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ABSTRACT

The extreme toxicity of botulinum neurotoxins (BoNTs) relies on their specific cleavage of SNARE proteins, which
eventually leads to muscle paralysis. One newly identified mosaic toxin, BoNT/HA (aka H or FA), cleaves VAMP-2 at a unique
position between residues L54 and E55, but the molecular basis underlying VAMP-2 recognition of BoNT/HA remains poorly
characterized. Here, we report a ∼2.09 Å resolution crystal structure of the light chain protease domain of BoNT/HA
(LC/HA). Structural comparison between LC/HA and LC of BoNT/F1 (LC/F1) reveals distinctive hydrophobic and electrostatic
features near the active sites, which may explain their different VAMP-2 cleavage sites. When compared to BoNT/F5 that
cleaves VAMP-2 at the same site as BoNT/HA, LC/HA displays higher affinity for VAMP-2, which could be caused by their
different surface charge properties surrounding a VAMP-2 exosite-binding cleft. Furthermore, systematic mutagenesis
studies on VAMP-2 and structural modeling demonstrate that residues R47 to K59 spanning the cleavage site in VAMP-2
may adopt a novel extended conformation when interacting with LC/HA and LC/F5. Taken together, our structure provides
new insights into substrate recognition of BoNT/HA and paves the way for rational design of small molecule or peptide
inhibitors against LC/HA.
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INTRODUCTION

Botulinum neurotoxins (BoNTs) and tetanus neurotoxin (TeNT)
are the most poisonous biological toxins for humans, which
potently block neurotransmitter release (Rossetto, Pirazzini and
Montecucco 2014). They adopt a similar architecture composed

of a ∼50 kDa light chain (LC) and a ∼100 kDa C-terminal heavy
chain (HC), which are linked by a disulfide bridge. HC could be
further divided into a translocation domain (HN) that delivers
LC to neuronal cytosol, and a receptor-binding domain (HC) that
specifically recognizes motoneurons. LC is a Zn2+-containing
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protease that cleaves unique scissile peptide bonds in soluble
N-ethylmaleimide-sensitive fusion protein attachment re-
ceptor (SNAREs) proteins, including synaptosome associated
protein of 25 kDa (SNAP-25), vesicle associated membrane pro-
tein (VAMP) (also called synaptobrevin) and syntaxin. Cleavage
of SNARE proteins inhibits the release of neurotransmitter
acetylcholine and subsequently paralyzes the affected muscles
(Turton, Chaddock and Acharya 2002; Brunger, Jin and Brei-
denbach 2008; Rossetto et al. 2013; Pantano and Montecucco
2014).

There are seven established serotypes of BoNT, designated
as BoNT/A to G, which are composed of more than 40 subtypes
(Peck et al. 2017). BoNT/A and E specifically hydrolyze SNAP-
25; BoNT/B, D, F, G and TeNT cleave VAMP; BoNT/C uniquely
cleaves both SNAP-25 and syntaxin (Schiavo, Matteoli and Mon-
tecucco 2000; Binz, Sikorra and Mahrhold 2010). Three new
VAMP-specific BoNTs, namely HA (aka H or FA), X and eBoNT/J
were identified in recent years (Dover et al. 2014; Zhang et al.
2017, 2018; Brunt et al. 2018). BoNT/HA is a mosaic toxin, whose
LC-HN domain and HC domain are similar to that of BoNT/F5
(∼73% amino acid identity) and BoNT/A1 (∼84% identity), re-
spectively (Maslanka et al. 2016). BoNT/HA cleaves VAMP-2 at
L54 that is identical to BoNT/F5, but all other BoNT/F subtypes
cleave VAMP-2 at Q58 (Kalb et al. 2014). The structural mecha-
nism underlying BoNT/HA’s unique substrate cleavage remains
unknown.

BoNTs are categorized as Tier 1 select agents by the Cen-
ters for Disease Control and Prevention (CDC) and could be po-
tentially misused for bioterrorism warfare (Burnett et al. 2005).
Therefore, there is an urgent need to develop countermeasures
against BoNTs, especially the newly identified toxins (Pirazz-
ini and Rossetto 2017). BoNT/HA could be neutralized by two
BoNT/A-HC-targeting antibodies (RAZ1 and CR2), as well as a
BoNT/F-HN-binding antibody (4E17.2) (Fan et al. 2016; Yao et al.
2017). However, no known antibody could cross-react with the
LC of BoNT/HA (LC/HA). The unique enzymatic cleavage mech-
anism and the distinct immunological features of LC/HA thus
motivated us to further explore its structure and function.

Here we present the first high-resolution crystal structure of
LC/HA. We then carried out complementary mutagenesis stud-
ies and structural modeling, which reveal a novel conformation
of VAMP-2 needed for LC/HA cleavage. Our data also provide new
insights into the different VAMP-2 recognition and cleavage fea-
tures displayed by LC/HA, LC/F1 and LC/F5, even though they
have highly similar structures.

MATERIALS AND METHODS

Cloning, expression and purification

The plasmids for Escherichia coli expression of LC/F5 and LC/HA
were generated by ligating PCR fragments encoding amino acids
1–438 of Clostridium botulinum strain CDC 54074 (Mendoza) and
1–434 of C. botulinum strain IBCA10–7060, respectively, into a
derivative of pQE3 vector (Qiagen), and the E. coli codon opti-
mized synthesized DNAs (Centic Biotec GmbH) were used as
templates. Using the E. coli strain M15pREP4 (Qiagen GmbH,
Hilden, Germany), the resulting plasmids allow production of
LC carrying at the N-terminus a His6-tag followed by a triple
FLAG-tag and a Strep-tag at the C-terminus. Briefly, cultures
were induced for 15 h at 21◦C and proteins were purified on
Ni2+-nitrilotriacetic acid agarose beads (Qiagen) according to the
manufacturer’s instructions. Fractions containing the desired
proteins were dialyzed against the toxin assay buffer (150 mM

potassium glutamate, 10 mM HEPES, pH 7.2), and small aliquots
were frozen in liquid nitrogen and kept at –70◦C.

For crystallographic study, LC/HA (M1 – K434) was subcloned
into pGEX-4T-2 expression vector (GE Healthcare). The recombi-
nant LC/HA was expressed in E. coli strain BL21-star (DE3) (Ther-
moFisher). Bacteria were grown at 37◦C in LB (Luria-Bertani)
medium containing 100 μg/ml ampicillin. The temperature was
decreased to 18◦C when OD600 reached 0.4–0.6. Expression
was induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) for 16 h. The cells were harvested by centrifugation and
stored at –20◦C until use.

LC/HA was purified using a GST-affinity column in a buffer
containing 400mMNaCl, 4mMDTT, 50mMTris, pH 8.0. TheGST-
tag was subsequently removed by incubating resins with throm-
bin at 8◦C for 16 h. The eluted proteins were further purified by
Superdex 200 size-exclusion chromatography (SEC) in a buffer
containing 150 mM NaCl, 10 mM HEPES, pH 7.0, concentrated to
∼5 mg/ml using Amicon Ultra centrifugal filters (Millipore) and
stored at –80◦C until use.

Cleavage assays

Cleavage assays were performed as previously described (Siko-
rra et al. 2008). Briefly, rat VAMP-2 and its mutants were
generated by in vitro transcription/translation. Cleavage as-
says contained 1 μl of the transcription/translation mixture of
[35S]methionine-labeled wild-type or mutated VAMP-2 and puri-
fied LC (LC/F5 and LC/HA at 100 and 50 nM final concentrations,
respectively) and were incubated for 60 min at 37◦C in a total
volume of 10 μl of toxin assay buffer.

For determination of the enzyme kinetic parameters, VAMP-2
concentration was varied between 3 and 130 μM using E. coli ex-
pressed His6-VAMP-2. Each of the various substrate concentra-
tions was endowed by the addition of 1 μl of radiolabeled His6-
VAMP-2 generated by in vitro transcription/translation. LC/F5
and LC/HA were used at final concentrations of 2 and 10 nM, re-
spectively. Incubationwas done in a final volume of 25μl of toxin
assay buffer. After 2 and 4 min of incubation at 37◦C, aliquots of
10 μl were taken.

Enzymatic reactions were stopped by mixing with 10 μl
of pre-chilled double-concentrated SDS-PAGE sample buffer.
VAMP-2 and its cleavage products were separated by SDS-PAGE,
and radiolabeled protein was visualized using a FLA-9000 image
scanner (Fuji Photo Film, Co., Ltd., Tokyo, Japan). The percent-
age of hydrolyzed VAMP-2 was determined from the turnover
of the radiolabeled substrate applying the Multigauge 3.2 soft-
ware (Fuji Photo Film) and used to calculate the initial velocity
of substrate hydrolysis. KM and Vmax values were calculated by
non-linear regression using the GraphPad Prism 4.03 program
(GraphPad Software Inc., San Diego, CA).

Crystallization and X-ray diffraction data collection

Initial crystallization screens for LC/HA were carried out using
a Gryphon crystallization robot (Art Robbins Instrument, Sun-
nyvale, CA, USA) and commercial high-throughput crystalliza-
tion screening kits (Hampton Research, Aliso Viejo, CA, USA and
Qiagen, Germantown, MD, USA). After extensive manual opti-
mizations, the best LC/HA crystals were grown by hanging-drop
vapor-diffusion at 18◦C, in which the protein (5 mg/ml) was
mixed in 1:1 (v/v) ratio with a reservoir solution containing 100
mM calcium acetate, 100 mM sodium cacodylate, pH 5.5 and 4%
polyethylene glycol (PEG) 8000 (Hampton Research).

The LC/HA crystals were cryo-protected in the original
mother liquor supplemented with 20% (v/v) glycerol and
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Table 1. Data collection and refinement statistics.

Data collection LC/HA

Wavelength (Å) 0.97918

Resolution (Å) 109.55–2.09 (2.13–2.09)
Space group C 2 2 21
Cell dimensions
a, b, c (Å) 76.2, 160.7, 219.1
α, β, γ (◦) 90, 90, 90

Completeness (%) 96.0 (96.7)
Redundancy 3.3 (3.3)
Rmerge (%) 10.0 (39.3)
Mean I/σ (I) 8.2 (2.0)
Refinement
Resolution (Å) 54.05–2.09
No. reflections 76 565
Rwork/Rfree (%) 17.61/19.12
No. atoms
Protein 6924
Ligand/ion 19
Water 584

B-factors (Å2)
Protein 36.2
Ligand/ion 42.9
Water 41.9

r.m.s. deviations
Bond lengths (Å) 0.013
Bond angles (◦) 1.24

Values in parentheses are for the highest resolution shell.

flash-frozen in liquid nitrogen. The crystals belong to space
group C2221, with unit cell dimensions of a = 76.2 Å, b = 160.7
Å, c = 219.1 Å; α = β = γ = 90o. The best data set was collected
at 2.09 Å resolution. The X-ray diffraction data were collected at
100 K at beam line 24-ID-E, Advanced Photon Source (APS), us-
ing detector ADSC Q315. All data sets were processed and scaled
using XDS (Kabsch 2010) and CCP4i (Potterton et al. 2003). Data
collection statistics are summarized in Table 1.

Structure determination

The LC/HA structure was determined with Phaser molecular re-
placement using the structure of LC/F1 (PDB code 2A8A) (Agar-
wal, Binz and Swaminathan 2005) as the search model. The
structural modeling and refinement were carried out iteratively
using COOT (Emsley and Cowtan 2004) and PHENIX (Adams
et al. 2010) in an iterative manner. The refinement progress
was monitored with the Rfree value with a 5% randomly se-
lected test set (Brünger 1992). LC/HA structure was refined to
2.09 Å with Rwork/Rfree = 17.61/19.12. The structure was vali-
dated by the MolProbity web server and showed excellent stere-
ochemistry (Chen et al. 2010). Structural refinement statistics are
listed in Table 1. Coordinates and structure factors for LC/HA
have been deposited in the Protein Data Bank under acces-
sion code 6BVD. All structure figures were prepared with PyMOL
(http://www.pymol.org/).

Molecular modeling

The structure model of LC/F5 was processed in UCSF Chimera
using Modeller (Yang et al. 2012) with LC/HA as the starting tem-
plate. For structural model of LC/HA-VAMP-2 peptide, VAMP-2
was modeled based on the LC/F1-inh1 inhibitor (PDB code 3FIE)

structure (Agarwal et al. 2009) and thenmodifiedmanually using
COOT (Emsley and Cowtan 2004). The peptide docking was ini-
tiated using the Rosetta FlexPepDock web server (London et al.
2011). The top 10 models were analyzed and the model that is
consistent with our biochemical enzymatic cleavage data was
selected for further analysis.

RESULTS AND DISCUSSION

Crystal structure of LC/HA

The crystal structure of a recombinant LC/HA (residues 1–434)
was determined at 2.09 Å (Table 1). Twomolecules of LC/HAwere
identified in an asymmetric unit (AU), which are nearly identi-
cal with root-mean-square deviation (RMSD) of 0.4 Å over 422 Cα

atoms (Pymol, www.pymol.org). Nearly all LC/HA residues are
visible except for a few solvent-exposed loops in chain B includ-
ing residues I208 – H211, and N430 – K434, which is likely due
to high structural flexibility. Interestingly, a Ca2+ was found be-
tween the two LC/HA molecules, which interacts with D382 and
E387 in each LC/HA (Fig. 1A). The high Ca2+ concentration in the
crystallization buffer (100 mM calcium acetate) likely facilitated
LC/HA dimerization at high protein concentration during crys-
tallization. LC/HA shares a high structural homology with LC of
other BoNTs as evidenced by the high DALI Z-scores (Holm and
Rosenström 2010) during pairwise structure alignment (LC/A,
44.5; LC/B, 50.6; LC/C, 45.7; LC/D, 45.4; LC/E, 50.5; LC/F1, 53.0;
LC/G, 48.2; TeNT-LC, 54.5) (Fig. 1B). The structures most sim-
ilar to LC/HA are TeNT-LC and LC/F1, which have a RMSD of
1.2 Å over 387 amino acids and 1.7 Å over 395 amino acids,
respectively.

The conserved Zn2+-binding HEXXHmotif in LC/HA adopts a
geometry that is highly similar to LCs of other BoNTs. In LC/HA,
the Zn2+ is coordinated tetrahedrally by nitrogen atoms of H226
and H230, carboxylate oxygens of E264 and an acetate ion. The
acetate ion replaces the nucleophilic water and further inter-
acts with the carboxylate oxygen of E227 and a water molecule
(W601) (Fig. 1C). Similar observations were reported before, in
which the nucleophilic water was replaced by an acetate ion in a
LC/A structure (Kumaran et al. 2008) or by a sulfate ion in BoNT/B
structure (Swaminathan and Eswaramoorthy 2000). Moreover,
another acetate ion was identified adjacent to the active site,
which is buried deeply in an electropositive pocket and forms
several hydrogen bonds with nitrogen atoms of H230 and H233,
the main-chain nitrogen atom of I240 and a water molecule
(W687).

Mutagenesis studies revealed VAMP-2 residues that
interact with LC/HA and LC/F5

Earlier studies on BoNT-substrate recognition suggest that LC
exploits an exosite-based mechanism to bind and cleave SNARE
proteins: (1) LC first contacts its substrate peptide at the exosites
that are remote from the cleavage site; (2) the unusually ex-
tended substrate-binding groove of LC provides additional an-
choring points that bend the substrate so it wraps around the
LC and has its cleavage site move closer to the LC active site;
(3) LC binds selective cleavage site residues in substrate that en-
sure proper register of the scissile peptide bond for hydrolysis.
This mechanism is supported by the crystal structures of the
LC/A-SNAP-25 and LC/F1-VAMP-2 inhibitor complexes, as well
as awealth of biochemical studies ofmany other BoNT serotypes
(Breidenbach and Brunger 2004; Sikorra et al. 2008; Agarwal et al.

http://www.pymol.org/
http://www.pymol.org
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Figure 1. Overall structure of LC/HA. (A) Cartoon representation of an LC/HA crystallographic dimer. The Zn2+- and Ca2+-coordinating residues are drawn as sticks

and labeled. Ca2+ and Zn2+ are shown as silver and green spheres, respectively. (B) Structural superposition of LC/HA and the LCs of seven established BoNT serotypes
and TeNT: LC/A (PDB code: 1XTF) (Breidenbach and Brunger 2004), white; LC/B (2ETF), salmon; LC/C (2QN0) (Jin et al. 2007), slate; LC/D (2FPQ) (Arndt et al. 2006), orange;
LC/E (1T3A) (Agarwal et al. 2004), yellow; LC/F1 (2A97) (Agarwal, Binz and Swaminathan 2005), magenta; LC/G (1ZB7) (Arndt et al. 2005), lime; TeNT-LC (1YVG) (Rao et al.

2005), forest, LC/HA, cyan. (C) The active site of LC/HA. Two acetate ions identified near the active site are drawn as pink sticks and two interacting water molecules

are shown as red spheres.

2009). But how LC/HA and LC/F5 cut VAMP-2 at a unique position
between L54 and E55 remains elusive.

In order to identify VAMP-2 residues that are important for
interactions with LC/HA or LC/F5, we performed a systematic
mutagenesis study of VAMP-2 focusing on residues 27 to 68.
We used the TeNT-insensitive VAMP (TI-VAMP; also known as
VAMP-7), which is not hydrolyzed by clostridial neurotoxins, as a
guide when designing VAMP-2 mutants (Galli et al. 1998). VAMP-
2 residues that are identical to TI-VAMP were substituted by
alanine; residues Q33, Q34, V43, Q58, K59 and S61 were mu-
tated to alanine; A37 was mutated to leucine, and all other
VAMP-2 residues in this region were mutated to the correspond-
ing residues in TI-VAMP. The same mutagenesis strategy has
been successfully applied to study other VAMP-2-cleaving BoNT
serotypes such as BoNT/B, D, F1 and TeNT and reported in our
earlier work (Sikorra et al. 2006, 2008).

The VAMP-2 variants were produced as radiolabeled
molecules by in vitro transcription/translation and incubated
for 1 h with LC/HA or LC/F5. The percentage of cleavage of
the VAMP-2 mutants versus that of the wild-type VAMP-2 was
calculated. The amino acid substitutions that resulted in at
least 33% diminished cleavage rate were considered critical
for substrate cleavage. We observed significant effects when
VAMP-2 residues between S28 and K59 were mutated, which
include residues around the SNARE secondary recognition
motif (SSR motif) V1 (residues 39–47), but not the V2 (residues
62–71) (Rossetto et al. 1994). This finding suggests that LC/HA
and LC/F5 require a substrate segment spanning 32 amino acids
surrounding the cleavage site for optimal cleavage.

Within this 32 amino acid segment in VAMP-2, 26 or 25
amino acids were found to be crucial for LC/HA or LC/F5 cleav-
age, respectively, as mutating these residues led to at least 33%
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Figure 2. Cleavage analysis of various VAMP-2 point mutants. (A) Schematic representation of VAMP-2 and the mutations introduced in a segment between residues
T27 to D68. The scissile peptide bonds are marked for LC/HA and LC/F1. (B, C) Cleavage assays. His6-VAMP-2 (1–96) variants were radiolabeled by in vitro transcrip-

tion/translation and incubated for 1 h in the presence of 50 nM LC/HA, 100 nM LC/F5. Samples were analyzed by Tris/Tricine-PAGE using 15% gels. Columns represent
percentages of cleavage caused by the mutants versus the wild-type VAMP-2. Data represent means ± SD of at least four independent experiments. The color code

applied to the columns is as follows: green, no or less than 10% reduction of cleavability; yellow, >10%; pink, >33%; red, >66%. A peptide segment between R47 and K59

that may adopt an extended conformation is highlighted with a red line.

decreased VAMP-2 cleavage (Fig. 2). In contrast to these find-
ings on LC/HA and LC/F5, other VAMP-2 cleaving BoNTs seem
to have higher tolerance to side-chain mutations in their equiv-
alent VAMP-2 segments. For example, the numbers of amino
acids in this segment that, if mutated, caused more than 33% in
VAMP-2 cleavage are 14 for LC/F1 (Sikorra et al. 2008; Chen and
Wan 2011), 7 for LC/B, 9 for LC/D and 11 for TeNT-LC (Chen, Hall
and Barbieri 2008; Sikorra et al. 2008). These findings suggest that
LC/HA and LC/F5 require more on side chain-mediated interac-
tions to achieve optimal VAMP-2 binding and specific cleavage.

Notably, except for the P1 residue L54, residues R47 to K59
spanning the cleavage site are all essential for LC/HA and LC/F5
hydrolysis, as any mutations in this segment strongly inhibited
the cleavage of VAMP-2 (Fig. 2). This finding argues against an
earlier model suggesting that residues 47–50 in VAMP-2 adopted

a helical conformation when bound by LC/F5 (Guo, Chan and
Chen 2016). If this region adopts a helical conformation, one
would expect that VAMP-2 residues facing away from LC/F5
would not havemuch effect on VAMP-2 cleavage whenmutated.
Taken together, we suggest that residues R47 to K59 spanning
the cleavage site in VAMP-2 likely adopt an extended conforma-
tion when interacting with LC/HA and LC/F5 (Fig. 4B and C).

LC/HA and LC/F5 share a high sequence identity (∼80%) and
cleave the same scissile peptide bond in VAMP-2 (Maslanka et al.
2016). Interestingly, LC/HA displays a ∼4-fold higher substrate
hydrolysis efficiency (kcat/KM) than LC/F5, even though they have
a similar turnover number (kcat) towards VAMP-2 (Table 2). Our
mutagenesis data reveal that several VAMP-2 residues that are
distant to the cleavage site (e.g. T27-R30, Q34) showed stronger
effects on LC/HA cleavage than LC/F5 when mutated (Fig. 2). For
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Table 2. Kinetic constants of LC/HA and LC/F5.

KM (μM) kcat (1/min) kcat/KM (1/μM min)

LC/HA 253.5 ± 15.4 1038 ± 114 4.1
LC/F5 883 ± 109 792 ± 258 0.90

instance, S28E and Q34A mutants reduced the VAMP-2 cleav-
ability by ∼2-fold and ∼3-fold, respectively, in LC/HA comparing
with LC/F5. These exosite residues may contribute to the higher
affinity (lower KM) of LC/HA towards VAMP-2, because earlier
studies suggest that mutations at the exosite affect substrate-
binding affinity (Sikorra et al. 2008).

Since the crystal structure of LC/F5 is not available, we gen-
erated a model of LC/F5 using LC/HA as a template for further
structural analysis. As expected, the overall electrostatic fea-
tures of these two LCs around the active site are very similar
(Fig. 3A). However, they exhibit distinct surface charge distri-
bution in a potential VAMP-2 exosite-binding pocket, which is
predicted based on the structure of the LC/F1-VAMP-2 complex
(Agarwal et al. 2009). This area bears more negative charges in
LC/HA, but more positive charge in LC/F5 (Fig. 3B). We speculate
that this difference may contribute to the different affinity of
LC/HA and LC/F5 towards VAMP-2.

Remarkably, we found that mutating the P1 residue L54 to
Ala enhanced the VAMP-2 cleavability by ∼2.5 fold in LC/F5,
but had no effect on LC/HA. The increased VAMP-2 cleavage
by LC/F5 is unexpected because earlier studies show that mu-
tations at P1 position usually do not significantly change the
VAMP-2 cleavability of other BoNT LCs (Vaidyanathan et al. 1999;
Jin et al. 2007; Sikorra et al. 2008). This finding thus suggests that
the P1 residue L54 probably is not directly involved in position-
ing the scissile peptide bond in the active sites of LC/F5, and
it might even impose a steric hindrance for VAMP-2 binding to
LC/F5.

Structural comparison between LC/HA and LC/F1

LC/HA shows a high-sequence identity to LC/F1 (∼46%), but they
cleave VAMP-2 at two distinct sites four residues away from each
other. To better understand the unique VAMP-2 cleavage prop-
erty of LC/HA, we carried out detailed structural comparison be-
tween LC/HA and a structure of LC/F1 in complex with a VAMP-
2-based peptide inhibitor (VAMP 22–58/Q58D-cysteine) (Agarwal
et al. 2009).

The overall structures of LC/HA and LC/F1 are very simi-
lar, but LC/HA adopts different conformations in several sur-
face loops, including the 60, 170, 210 and 250 loops and the
C-terminus (Fig. 4A). The conformations of the 60, 170 and 250
loops in LC/HA may be affected by crystal packing because they
interact with a neighboring symmetric LC/HA molecule, but the
210 loop and the C-terminal helix of LC/HA do not. In LC/HA, the
60 loop, 210 loop and the C-terminal helix are more structured,
while the 170 loop and 250 loop show higher structure flexibil-
ity. In particular, the 250 loop of LC/HA is largely unstructured
while the corresponding loop forms an anti-parallel β-hairpin
in LC/F1, LC/A and LC/C (Breidenbach and Brunger 2004; Jin et al.
2007; Agarwal et al. 2009). It is known that the 60 and 250 loops in
LC/A1 bind SNAP-25 at a site C-terminal to the cleavage site, and
the 170 loop in LC/F1 binds VAMP-2 at a site N-terminal to the
cleavage site (Agarwal et al. 2009). Therefore, these unique con-
formations observed in LC/HA may indicate different VAMP-2

bindingmodes between LC/HAand LC/F1,whichmaypartly con-
tribute to their preference for different VAMP-2 cleavage sites.

We next examined the surface electrostatic properties of
BoNT/HA and BoNT/F1. One of the major differences is that
LC/F1 has a more electropositive surface around the active site
pocket that accommodates VAMP-2 residues located N-terminal
to the cleavage site, while the corresponding pocket in LC/HA is
hydrophobic (indicated by yellow arrows in Fig. 3A and black ar-
rows in Fig. 4B and D). Structure-based sequence alignment be-
tween LC/F1 and LC/HA revealed that several charged residues
of LC/F1, such as R171, R240 and R263, are replaced by I171, Y239
and T261 in LC/HA, respectively (Fig. 4B–E). It is worth noting
that R240 and R263 in LC/F1 form key salt bridges with the P2
residue D57 of VAMP-2, which play a crucial role in LC/F1 cat-
alyzed hydrolysis (Agarwal et al. 2009). Therefore, these amino
acid variations around the active site may contribute to the dif-
ferent scissile bond specificities between LC/HA and LC/F1 (Chen
and Barbieri 2009).

Another major difference is observed at a VAMP-2-binding
pocket that interacts with VAMP-2 residues located C-terminal
to the cleavage site, which is electronegative in LC/HA but more
hydrophobic in LC/F1 (indicated by cyan arrows in Fig. 3A). In-
deed, this charged pocket in LC/HA seems to match well with
P1’-P5’ residues of VAMP-2, which are largely charged/polar and
all are essential for optimal LC/HA activity (Fig. 2). A subtlemuta-
tion of P1’ residue E55 of VAMP-2 to Gln was sufficient to cause
a >90% decrease in cleavability by LC/HA. On the other hand,
LC/F1 prefers a hydrophobic P2’ residue (L60), which is needed
for optimal interactions with the corresponding hydrophobic
surface in LC/F1 (Chen and Wan 2011). Interestingly, we noticed
that this specific substrate-binding region in LCs that accommo-
dates amino acids C-terminal to the cleavage site usually forms
a deep pocket in almost all known LC structures. It therefore
would be a good binding site for a small molecule or a peptide
inhibitor (Fig. 3A). For example, a group of peptide inhibitors that
bind to a similar site in LC/A1 (termed the β-exosite) have been
previously reported (Zuniga et al. 2008; Kumaran et al. 2015).

Based on our biochemical and structural analyses, we pro-
pose a model on how VAMP-2 (P8 – P2’) might bind LC/HA near
the active site pocket. We used the structure of VAMP-2 (22–58)
in complex with LC/F1 as a starting model (Agarwal et al. 2009).
In the LC/F1-VAMP-2 complex, the P8 – P5 residues (D51 – L54) of
VAMP-2 adopt a helical conformation, but our mutagenesis data
suggest a more extended conformation in this segment when it
interacts with LC/HA (Fig. 2). Therefore, we manually modified
P8–P5 residues (R47 – V50) into an extended conformation. The
modified VAMP-2 (P8 – P2’) was submitted to Rosetta FlexPep-
Dock web server for high-resolution peptide docking, which op-
timizes the peptide backbones and rigid body orientation using
the Monte-Carlo with the minimization approach (London et al.
2011). In the optimized structure model (Fig. 4B and C), VAMP-2
V53 interacts with Y239 of LC/HA; V48 and V50 are point-
ing to Y26; and D51, K52, R47 and N49 of VAMP-2 in-
teract electrostatically with K184, E194 and E179 of LC/HA.
C-terminal to the active site, E55 and R56 of VAMP-2 form salt
bridges with R363 and D161 of LC/HA, respectively. This novel
structural model will guide our future studies of the VAMP-2
cleavage mechanism for LC/HA.

CONCLUSION

In summary, we present here the first comprehensive struc-
tural and biochemical analysis of the substrate-binding mecha-
nism of LC/HA. Our findings demonstrate that LC/HA recognizes
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Figure 3. Electrostatic surfaces of LC/HA, LC/F1 (PDB code: 3FIE) and a model of LC/F5. The molecular surfaces are shown and colored by the electrostatic potential
with a contour +3 kBT/e (blue) and –3 kBT/e (red). Electrostatic surfaces were calculated using the software APBS (Baker et al. 2001). A VAMP-2-based peptide inhibitor
in complex with LC/F1 is shown as a wheat cartoon loop (Agarwal et al. 2009). The top panel (A) and bottom panel (B) are related by a rotation of 180◦ along the y-axis.

Arrows mark a predicted exosite-binding pocket (green) and the cleavage sites pockets that accommodate VAMP-2 residues N-terminal (yellow) or C-terminal (cyan)
to the cleavage site.

VAMP-2 in a way that is distinct from other VAMP-2-specific
BoNTs.Most notably, VAMP-2may adopt an extended conforma-
tion in a segment surrounding the scissile peptide bond, which
involves more side-chain mediated interactions with the active
site of LC/HA to ensure a proper positioning of the scissile pep-
tide bond. Furthermore, the different surface electrostatic prop-
erties of LC/HA and LC/F1 in the VAMP-2 binding groove might

account for their different cleavage sites. Our structural model
could facilitate the development of peptide or smallmolecule in-
hibitors targeting LC/HA. Such inhibitors against the LC of BoNT
will be important for clinically relevant post-intoxication treat-
ment, which will greatly complement the currently available
treatments that use neutralizing antibodies to clear the toxins
in the blood stream.
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Figure 4. Structural comparison between LC/HA and LC/F1. (A) Structural superposition between LC/HA and LC/F1, and areas that show different conformations are

colored in orange for LC/HA and blue for LC/F1. (B) A structuremodel of the LC/HA-VAMP-2 (R47 – K59) complex. Atoms are colored to highlight hydrophobicity features
(Hagemans et al. 2015): carbon atoms not bound to oxygen or nitrogen atoms are colored orange, nitrogen atoms carrying positive charges in arginine and lysine are
blue, oxygen atoms carrying negative charges in glutamate and aspartate are red, and all remaining atoms are white. A structural model of VAMP-2 is colored green.
(C) Close-up view of the LC/HA-VAMP-2 binding surface. Key residues of LC/HA predicted to interact with VAMP-2 are labeled. (D) The structure of LC/F1-VAMP-2

complex (PDB code: 3FIE). The color scheme for LC/F1 is the same as that shown in panel (B), and the VAMP-2 peptide is shown as a wheat cartoon loop. Black arrows
mark an electropositive VAMP-2-binding pocket in LC/F1, whereas the corresponding surface in LC/HA displayed different charge property. (E) Close-up view of the
LC/F1-VAMP-2 binding surface. Residues that contribute to the unique electropositive surface patch in LC/F1 are labeled.
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