNT/B LCs
was carried out. First, the TeNT-LC structure was super-
posed on BoNT/B-LC to be in the same orientation. Then
the VAMP peptide was positioned similar to its orientation
in BoNT/B-LC (Hanson and Stevens, 2000). The amino acid
residues that are interacting within 4 A distance from
VAMP residues that are conserved in space were compared
(Fig. 4). About 50 residues that fall within 4 A from the
substrate are highlighted in Fig. 3. This excluded the
residues that are within coordinating distance from the zinc
ion, because they process the identical scissile bond. These
residues did not differ with respect to their C,, positions in
the two toxins as their position remains the same when
compared to the unbound BoNT/B structure. The compari-
son revealed that only 30% of these residues are conserved.
Forty percent of the residues differed between TeNT and
BoNT/B LCs with respect to their hydrophilic or hydro-
phobic nature. About 30% of the residues in TeNT had
bulkier side chains when compared to the residues in BoNT/
B. The 30% conserved residues may have common
interactions with the substrate in both the toxins. Thus,
these conserved residues can be thought of as the minimal
essential residues to recognize the substrate by the two
toxins. The 40% residues that provide different environment
with respect to their hydrophobic or hydrophilic nature
around the substrate may be responsible for the differential
mode of substrate binding by TeNT and BoNT/B. The 30%
residues of TeNT that are bulkier (shown in yellow, Fig. 4a)
compared to those in BONT/B make steric clashes with the
VAMP residues, if it were to bind as in BoNT/B. These
residues would destabilize the binding of substrate by the
protease. The observation that the TeNT requires extra 22
N-terminal residues for optimal activity compared to BoNT/
B can be explained as follows. TeNT-LC needs to interact
with a more extended segment of the substrate compared to
BoNT/B-LC to stabilize the enzyme-substrate complex.
The affinity to the substrate segment shared with BoNT/B
could be lower. This fact is evident from comparison of the
TeNT-LC structure with that of the BoNT/B structure bound
to VAMP. Out of the 40 residues of VAMP bound to BoNT/
B, 13 would make steric clashes in TeNT. Of this 13, five
residues (Glu62, Asp64, Asp65, Asp68, and GIn71) of the
substrate are in the V2 region. For example, Met377 of
TeNT would produce a very short contact with Asp 68 of
VAMP. This might not allow the V2 region to come close to
the enzyme for binding in contrast to BONT/B. This could be
compensated by the binding of V1 to the enzyme. There are
two possibilities. The V2 region and the adjacent N terminal
region of the substrate could project out like a hair pin
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(b)

Fig. 4. (a) Sphere model representation of TeNT-LC with the substrate VAMP peptide placed in a similar position and orientation as in the
BoNT/B-VAMP complex crystal structure (Hanson and Stevens, 2000). (b) Sphere model representation of BoNT/B bound to peptide VAMP.
VAMP residues are shown in red except the V2 region, which is in magenta. Residues in TeNT-LC and BoNT/B-LC within 4 A of the VAMP
peptide are shown in green for conserved residues and blue if they are different. Residues which are bulkier in TeNT compared to BoNT/B are
shown in yellow. The apparent difference in the shapes of TeNT-LC and BoNT/B-LC is due to the absence of some loops in TeNT-LC.

allowing the V1 region to bind in the same place as V2 in
BoNT/B or the steric clash would push V2 away from the
surface and V1 could bind to the enzyme in a shallow region
on the other side of the molecule to increase the binding
constant. However, since Asp64 and Asp68 of V2 are
conserved in V1, and Asp65 of V2 is replaced by Glu41 in
V1, we prefer the second possibility. These collective
observations suggest that TeNT and BoNT/B interact
differently with VAMP and provide a base for the design
of effective inhibitors for both toxins. This situation could
be similar to what was shown for BoNT/A or /E where the
absence of one of the SSR motif is compensated by one of
the other three SSRs (Washbourne et al., 1997).

4. Conclusion

Tetanus and botulinum neurotoxins are solely respon-
sible for the neuroparalytic syndromes of tetanus and
botulism. Considering the importance of tetanus neurotoxin
in human pathology and therapeutics, there is an immediate
demand for three-dimensional structural information,
especially of the catalytic domain. The present experimental
structure fulfils this need. Currently, anti-tetanus vaccine is
prepared by chemical modification of toxin with formal-
dehyde. However, it is believed that genetically modified
toxins better preserve immunogenicity than chemical
modification and such a vaccine based on a mutated
bacterial toxin is already in use as anti-pertussis vaccine

(Rappuoli et al., 1992). The present crystal structure study
provides a basis for developing a novel anti-tetanus vaccine
through rational design of genetically modified protein
and also in designing structure-based small molecule
inhibitors.
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