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ABSTRACT: The seven serotypes (A-G) of botulinum neurotoxins (BoNTs) function through their proteolytic
cleavage of one of three proteins (SNAP-25, Syntaxin, and VAMP) that form the SNARE complex required
for synaptic vesicle fusion. The different BoNTs have very specific protease recognition requirements,
between 15 and 50 amino acids in length depending on the serotype. However, the structural details
involved in substrate recognition remain largely unknown. Here is reported the 1.65 Å resolution crystal
structure of the catalytic domain of BoNT serotype D (BoNT/D-LC), providing insight into the protein-
protein binding interaction and final proteolysis of VAMP-2. Structural analysis has identified a hydrophobic
pocket potentially involved in substrate recognition of the P1′ VAMP residue (Leu 60) and a second
remote site for recognition of the V1 SNARE motif that is critical for activity. A structural comparison
of BoNT/D-LC with BoNT/F-LC that also recognizes VAMP-2 one residue away from the BoNT/D-LC
site provides additional molecular details about the unique serotype specific activities. In particular, BoNT/D
prefers a hydrophobic interaction for the V1 motif of VAMP-2, while BoNT/F adopts a more hydrophilic
strategy for recognition of the same V1 motif.

Botulinum neurotoxins (BoNTs)1 are the most potent
toxins known in nature, causing long-lasting paralysis and
death through the inhibition of neurotransmitter release from
cholinergic synapses. Botulism is caused by the anaerobic
bacteria of the genusClostridium. There are seven serotypes
of clostridial BoNTs (serotypes A-G), which were desig-
nated in chronological order of their discovery. BoNT types
A, B, E, and F are implicated in human cases, while types
C and D appear to cause only animal botulism. BoNT/D was
first isolated from an outbreak of botulism in cattle in South
Africa (1). However, recently, sporadic cases have also been
documented in Africa, Europe, and North and South America
(2, 3); thus, it is of global concern. Notably, BoNT/D is
harmless to humans because of the lack of a specific receptor
on human neurons (4). Therefore, BoNT/D has also been

utilized as a molecular instrument in neurobiology for
delivery of various biomolecules (5).

Clostridial BoNTs are produced as 150 kDa single-chain
proteins that are subsequently cleaved by either intrinsic or
host proteases to yield a disulfide-linked di-chain composed
of an ∼100 kDa heavy chain (HC), encompassing the cell
binding and translocation units, and an∼50 kDa enzymatic
light chain (LC) (6). BoNT-LCs belong to the superfamily
of zinc endoproteases that possess a His-Glu-X-X-His motif
(HExxH) at the active site for metal coordination (7). Their
substrates have been found to be one of three proteins that
interact to form a multimeric ensemble named the SNARE
(solubleN-ethylmaleimide-sensitive factor attachment protein
receptor) complex, which is required for vesicle fusion and
transmitter release. BoNT/A and BoNT/E proteolyze SNAP-
25 (synaptosomal-associated 25 kDa protein); BoNT/B, /D,
/F, and /G cleave VAMP (vesicle-associated membrane
protein), also known as synaptobrevin, and BoNT/C cleaves
syntaxin as well as SNAP-25 (7). BoNT-induced cleavage
of their SNARE substrates greatly diminishes the efficacy
of the complex; as a result, the BoNTs have become
important therapeutic agents for the treatment of neurological
disorders, as well as vital biological tools for probing
exocytosis events.

All BoNT-LCs bear a similar three-dimensional structure,
yet they show remarkable differences in substrate specificity.
They are in fact the most selective proteases that have been
identified (8). A wealth of biochemical evidence has shown
the BoNTs do not tolerate amino acid substitutions adjacent
to the scissile bond on the C-terminal side (P1′ position) (9-
11). Combining sequence and structural analysis indicates
that the specificity of BoNT-LCs is mainly due to a spatial

† This work was supported by Pacific Southwest Regional Center
of Excellence Grant U54 AI065359. Portions of this research were
carried out at the Advanced Light Source, which is supported by the
Director, Office of Science, Office of Basic Energy Sciences, of the
U.S. Department of Energy under Contract DE-AC02-05CH11231.

‡ The coordinates for the structure have been deposited in the Protein
Data Bank as entry 2FPQ.

* To whom correspondence should be addressed. Phone: (858) 784-
9416. Fax: (858) 784-9483. E-mail: stevens@scripps.edu.

§ The Scripps Research Institute.
| These authors contributed equally to this work.
⊥ List Biological Laboratories, Inc.
1 Abbreviations: BoNT, botulinum neurotoxin; CV, column volumes;

DTT, dithiothreitol; GST, glutathioneS-transferase; HC, heavy chain;
LC, light chain; PBS, phosphate-buffered saline; SNAP-25, synapto-
somal-associated 25 kDa protein; SNARE, solubleN-ethylmaleimide-
sensitive factor attachment protein receptor; SSR, SNARE secondary
recognition; TeNT, tetanus neurotoxin; TSA, transition-state analogue;
V1, first SNARE motif in VAMP; V2, second SNARE motif in VAMP;
VAMP, vesicle-associated membrane protein.

3255Biochemistry2006,45, 3255-3262

10.1021/bi052518r CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/14/2006



and conformational organization of the active site and exosite
recognition regions. Contributing to the exosites are the
sequence conservation regions that consist of nine-residue
conserved regions, known as the SNARE motifs. They are
found in all SNARE substrates, though not all of them are
necessary for recognition and interaction. For instance, in
VAMP-2 there are two copies of this motif, termed V1 and
V2, with only V1 being important in substrate discrimination
by BoNT/D (12). Although it is clear that progress is being
made in defining the interaction between the toxin and
substrate, there is still much to be learned. Here we report
the expression, purification, and crystal structure determi-
nation of BoNT/D-LC to 1.65 Å resolution.

EXPERIMENTAL PROCEDURES

Expression and Purification of BoNT/D-LC. Overexpres-
sion of BoNT/D-LC (residues 1-436) was induced with
isopropylR-thiogalactopyranoside under control of thetac
promoter in plasmid pGEX-6P-1 (Amersham Biosciences).
This plasmid encodes an expression and purification tag
consisting of the glutathioneS-transferase (GST) gene from
Schistosoma japonicumfused at the N-terminus of the LC
protein. Bacteria were lysed by sonication in phosphate-
buffered saline (PBS) supplemented with EDTA-free pro-
tease inhibitor tablets (Roche) and 0.1 mg/mL lysozyme.
Immediately after sonication, the cell debris was pelleted by
centrifugation. The soluble fraction was mixed with glu-
tathione-Sepharose 4B resin (Amersham Biosciences) equili-
brated in PBS at 4°C for 2 h and then poured into a gravity
flow column. The resin was drained and washed with 5
column volumes (CV) of PBS and with 2 CV of cleavage
buffer [50 mM Tris (pH 7.0), 150 mM NaCl, and 1 mM
DTT]. The GST tag was cleaved from the LC protein with
PreScission protease (Amersham Biosciences) overnight at
4 °C. BoNT/D-LC was eluted and washed from the resin
with cleavage buffer. The purified protein was exchanged
with 20 mM Tris (pH 8.0) and 50 mM NaCl by centrifugal
ultrafiltration using an Amicon Ultra-15 centrifugal filter
device with a molecular mass cutoff of 10 kDa. The protein
was then concentrated to 11 mg/mL (Orbital) and either
frozen in liquid nitrogen for later use or used immediately
for crystallization trials.

ActiVity Assay.An endopeptidase assay was used to assess
the activity of the purified BoNT/D-LC. BoNT/D-LC (20
nM) and VAMP-2 (5 µM) were incubated in 100µL of
reaction buffer [20 mM Tris (pH 8.0) and 50 mM NaCl] at
37 °C. Sample aliquots (20µL) were removed at various
time points and the reactions quenched with SDS gel-loading
buffer. The samples were run and visualized on an 18%
polyacrylamide gel. The digestion of VAMP-2 could be seen
within 5 min of initiation of the endopeptidase reaction.

Crystallization and Cryoprotection of BoNT/D-LC.The
protein was crystallized by the nanodroplet vapor diffusion
method (13) using the Innovadyne Screenmaker crystalliza-
tion robot (drop-size: 200 nL) and kept at 277 K. Plate-
shaped crystals of diffraction quality grew in 1-3 days in a
crystallization solution that contained 15% PEG 4000, 200
mM potassium thiocyanate, and 100 mM sodium acetate at
pH 5.5. Crystals (0.2 mm× 0.2 mm × 0.02 mm) were
transferred to mother liquor solutions of increasing concen-
trations of PEG 550 MME (up to 15%) prior to being

harvested with LithoLoops (Molecular Dimensions Ltd.) and
flash-frozen in liquid nitrogen.

Data Collection.Diffraction data were collected at the
Advanced Light Source (ALS) on beamline 8.2.1 at a
wavelength of 1.000 Å. The data set was collected at 100 K
using an ADSC q210 CCD detector. Data were integrated,
reduced, and scaled using HKL2000 (14). The crystal was
indexed in monoclinic space groupP21, as predicted from
the observed systematic absences; data statistics are sum-
marized in Table 1.

Structure Determination and Refinement.The structure
was determined by molecular replacement using the BoNT/
G-LC structure [PDB entry 1ZB7 (15) with 39% sequence
identity] as the search model with MolRep (16). The model
was manually built with Coot (17). Structure refinement was
performed using REFMAC5 (18). The progress of the model
refinement was monitored by a cross-validationRfree (19),
which was computed from a randomly assigned test set
comprising 5% of the data. Refinement statistics are sum-
marized in Table 1. The final model includes a single protein
molecule and 375 water molecules. No electron density was
observed for residues 206-214, 175-177, and 425-436.
Analysis of the stereochemical quality of the model was
accomplished using AutoDepInputTool (http://deposit.pd-
b.org/adit/). Figures were prepared with PYMOL (DeLano
Scientific). Atomic coordinates and experimental structure
factors of BoNT/D-LC have been deposited with the Protein
Data Bank as entry 2FPQ.

Substrate Modeling.The substrate-bound crystal structure
of BoNT/A1 bound to SNAP-25 (PDB entry 1XTG) (20)
was used to model BoNT/D-LC with its VAMP-2 substrate,
by superpositioning the structures with TOP (21). The BoNT/
A1-SNAP-25 orientation that was used introduces comple-

Table 1: Summary of Data Collection and Refinement Statistics for
BoNT/D-LC (PDB entry 2FPQ)

Data Collection
space group P21

unit cell parameters a ) 146.8 Å,b ) 89.8 Å,
c ) 54.4 Å,â ) 94.3°

resolution range (Å) 50.00-1.65
highest-resolution shell (Å) 1.71-1.65
no. of observations 663503
no. of reflections 48292
completeness (%) 95.2 (93.3)a

meanI/σ (I) 21.6 (2.2)a

Rsym
b on I 0.049 (0.546)a

Model and Refinement Statistics
resolution range (Å) 44.9-1.65
no. of reflections (total) 48292
no. of reflections (test) 2594
completeness (% of total) 94.9
Rcryst,c Rfree

d 0.182, 0.219

Stereochemical Parameters
restraints (rmsd observed)

bond lengths (Å) 0.019
bond angles (deg) 1.715

no. of protein residues, no. of atoms 414, 3404
no. of solvent molecules 375
no. of heterogeneous atoms 2

a Highest-resolution shell.b Rsym ) ∑|Ii - 〈Ii〉|/∑|Ii|, whereIi is the
scaled intensity of theith measurement and〈Ii〉 is the mean intensity
for that reflection.c Rcryst ) ∑||Fobs| - |Fcalc||/∑|Fobs|, whereFcalc and
Fobs are the calculated and observed structure factor amplitudes,
respectively.d Rfree, as forRcryst, but for 5.0% of the total reflections
chosen at random and omitted from the refinement.
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mentary interactions between VAMP-2 and BoNT/D-LC that
are in agreement with biochemical and mutational studies
(12, 22). The details of the interactions near the cleavage
site, in particular the S1′ subsite, were elucidated by a similar
comparison of BoNT/D-LC with the structure metallopro-
tease thermolysin bound to a transition-state analogue (PDB
entry 4TMN) (23).

RESULTS AND DISCUSSION

Structure of BoNT/D-LC

The final model of the BoNT/D-LC structure (Figure 1A)
is composed of twelveâ-strands (â1-â12), nineR-helices
(R1-R9), and two 310-helical segments (η1 andη2). The
active site has the geometry and coordination typical of the
zinc-binding HExxH motif found in the other BoNTs. The
active site zinc is coordinated by His 229 and His 233 of
the HExxH motif (Figure 1B). Completing the tetrahedral
zinc coordination are Glu 269 and a water molecule.

Intriguingly, two conformations of the active siteâ-strand
(â8) are observed in the BoNT/D-LC structure (Figure 1A).
The first is typical of BoNT-LCs in that it packs against the
active siteâ-sheet in an antiparallel fashion to form an eight-
strandedâ-sheet with 65123798 topology. This is likely to
be the physiologically relevant conformation, with regard
to VAMP substrate recognition, since all BoNT-LCs have
this structural signature. The second conformation is a
random coil occupying roughly the same position occupied
by the belt region. This alternate conformation may be due
to the low occupancy of the active site zinc ion (70%) or
could be an early unfolding transition into a molten globule
state required for the pH-dependent LC translocation (24,
25).

The overall structure of BoNT/D-LC is similar to the other
serotypes of BoNT/A (20, 26), /B (27), /E (28), /F (29), and
/G (15) and the tetanus neurotoxin LC (TeNT) (30, 31)
(Figure 2A). Their structural similarity is evident in DALI

Z-scores (32) obtained by superposing the CR atoms of
BoNT/D-LC and the other known BoNT-LCs (A, 46.1; B,
47.3; E, 47.2; F, 47.2; and G, 45.7). The closest structural
homologue of BoNT/D-LC is the TeNT-LC (30) with a
DALI Z-score of 49.6. BoNT/D-LC can be superposed on
TeNT-LC with a CR rmsd of 2.3 Å for the 382 structurally
equivalent residues used in the superposition. This structural
likeness among the BoNT-LCs and TeNT-LC is based on
the thermolysin-likeR/â core shared by all of the LCs that
contributes approximately 25% of the total structure of the
BoNTs and comprises most of the secondary structure
features (Figure 2B). It is likely the clostridial neurotoxins
have developed from an ancestral thermolysin-like hydrolase
for their proteolytic scaffold and diverged for their specific
targets of the SNARE exocytosis fusion machinery (Figure
S1 of the Supporting Information) (33). The major structural
differences are observed mainly in loop regions and their
C-termini, particularly with loops 30, 50, 140, 180, 200, 250,
315, and 340 (Figure 2A,B). The BoNT/D-LC structure is
one of the few LC structures in which the 250 loop has been
observed. This loop has been known to undergo conforma-
tional change upon substrate binding (27, 20). It is visible
in the BoNT/D-LC structure due to Phe 257 and Phe 258 at
the end of the 250 loop packing into a hydrophobic pocket
in a symmetry-related molecule. On the basis of the structural
diversity observed in the 250 loop and other loops in the
LC crystal structures, these regions are expected to be highly
flexible under physiological conditions and likely contribute
to substrate specificity, though crystal packing at these loop
regions may also contribute to the structural plasticity
observed in the BoNT-LC structures. Our analysis shows
that there is a correlation between structural plasticity
observed in these loops among the different serotypes with
respect to their amino acid sequence variability (Figure S2
of the Supporting Information). This is evident by the loop
regions having a low degree of sequence identity (∼3%).
Phenotypic and genotypic studies have demonstrated the

FIGURE 1: Crystal structure of BoNT/D-LC. (A) Ribbon diagram ofC. botulinumBoNT/D-LC rainbow colored with the N-terminus in
blue and the C-terminus in red.â-Strands (â1-â12) andR-helices (R1-R9) are labeled. The active site zinc ion is shown as a yellow
sphere. The second conformation of the active siteâ8 strand is colored magenta. The dashed line corresponds to residues 206-214, which
are not modeled in the structure. (B) Active site HExxH motif superimposed on the 2Fo - Fc electron density map contoured at 1σ. The
fourth ligand is a water molecule that is not shown for clarity.
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presence of four distinct lineages amongClostridium botu-
linum producing neurotoxins. Serotypes A, B, and F belong
to group I, and serotype E belongs to group II; the closely
related C and D serotypes belong to group III, and serotype
G belongs to group IV (34). This is slightly different from
our analysis of the amino acid sequences of all neurotoxin
LCs that shows that serotypes B and G are more closely
related (Figure S1 of the Supporting Information). Since
nucleotide sequence comparison of BoNT genes does not
agree with the four phylogenetic groups of organisms, it is
been suggested that lateral gene transfer, such as transposons,
plasmids, and bacteriophages, accounts for spreading of the
gene element between serotypes (35). However, there is no
apparent phylogenetic evidence pointing out the relationship
among either the VAMP specific BoNTs or SNAP-25
specific BoNTs. Despite the wealth of genetic, biochemical,
and structural information available for the neurotoxins, it
is clear that there is a long way to go before they are
thoroughly understood.

PutatiVe VAMP Recognition Sites for BoNT/D-LC

S1′ Subsite of BoNT/D-LC. The site of BoNT/D-LC
cleavage in VAMP-2 is between the two SNARE motifs,
V1 and V2, at the Lys 59-Leu 60 bond. To assess the details
involved in the recognition of VAMP-2 by BoNT/D, its
structural comparison was performed against the LC crystal
structure of BoNT/A in complex with its SNARE substrate.
Our structural analysis suggests that BoNT/D-LC shares a
similar orientation of substrate binding observed in the
BoNT/A-LC-SNAP-25 complex with the substrate in an
extendedâ-strand conformation running antiparallel to active
site â-strandâ8. To our knowledge, this is the preferred
orientation of substrate binding for HExxH-containing pro-
teases.

The antiparallel orientation clearly complements the P1′
Leu 60 residue of VAMP-2 with respect to its putative S1′
subsite of BoNT/D-LC. BoNTs have a strict dependence for
the P1′ residues of their SNARE substrates (9-11, 36). The
P1′ residues are chemically dissimilar, varying in both size

and chemical nature. Therefore, it is expected that each BoNT
serotype would have a complementary S1′ subsite for
recognition of this structurally varied pool of P1′ residues
of their SNARE substrates. The S1′ subsite has been
identified for BoNT/E (37), BoNT/F (29), and BoNT/G (15).
Here we show that a similar approach of modeling with
BoNT/D-LC with the structurally equivalent region of
thermolysin (23) suggests the S1′ subsite of BoNT/D. The
P1′ leucine residue of the VAMP is directed toward a shallow
hydrophobic pocket forming the S1′ subsite of BoNT/D-LC
that is composed of Tyr 168, Leu 200, Met 221, and Ala
226 (Figure 3). This is different than the S1′ subsite proposed
for BoNT/D that is based on homology modeling with the
BoNT/F-LC structure (37), which speculates that the P1′
recognition occurs through Tyr 168, Leu 199, and Ala 226.

FIGURE 2: Overall BoNT/D-LC structure compared to other BoNT- and TeNT-LCs. (A) A coil representation of a CR superposition of LC
structures from BoNT/A (yellow), BoNT/B (magenta), BoNT/D (marine blue), BoNT/E (orange), BoNT/F (slate), and TeNT (black) showing
their structural similarity. (B) Ribbon diagram of BoNT/D-LC colored blue with the thermolysin-like core in red and structurally variable
regions in orange with loops indicated. The active site zinc ion is shown as a yellow sphere.

FIGURE 3: Close-up view of the putative S1′ subsite of BoNT/D-
LC at the P1′ region. S1′-binding residues as observed in BoNT/
D-LC (blue) modeled with P1′ leucine (magenta) with oxygens
(red), nitrogens (blue), and sulfur (orange). The P1′ residue of the
substrate (Leu 60 of VAMP-2) is surrounded by Tyr 168, Leu 200,
Met 221, and Ala 226 of BoNT/D-LC. The active site zinc ion is
shown as a yellow sphere.
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This sequence-based prediction fails because Leu 199 is
buried in the hydrophobic core of the protein; therefore, it
could not participate in P1′ discrimination. In addition, the
BoNT/D-LC structure shows that Leu 200 and Met 221, two
residues missing in the homology model, line this pocket
and are likely to be involved in hydrophobic interactions with
the P1′ Leu of VAMP-2.

Recognition of the SNARE Motifs of VAMP.Outside of
the active site region, the cleavage of VAMP-2 has been
shown to be susceptible to mutation of residues in the V1
SNARE secondary recognition (SSR) motif (residues 39-
47), with a key residue being Met 46 (12). In agreement
with these findings, Yamasaki and colleagues showed that

VAMP-1 required an almost 3700-fold higher concentration
of BoNT/D to achieve the same cleavage observed with
VAMP-2 in vitro (22). The drastic difference in the two
VAMP isoforms was attributed to a Met 46 to Ile substitution
in VAMP-1. In our docked model, this critical Met 46 of
VAMP-2 is buried in a pocket of BoNT/D-LC composed of
His 132, Ala 137, and Ile 151 (Figure 4). The side chain of
Met 46 fits into the hydrophobic pocket with its sulfur
making a potential hydrogen bond with the imidazole
nitrogen of His 132 of BoNT/D. This model helps to clarify
the troubling question of why recombinant rat VAMP-1 is
such a poor substrate for BoNT/D as compared to the
VAMP-2 isoform. Though this is a conservative substitution
in terms of hydrophobic nature, the lack of a hydrogen-
bonding acceptor as found in the Met 46 sulfur likely
contributes to the difference in the affinities of the VAMP
isoforms. Possibly, Met 46, together with Val 42, Val 43,
and Ile 45 of VAMP-2, forms a hydrophobic patch for
contacts with BoNT/D-LC. Additionally, a salt bridge
between Glu 139 of BoNT/D-LC and Arg 47 of VAMP-2 is
also likely.

On the basis of the observed cleavage rates of N- and
C-terminal truncations of rat VAMP-2 (22), the minimum
length of substrate of BoNT/D is likely to be from Thr 27
to Gln 76. Shorter peptides with 15 residues on either side
of the scissile bond (Lys 59-Leu 60) were not cleaved at all,
indicating that the V2 SSR (residues 63-71) is also important
in recognition by BoNT/D. Similar substrate length con-
straints are also required for BoNT/A activity (38). Nonethe-
less, mutational analysis of residues in the V2 motif failed
to identify amino acids that are critical for BoNT/D activity.
On the other hand, complementary side chain interactions
are not necessarily anticipated, since this equivalent region
on SNAP-25 in the BoNT/A-substrate complex, termed the
â-exosite, forms a shortâ-sheet with the 250 loop through
main chain hydrogen-bonding interactions (Figure 5). As-
suming a similar mode of binding, the V2 SSR of VAMP-2
would form a shortâ-sheet between Asp 261 and Gly 262

FIGURE 4: Close-up view of the putative V1 exosite of BoNT/D-
LC. A semi-transparent surface representation of the putative V1
binding site as observed in BoNT/D-LC with carbons (yellow),
nitrogens (blue), oxygens (red), sulfurs (orange), and the modeled
VAMP-2 (slate blue). V1 residues Met 46 and Arg 47 of VAMP-2
(labeled blue italics) are surrounded by His 132, Ala 137, Glu 139,
and Ile 151 of BoNT/D-LC.

FIGURE 5: Comparison of BoNT substrate specificity. (A) SNAP-25 is shown schematically as an N-terminalR-helix followed by a random
coil and a shortâ-strand at the C-terminus. Arrows indicate the cleavage sites of BoNT/A and /E. (B) Schematic structure of rat VAMP-2.
The N-terminal proline-rich region is highlighted in yellow; the V1 and V2 motifs are colored blue, and the C-terminal transmembrane
domain (TM) is colored green. Arrows indicate the cleavage sites of BoNT/D, /F, /B, and /G and TeNT. (C) Modeled interactions between
the BoNT/D-LC structure and the VAMP-2 substrate. Residues of VAMP-2 underlined in panel B are shown in an orange-shaded box (Met
46-Arg 66). Putative substrate binding residues of BoNT/D are indicated. They form either side chain (dotted line) or main chain (solid
line) interactions with specific residues of VAMP-2.

BoNT/D-LC Structure and VAMP Specificity Biochemistry, Vol. 45, No. 10, 20063259



of the 250 loop of BoNT/D-LC with Asp 65 and Arg 66 of
VAMP-2. Contributing to the BoNT/Dâ-exosite, an ad-
ditional salt bridge between Arg 250 of BoNT/D-LC and
Asp 65 of VAMP-2 is also anticipated.

Unique Characteristics in the Recognition of VAMP by
BoNT/D-LC.Though our model appears to be similar to the
orientation of the substrate observed in the BoNT/A-LC-
SNAP-25 complex, there is a noteworthy difference. In the
BoNT/A-LC-SNAP-25 structure, an extensive interface,
termed theR-exosite, is observed on the posterior side of
BoNT/A with anR-helix at the N-terminus of SNAP-25. The
equivalent region in VAMP-2 is a proline-rich motif (residues
9-25) containing nine prolines (Figure 5). This motif
precludes the likelihood of a helical interaction for BoNT/D
and /F at theR-exosite seen in the BoNT/A-LC-SNAP-25
complex. This is due to the fact that prolines are well-known
to be helix breakers, so many in such a small stretch would
certainly not be expected to form a helix. Therefore, the
speculation that all serotypes have a similar mode of binding
to SNAP-25 (39) observed in the BoNT/A-LC-SNAP-25
complex is not likely to hold for BoNT/D and /F. However,
the proline-rich motif does not rule out the existence of an

R-exosite for the other VAMP specific neurotoxins, BoNT/B
and /G and TeNT, since they all have a downstream cut site
relative to BoNT/D and /F (Figure 5). In fact, removal of
this proline-rich domain does not compromise substrate
binding for BoNT/D and /F (22). Nonetheless, this proline-
rich region is still clearly important in exocytosis, because
its deletion inhibits the process, and peptides resembling this
N-terminal region inhibit neurotransmitter release (40). It has
also been noted that N-terminus of VAMP does not
contribute to the structure of the four-helix bundle of the
SNARE complex but instead makes up a cytoplasmic
extension (7). Since the minimum substrate length is the Thr
27-Gln 76 segment, C-terminal interactions of VAMP-2 on
the backside of BoNT/D-LC are possible.

Additional interactions contributing to substrate binding
in our model at the C-terminal side of the scissile bond
include hydrogen bonds between P2′ Ser 61 and Gln 69 and
His 379 of BoNT/D, as well as between Glu 62 of VAMP
and Gln 266 of BoNT/D (Figure 5). On the N-terminal
cleavage side, hydrophobic packing, such as Leu 54 of
VAMP with Phe 50 of BoNT/D, and more hydrogen-
bonding, involving the P2-P4 residues of VAMP, are

FIGURE 6: Stereoview of modeled substrate binding channel differences between BoNT/D-LC and BoNT/F-LC. (A) BoNT/D-LC and (B)
BoNT/F-LC are colored according to surface residue type with aromatic (cyan), hydrophobic (green), acidic (red), and basic residues (blue)
superposed on the putative model of the main chain residues of the VAMP-2 substrate (yellow).
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anticipated. From this model provided by the BoNT/A-LC-
SNAP-25 complex (20), it seems that binding of substrate
is extensive. These interactions described above with those
involved in the binding of the V1 SSR and theâ-exosite
give an explanation for the length-dependent effects of
BoNT/D-LC. In the case of BoNT/D-LC, V1 recognition of
the critical Met 46 and Arg 47 of VAMP-2 may act as an
anchor point for the proper orientation and guidance of the
substrate. Then V2 SSR recognition by the 250 loop of
BoNT/D likely increases the affinity by forming a short
â-sheet. Finally, recognition at the active site is expected
with Leu 60 of VAMP being drawn into the S1′ pocket
preparing for cleavage. It is clear that exosites are critical
for molecular recognition that governs BoNT-LC function.
Nonetheless, further kinetic study of various mutants and
complex structures with VAMP-2 are required to elucidate
the sequential and directional model of substrate recognition.

In contrast to BoNT/F-LC, the BoNT/D-LC structure
shows a surface residue distribution in the substrate binding
channel that is more hydrophobic, while BoNT/F-LC is more
charged (Figure 6). This difference in the chemical nature
in the substrate-binding channels between the two VAMP
specific serotypes is consistent with in vitro activities and
the observed mutational analysis of the two neurotoxins.
BoNT/D-LC can efficiently cleave VAMP-2 in the presence
of a high concentration of salt since this would strengthen
the hydrophobic interaction between the enzyme and sub-
strate. However, BoNT/F that cleaves the adjacent peptide
bond (Gln 58-Lys 59) on VAMP does not have activity under
similar assay conditions (12). In this case, the highly ionic
environment likely disrupts the electrostatic interface between
BoNT/F and VAMP. Furthermore, this structural analysis
also adds some chemical perspective to the biochemical
evidence that BoNT/D activity is vulnerable to mutation of
the hydrophobic Met 46 of VAMP, while BoNT/F is more
susceptible to Asp 40, Glu 41, and Asp 44 mutations (12).
Taken together, it is likely that hydrophobic contacts provide
the major binding energy for interaction of the V1 motif with
BoNT/D.

Structural mapping of all the BoNT-LCs is almost
complete, with the exception of serotype C that has yet to
be determined. This enrichment of molecular diversity of
BoNT-LCs has shed some light on the details responsible
for substrate recognition. The structure of BoNT/D-LC
presented here provides a chemical foundation for the
specificity for the P1′ residue and the V1 SNARE motif of
VAMP-2. However, additional work is required on fully
functional BoNT-substrate co-crystal structures that to date
have remained a formidable challenge, even with significant
efforts to obtain such structural information (15, 20, 26-
31).
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