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ABSTRACT: The seven serotypes (A-G) of botulinum neurotoxins (BoNTs) block neurotransmitter release
through their specific proteolysis of one of the three proteins of the solubleN-ethylmaleimide-sensitive-
factor attachment protein receptor (SNARE) complex. BoNTs have stringent substrate specificities that
are unique for metalloprotease in that they require exceptionally long substrates (1). To understand the
molecular reasons for the unique specificities of the BoNTs, we determined the crystal structure of the
catalytic light chain (LC) ofClostridium botulinumneurotoxin type G (BoNT/G-LC) at 2.35 Å resolution.
The structure of BoNT/G-LC reveals a C-terminalâ-sheet that is critical for LC oligomerization and is
unlike that seen in the other LC structures. Its structural comparison with thermolysin and the available
pool of LC structures reveals important serotype differences that are likely to be involved in substrate
recognition of the P1′ residue. In addition, structural and sequence analyses have identified a potential
exosite of BoNT/G-LC that recognizes a SNARE recognition motif of VAMP.

Botulinum neurotoxins (BoNTs),1 types A-G, cause the
paralytic disease known as botulism by preventing neu-
rotransmitter release through the specific cleavage of proteins
of the neuorocytosis apparatus known as the solubleN-
ethylmaleimide-sensitive-factor attachment protein receptor
(SNARE). The causative agent of the toxicity is a 150 kDa
multidomain protein that is processed by endogenous pro-
teases into a 50 kDa light chain (LC) and a 100 kDa heavy
chain (HC) that tightly associate via an interchain disulfide
bond and extensive noncovalent interactions (2, 3). The HC
has two functional domains that facilitate selective binding
to the neuronal presynaptic membrane and translocation of
the LC following receptor-mediated endocytosis into the
cytosol. The LC is a zinc metalloprotease that contains all
of the molecular components for substrate recognition and
proteolysis.

BoNT-LCs share significant sequence similarity ranging
from 31% to 61% identity (4), yet each has exclusive

substrate specificity. BoNT/A and BoNT/E cleave the
synaptosomal-associated 25 kDa protein (SNAP-25); BoNT/
B, BoNT/D, BoNT/F, and BoNT/G cleave the vesicle-
associated membrane protein (VAMP), which is also referred
to as synaptobrevin. BoNT/C is broader in its specificity and
can cleave both SNAP-25 and syntaxin. BoNT-LCs are
highly specific for their substrates but allow amino acid
substitutions near the site of peptide bond cleavage with the
exception of the amino acid adjacent to the scissile bond on
the C-terminal side (P1′ position) (5-7). The high specificity
of BoNTs has been attributed to additional substrate recogni-
tion sites that are remote from the catalytic active site that
were identified in the crystal complex structures of BoNT/
B-LC with VAMP (8) and BoNT/A1-LC with SNAP-25 (9),
as well as SNARE secondary recognition (SSR) sites
identified by mutagenesis studies (10-12).

If we are to understand the molecular basis for the unique
specificities of BoNTs, it is essential to expose the differences
in their structures that give rise to their unique characteristic.
Therefore, structures of all serotypes are required, and toward
achieving this goal we have determined the crystal structure
of Clostridium botulinumneurotoxin type G LC (BoNT/G-
LC) to 2.35 Å resolution. Comparison of BoNT/G-LC with
the available neurotoxin structures reveals subtle yet distinct
serotype variations that likely influence LC oligomerization
and substrate recognition. This structure helps to elucidate
the complete function of BoNT/G, as well as complements
the structure collection of BoNT-LCs (serotypes A, B, and
E) that is known.

EXPERIMENTAL PROCEDURES

Protein Production and Crystallization of BoNT/G-LC.
Overexpression of BoNT/G-LC was induced in the presence
of 1 mM ZnCl2 with isopropyl R-thiogalactopyranoside
(IPTG) under control of the T5 promoter in plasmid pBN13,
which encodes an expression and purification tag consisting
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of APPTPGHHHHHH at the C-terminus of the LC protein.
Bacteria were lysed by sonication in lysis buffer (50 mM
K2HPO4, pH 7.8, 300 mM NaCl, 10% glycerol, 5 mM
imidazole) supplemented with Roche EDTA-free protease
inhibitor tablets and 0.5 mg/mL lysozyme. In addition, 0.25
mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
was added throughout the purification. Immediately after
sonication, the cell debris was pelleted by ultracentrifugation.
The soluble fraction was applied to a gravity flow metal
chelation column (Talon resin charged with cobalt; Clontech)
equilibrated in lysis buffer. The column was then washed
with wash buffer (25 mM Tris, pH 7.8, 300 mM NaCl, 10%
glycerol, 10 mM imidazole) and eluted with 3 column
volumes (CV) of elution buffer (25 mM Tris, pH 7.8, 15
mM NaCl, 150 mM imidazole). The protein was then applied
to a Poros 20 HQ column (Applied Biosystems) equilibrated
in anion-exchange buffer (25 mM Tris, pH 7.8). The column
was washed with equilibration buffer and eluted with a 10
CV gradient elution (0-500 mM NaCl in 25 mM Tris, pH
7.8). The protein was then concentrated to∼10 mg/mL by
centrifugal ultrafiltration (Orbital), applied to a sizing column
(Biocep SEC-S 3000, Phenomenex) equilibrated in size
exclusion buffer (150 mM NaCl in 25 mM Tris, pH 7.4),
and eluted. The purified protein was concentrated to 13 mg/
mL (Orbital) and either frozen in liquid nitrogen for later
use or used immediately for crystallization trials. The protein
was crystallized using the nanodroplet vapor diffusion
method (13) at a temperature of 293 K. The crystallization
solution contained 6% PEG 6000, 0.65 M LiCl, and 100 mM
sodium citrate at pH 5.5.

ActiVity Assay.BoNT solid-phase activity assay optimized
for BoNT/B was performed with a substrate-coated plate
immobilized with a fluorescein-derivatized VAMP peptide
(residues 60-94) as described (14). Briefly, assays were
conducted in triplicate in 50 mM Hepes at pH 7.4, 1 mM
DTT, 0.25 mM ZnCl2, and 0.05% Tween-20 with 90µg/
mL BoNT/G-LC and 1µg/mL BoNT/B-LC as a positive
control. Reactions were incubated on a substrate-immobilized
plate at 37°C for 5 h. Fluorescence of the cleavage reaction
was measured with a GENios Pro fluorometer (Tecan) with
excitation and emission wavelengths of 485 and 535 nm,
respectively (Supporting Information, Figure S1).

Data Collection.Diffraction data were collected at the
Advanced Photon Source (APS, Argonne, IL) on beamline
GM/CA-CAT-23ID at a wavelength of 1.009 Å using the
MAR data collection environment (Table 1). The data sets
were collected at 100 K using a MAR 225 CCD detector.
Data were integrated, reduced, and scaled using HKL2000
(15). The crystals were indexed in the hexagonal space group
P622; data statistics are summarized in Table 1.

Structure Determination and Refinement.The structure
was determined with MOLREP (16) using the two possible
space groups,P6222 andP6422, predicted from the observed
systematic absences. Only theP6222 space group yielded
the correct solution. ARP/wARP (17) was used to build 94%
of the model followed by manual building of the rest of the
structure with O (18). Structure refinement was performed
using REFMAC5 (19). Refinement statistics are summarized
in Table 1. The final model includes a single protein
molecule, a citrate molecule in coordination to the active
site zinc ion, and 197 water molecules. No electron density
was observed for residues 53-67, 211-213, 252-256, and

439-445. Analysis of the stereochemical quality of the
model was accomplished using the AutoDepInputTool (http://
deposit.pdb.org/adit/). Figures were prepared with PyMOL
(DeLano Scientific). Atomic coordinates and experimental
structure factors of BoNT/G-LC have been deposited with
the PDB and are accessible under the code 1ZB7.

Substrate Modeling.The potential S1′ binding subsite of
BoNT/G-LC, as well as the other LC serotypes, for recogni-
tion of the P1′ residue was identified by comparing the
structure of BoNT/G-LC with that of metalloprotease ther-
molysin (PDB code 4TMN) (20) bound to a transition state
analogue (TSA). The modeling strategy involved superim-
posing the active site HExxH motif of this protein with that
of BoNT/G-LC using the web server C-alpha Match (http://
bioinfo3d.cs.tau.ac.il/c_alpha_match/).

The probable SSR site of BoNT/G-LC that is specific for
the V2 SSR of VAMP was identified by comparison of
BoNT/G-LC with the structure of the mutant E224Q/Y366F
of BoNT/A1-LC in complex with residues 141-204 of
SNAP-25 (PDB code 1XTG) (9) with the program TOP (21).
A five-residue region containing the three essential acidic
residues of the V2 SSR motif of VAMP (residues 64-68)
was modeled to BoNT/G-LC based on the analogous residues
in SNAP-25 (residues 180-184) that are 14 residues
upstream from the proteolytic cleavage site.

RESULTS AND DISCUSSION

Structure of BoNT/G-LC.The structure of BoNT/G-LC
(Figure 1A) was determined to 2.35 Å resolution by
molecular replacement using the BoNT/B-LC structure [PDB
code 1F82 (8) with 61% sequence identity] as the search
model. Data collection, model, and refinement statistics are
summarized in Table 1. The final model of the BoNT/G-LC
structure is composed of 14â-strands (â1-â14), eight
R-helices (R1-R8), and four 310-helical segments that form
a homodimer through crystallographic symmetry. Homodimer-
ic structures are also found in the LC structures of BoNT/
A2 (22) and BoNT/E (23), suggesting a potential importance
of LC oligomerization. The dimensions of the BoNT/G-LC
homodimer are 115 Å× 56 Å × 38 Å, with an overall
surface area of 27800 Å2. The overall conformation of the
BoNT/G-LC monomer is similar to the LC structures of
BoNT/A1 (9), BoNT/A2 (22), BoNT/B (8), and BoNT/E (23)
with minor differences observed for the loop regions (25,
145, 200, 250, and 310 loops). However, two distinguishing
features set it apart from the other LC structures, those being
an extraâ-sheet and a channel that connects the two active
sites of the homodimer. The additional antiparallelâ-sheet
is located near the C-terminus and is composed ofâ-strands
â4 (residues 69-73) andâ14 (residues 429-436) (Figure
1A). This region is directly before the interchain disulfide
bond of the holotoxin and contributes to the dimerization
interface. A similarâ-sheet is seen in the catalytic domain
of BoNT/B holotoxin (2) betweenâ-strandsâ4 (residues 71-
72) andâ20 (residues 429-430), though theâ-sheet in the
BoNT/G-LC structure is more extensive. Consistent with this
observation, DasGupta reported that the single chain holo-
toxin significantly alters its structure upon nicking as
observed in the increase in the prevalence ofâ-sheet from
37% to 41% (24). The BoNT/A1, BoNT/A2, and BoNT/B-
LC structures lack this secondary structure element, likely
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because they are C-terminal truncated variants and not full-
length LCs (Table 2).

The second structural feature unique to BoNT/G-LC is
that the active sites are connected via a serpentine-like
channel (Figure 1B) that is partially covered but not blocked
by â-strandâ14 and terminal residues of the C-terminus
(residues 437-438) of each subunit (Figure 1A). The
individual active sites of the BoNT/G-LC homodimer are
solvent accessible and joined by a contiguous channel 28.5
Å in length. The channel takes an abrupt 90° turn at each of
the active sites of the homodimer where it continues another
∼17 Å along the groove primarily formed by the 175 and
250 loops. Intriguing as it may be, to our knowledge there
is no evidence that suggests that these active sites work in a
cooperative manner. Thus, further studies should be con-
ducted to determine if there is a functional significance to
the observed channel or if it is merely a packing artifact.

Evidence of the importance of the C-terminus in LC
transport and proteolytic activity is increasingly mounting.
Fernandez-Salas and colleagues recently reported that the
N- and C-termini of BoNT/A- and BoNT/E-LCs are critical
in its localization (25). In particular, they showed that

mutations and deletions of the C-terminus of BoNT/A-LC
suggest that it is likely involved in trafficking and/or
interaction with membrane adaptor proteins through a
diluecine motif (E423XXXLL 428). A dileucine to dialanine
mutant (L427A and L428A) revealed that disruption of this
motif caused changes in the steady-state distribution of
BoNT/A-LC in the plasma membrane, resulting in the mutant
being distributed in the periplasmalemmal space instead of
plasma membrane localized, as well as being 26-fold less
active than the wild-type BoNT/A-LC. Moreover, a C-
terminal truncated construct of BoNT/A-LC (∆C22), lacking
22 C-terminal acids, displayed similar altered distribution
with ∼80-fold decreased activity. Consistent with this
observation of reduced catalysis are the reports of∼10-fold
decreased activity of C-terminal truncated LC variants of
BoNT/A1 ∆C30 and∆C50 (26) and BoNT/A2∆C32 (27),
thus further implicating the significance of the LC C-
terminus. Incidentally, the∆C32 BoNT/A2-LC variant is the
protein construct used to obtain the crystal structure of BoNT/
A2 while the ∆C22 variant is similar in size to the∆C18
construct used in the BoNT/A1 structure (Table 2). It is clear
from these separate studies that the C-terminus can influence

FIGURE 1: Crystal structure of the BoNT/G-LC homodimer. (A) Ribbon diagram ofC. botulinumBoNT/G-LC with one monomer of the
crystallographic dimer colored green and the second monomer in slate blue with N- and C-termini indicated.â-Strands (â1-â14) and
R-helices (R1-R8) of one of the monomers are labeled. The active site zinc ion is shown as a yellow sphere. (B) Same as (A) but a cross
section of the molecular surface of the BoNT/G-LC homodimer overlaid with the ribbon diagram looking down onto the serpentine channel
that connects the two active sites.
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activity. However, it is not yet apparent if different localiza-
tion motifs are present in the other LC serotypes, since the
dileucine motif is unique to BoNT/A, or if the C-terminal
â-sheet is common to all BoNT serotypes, since the BoNT/
E-LC structure is full length and it is helical in this equivalent
position. Thus, further structural studies of other full-length
BoNT-LCs are needed.

BoNT/G-LC Oligomerization.The crystal packing in the
BoNT/G-LC structure shows a homodimer, which is non-
covalent as determined by SDS-PAGE under nonreducing
conditions, and is formed through mostly hydrophobic
interactions (69% nonpolar) that associate via a 2-fold
rotation. The dimer interface is composed ofâ-strandsâ10
andâ11, the 250 loop, and the C-terminalâ-strandsâ14 of
each subunit, which form an interchain antiparallelâ-sheet
(Figure 1A). Additional interactions are formed around
R-helix R5 and the 370 loop from each subunit. This intimate
dimer interface accounts for a buried surface area of 2054
Å2 (10.6% of the total surface area) for each monomer and
includes 16 hydrogen bonds and 2 salt bridges (R217-D262
from each monomer) as determined by the Protein-Protein
Interaction Server (http://www.biochem.ucl.ac.uk/bsm/PP/

server/) (28). It is anticipated that the oligomerization state
of BoNT/G-LC may be more biologically relevant than those
seen in BoNT/A2-LC (22) and BoNT/E-LC (23), since its
interface is more hydrophobic and considerably more
extensive as indicated by the lower buried surface areas of
BoNT/A2- and BoNT/E-LCs, 1512 and 1181 Å2, respectively
(28). Furthermore, the BoNT/G-LC structure has a quaternary
structure similar to that of BoNT/A2-LC (PDB code 1E1H)
(22) with equivalent structural elements forming its dimer
interface, with the exception that the 250 loop of each of
the subunits of BoNT/A2-LC covers the active site of the
homodimer partner. This altered interface results in one of
the subunits of BoNT/A2-LC being rotated (∼120°) relative
to that of the BoNT/G-LC dimer. As a result, BoNT/A2-LC
was observed to be autoproteolytic in solution and crystalline
states (22). Analysis of a dissolved crystal of the BoNT/G-
LC by SDS-PAGE yielded a single 50 kDa band indicating
that the self-cleavage observed in the BoNT/A2-LC crystal
does not occur in the BoNT/G-LC crystal (data not shown).
Interestingly, crystal packing shows that the dimeric BoNT/
G-LC is covalently linked to another dimer molecule by two
interchain disulfides to form a homotetramer. The observed
dimer-dimer interface is relatively small (1672 Å2, 4.8%
of the total surface area) (28, 29) and, therefore, may be an
artifact of the crystal packing. However, it could also suggest
a model of redox-dependent oligomeric states like that seen
with the EF-hand protein P11 (30), since there is evidence
that the tetramer exists in solution, but only under oxidizing
conditions, as determined by size exclusion chromatography.
This issue of oligomerization is interesting, since it may be
possible that some of the serotypes form higher order
oligomeric statesin ViVo. The differences reported in
oligomerization of the LC crystal structures may explain
functional variations observed in the serotypes: for instance,
the dissimilarity observed in duration of the therapeutic
effects in the long-acting BoNT/A compared to the short-
acting BoNT/E (25) by influencing the exposure (or protec-
tion) of labile regions of the LC, such as epitopes and loops,
that are susceptible to immunoresponse and proteolytic
digestion.

Substrate Recognition.Each BoNT serotype is known to
require substrates with a minimum length and proper
sequence. The unique specificity of each of the serotypes is
likely due to the fact that each LC possesses two or more
substrate recognition sites as proposed for BoNT/G-LC with
its substrate VAMP in Figure 2. The first consists of the
subsites located near the active site that are required for
discrimination of SNARE residues in proximity to the
cleavage site, such as the strictly required P1′ substrate

Table 1: Summary of Crystallographic Parameters, Data Collection,
and Refinement Statistics for BoNT/G-LC (PDB Code 1ZB7)

Data Collection
space group P6222
unit cell parameters (Å) a ) 179,b ) 179,c ) 81
resolution range (Å) 50.00-2.35
highest resolution shell (Å) 2.43-2.35
no. of observations 225818
no. of reflections 30233
completeness (%) 93.9 (96.0)a

meanI/σ(I) 24.4 (4.8)a

Rsym
b on I 0.053 (0.395)a

Model and Refinement Statistics
resolution range (Å) 24.81-2.35
no. of reflections (total) 30226
no. of reflections (test) 1536
completeness (% total) 94.0
Rcryst

c/Rfree
d 0.174/0.222

Stereochemical Parameters
restraints (RMS observed)

bond length (Å) 0.027
bond angle (deg) 2.03

protein residues/atoms 407/3324
solvent molecules 197
heterogen atoms 14

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 ) ∑||Fo| - |Fc||/∑|Fo|, whereFc andFo are
the calculated and observed structure factor amplitudes, respectively.
d Rfree ) as for Rcryst, but for 5.0% of the total reflections chosen at
random and omitted from refinement.

Table 2: Summary of BoNT-LC Crystal Structures

LC type
PDB
code

resolution
(Å)

truncation
constructa

C-terminus
disorder

oligomeric
state

A1 (9) 1XTF 2.2 ∆C18 none monomer
A2 (22) 1E1Hb 1.8 ∆N8, ∆C32 none dimer
B (8) 1F82 2.2 ∆C19 none monomer
E (23) 1T3A 2.1 full length residues 1-10 dimer
G 1ZB7 2.35 full length residues 1-5 dimer

a All LCs contain C-terminal His tags.b Contains 47 additional
N-terminal residues consisting of His and S tags and a protease cleavage
site.

FIGURE 2: Schematic of the proposed interaction of BoNT/G-LC
(light blue) and VAMP (gray) with the S1′ subsite and SSR exosite
indicated. The cleavage site is identified with the arrow, and
essential acidic residues of the V2 SSR are in bold.
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residue. The second site, termed exosite, is far removed from
the active site and is involved in recognition of the nine-
residue SSR sequence motif. Substrate cleavage occurs only
when the binding of the SNARE substrate to each of these
sites takes place (11, 31). Therefore, substrate specificity is
likely to be a result of the spatial relationship between an
exosite of the LC that recognizes a SSR motif and the active
site. The active site is composed of one or more subsites
including, but not necessarily limited to, the S1′ subsite for
recognition of the essential P1′ amino acid on the different
SNARE proteins (8, 11). Hence, substrate proteolysis only
occurs upon binding of the SSR motif that is the proper
distance away from the cleavage site.

It has been very challenging to obtain LC-substrate crystal
structures, and consequently, the details of substrate recogni-
tion are limited and sometimes contradictory. Indeed, our
attempts to obtain a cocrystal structure of BoNT/G-LC have
yet to be successful. Cocrystal structures of BoNT/A1 (9)
and BoNT/B-LC (8) reveal that BoNTs bind their substrate
SNARE proteins at a channel formerly occupied by 54
residues known as the “belt” region connecting the LC to
the translocation domain, as previously proposed (8). Un-
fortunately, these structures do not offer insight into the
intimate details of substrate recognition of the P1′ residue
and the SSR motif. The BoNT/A1-LC (E224Q/Y366F double
mutant) SNAP-25 complex structure does not allow the
mapping of the S1′ subsite, since the substrate is disordered
in the active site, nor does it reveal any details in the
recognition of the conserved residues of the required SSR
motif (9). Furthermore, the BoNT/B-LC VAMP complex
structure has been the subject of debate (32, 33) due to the
low occupancy and atypical orientation of substrate binding
as compared to other HExxH proteases. In the absence of a
BoNT/G-LC VAMP complex structure, two probable rec-
ognition sites of BoNT/G-LC, a S1′ subsite and a SSR
exosite, are identified on the basis of homology modeling
and are discussed individually in the following subsections.

S1′ Subsite Comparison with Other Serotype LC Struc-
tures.Despite the unique substrate specificities of the BoNTs,
their active sites are highly similar to each other. In BoNT/
G-LC the active site zinc is coordinated by His 230 and His
234 of the HExxH motif and Glu 268 ofR-helix R4, as does
its counterparts in the other serotypes. However, the high
active site residue conservation of BoNTs is not expected
to extend to the S1′ subsite given the strict dependence for
the P1′ residues of their SNARE substrates (5-7, 34). The
P1′ residues are chemically diverse; they vary in size and
also range in increasing order of hydrophobicity from Arg
(BoNT/A), Lys (BoNT/F), Ala (BoNT/C and BoNT/G), Phe
(BoNT/B), Leu (BoNT/D), and Ile (BoNT/E) (35). Given
the diverse chemical nature of the P1′ residues, 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.

Even with the number of different neurotoxin LC struc-
tures now available (serotypes A, B, E, and G and tetanus),
surprisingly the S1′ subsite of the BoNT-LCs has yet to be
convincingly mapped. Here we attempt to define the S1′
subsite of BoNT/G-LC by a structural comparison with that
of thermolysin, considered to be the prototypical HExxH
motif protease, in complex with a TSA containing leucine
at the P1′ residue. BoNT-LCs show significant structural

homology to thermolysin as indicated by the fact that BoNT/
G-LC and thermolysin (PDB code 4TMN) (20) can be
superposed with a CR RMSD of 2.05 Å for 120 structurally
equivalent CR atoms. The superposition reveals that the P1′
leucine residue of the TSA is directed toward a shallow
pocket believed to be the S1′ subsite of BoNT/G-LC that is
composed of Asn 170, Asn 201, Thr 227, and Tyr 376
(Figure 3A). Importantly, LC structures of BoNT/A1, BoNT/
B, and BoNT/E also have binding cavities at this same
location, but their putative S1′ subsites are complementary
in size and hydrophobicity to their cognate P1′ substrate
residues (Table 3). The S1′ subsite of BoNT/G-LC (Figure
3B) is relatively small and shallow compared to the S1′
subsites of the other serotypes (Figure 3C-E) and, therefore,

FIGURE 3: (A) Close-up view of the putative S1′ subsite of BoNT/
G-LC with a modeled thermolysin transition state analogue (TSA).
Putative S1′ binding site residues as observed in BoNT/G-LC
(green) with a modeled thermolysin TSA (violet) with residue labels
and the substrate P1′ residue indicated. (B) Same as (A) but a
surface diagram looking down onto the S1′ subsite of BoNT/G-
LC (green) with oxygens (red) and nitrogens (blue) with a modeled
TSA (magneta). (C) Same as (B) but of the S1′ subsite of BoNT/
A1-LC (9) with the C-terminal His tag not shown for clarity. (D)
Same as (C) but of the S1′ subsite of BoNT/B-LC (8). (E) Same
as (C) but of the S1′ subsite of BoNT/E-LC (23).
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is well suited for the P1′ Ala of VAMP. The pocket is made
smaller than the S1′ subsites of BoNT/A1, BoNT/B and
BoNT/E primarily due to the steric bulk of Tyr 376 that
partially fills this cavity. The S1′ subsite of BoNT/E-LC is
also small, but deeper and more hydrophobic, reflecting the
nature of the P1′ Ile of SNAP-25 (Figure 3E). In contrast,
the S1′ subsites of BoNT/A1-LC (Figure 3C) and BoNT/B-
LC (Figure 3D) are considerably larger than their BoNT/G-
LC and BoNT/E-LC counterparts. The BoNT/A1-LC S1′
subsite is specific for the P1′ Arg of SNAP-25 and likely
forms a buried salt bridge with Asp 370 at the bottom of its
pocket. The BoNT/B-LC S1′ subsite is the largest of the four
serotypes investigated and is well matched for the P1′ Phe
of VAMP. Homology modeling reveals the anticipated
disparity in the S1′ subsites of the different LCs that likely
account for their unique P1′ specificities; however, additional
studies are clearly required to confirm this.

SSR in VAMP-Specific Neurotoxins.It is clear that P1′
recognition alone cannot account for the high specificity of
BoNTs. Indeed, substrate recognition is enhanced by the
contribution of high-affinity exosites that are far removed
from the active site, such as the yet to be identified exosite
for binding of the consensus SSR motif found in each of
the three SNARE proteins (10). The SSR motif is composed
of nine residues and contains three conserved acidic residues
at positions 3, 4, and 7 (Figure 2). This motif is present in
two copies in VAMP, termed V1 (residues 38-47) and V2
(residues 62-71) (10). The essential role of the three
conserved acidic residues in this motif in substrate recogni-
tion by VAMP-specific neurotoxins was demonstrated by
mutagenesis of residues comprising this motif. These studies
revealed that the V2 copy is critical for recognition by
BoNT/B and BoNT/G, while in contrast the V1 is imperative
for recognition by tetanus neurotoxin (TeNT) (11), as
observed in the dramatic decrease in the rate of proteolysis
of mutant VAMP substrates. Our structural and sequence
analysis of these VAMP-specific neurotoxins helps to
reconcile the differences observed in their SSR properties.
The BoNT/B-LC VAMP crystal structure identified key
residues involved in the recognition of the V2 SSR motif of
VAMP. These LC residues include Arg 67, Tyr 72, Asp 375,
Ser 376, and Glu 422. The equivalent residues in BoNT/G-
LC are only partially conserved (Supporting Information,
Figure S2). Furthermore, a superposition of the two structures
(not shown) reveals that this motif clashes withâ-strandâ4
of BoNT/G-LC structure. Therefore, unless there is a
conformational rearrangement in this region, it is unlikely
that BoNT/G-LC shares the same SSR exosite as that defined
in the BoNT/B-LC VAMP structure. However, on the basis
of structural comparison of the BoNT/G-LC to BoNT/A-
LC SNAP-25 complex structure (PDB code 1XTG, with an

overall sequence identity of 31%), Lys 140 and Lys 152 of
the BoNT/G-LC are likely to influence the SSR of the V2
carboxylates, presumably by salt bridge formation. An
overlay of the BoNT/G-LC structure with the structure of
SNAP-25 from the BoNT/A-LC SNAP-25 complex (9)
shows that three basic residues of the BoNT/G-LC, Lys 140,
Lys 141, and Lys 152, are in close proximity to the SNAP-
25 residues that correspond to the three acidic residues of
the V2 SSR of VAMP (Figure 4). An alignment of BoNT/
G-LC with the other BoNT and TeNT serotypes and strains
reveals that two of these lysine residues, Lys 140 and Lys
152, are also conserved in the BoNT/B strains, which also
require the V2 SSR, but not TeNT which does recognize
the V2 SSR although is specific for the V1 SSR (Supporting
Information, Figure S2) (11). Further functional and structural
studies will be needed to determine if this putative SSR
recognition site is correct.

CONCLUSION

The crystal structure of BoNT/G-LC presented comple-
ments the structural pool of neurotoxin structures and, in
doing so, highlights the importance of the C-terminus. The
identification of the putative S1′ subsite is consistent with
the available LC structures of BoNT/G, BoNT/A, BoNT/B,
and BoNT/E and thereby provides a molecular basis for the
strict specificity for P1′ residues of their SNARE protein
substrates. A putative SSR site is identified in the BoNT/
G-LC structure that is consistent with the biochemical
evidence of the importance of this SSR motif in substrate
recognition. Collectively, our structural analysis may lead
to development of highly specific inhibitors for BoNT/G and
other serotypes.

NOTE ADDED IN PROOF

During the review of this article, the TeNT LC structure
was published by two groups: Breidenbach and Brunger (37)
and Rao et al. (38).

Table 3: Residues Composing the Putative S1′ Subsite of BoNTs
with Their SNARE Substrates

BoNT
sero-
type

substrate: cleavage pointa

P3-P2-P1-P1′-P2′-P3′
probable residues of the

S1′ recognition site

A SNAP-25: 195A-N-Q-R-A-T200 F163 F194 T220 D370
B VAMP: 74A-S-Q-F-E-T79 N169 S200 I226 S376
E SNAP-25: 178I-D-R-I-M-E183 T159 F191 T208 Y354
G VAMP: 79T-S-A-A-K-L84 N170 N201 T227 Y376

a P1′ residue indicated in bold.

FIGURE 4: Putative SSR motif recognition exosite of BoNT/G-
LC. Ribbon diagram of BoNT/G-LC (green) superimposed SNAP-
25 (red), the substrate of BoNT/A. Basic residues in the putative
BoNT/G-LC exosite involved in SSR motif recognition are colored
(blue), and essential substrate residues 64-68 corresponding to the
V2 SSR motif of VAMP are highlighted (violet).
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