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Abstract
The clostridial neurotoxins (CNTs) are among the most potent protein toxins for humans and are
responsible for botulism, a flaccid paralysis elicited by the botulinum toxins (BoNT), and spastic
paralysis elicited by tetanus toxin (TeNT). Seven serotypes of Botulinum neurotoxins (A–G) and
tetanus toxin showed different toxicities and cleave their substrate with different efficiencies.
However the molecular basis of their different catalytic activities to their substrates is not clear.
BoNT/B light chain (LC/B) and TeNT light chain (LC/T) cleave Vesicle-Associated Membrane
Protein 2 (VAMP2) at the same scissile bond, but possess different catalytic activities and
substrate requirements, which make them the best candidates to study the mechanisms of their
different catalytic activities. The recognition of five major P sites of VAMP2 (P7, P6, P1, P1′ and
P2′) and fine alignment of P2, P3 and P2, P4 sites by LC/B and LC/T respectively, contributed to
their substrate recognition and catalysis. Significantly, we found that the S1 pocket mutation LC/
T(K168E) increased the rate of native VAMP2 cleavage to approach the rate of LC/B, which
explains the molecular basis for the lower kcat that LC/T possesses for VAMP2 cleavage relative
to LC/B. This analysis explains the molecular basis underlining the VAMP2 recognition and
cleavage by LC/B and LC/T and provides insight that may extend the pharmacologic utility of
these neurological reagents.
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INTRODUCTION
The clostridial neurotoxins (CNTs) are among the most potent protein toxins for humans and
are responsible for botulism, a flaccid paralysis elicited by the botulinum toxins (BoNT),
and spastic paralysis elicited by tetanus toxin (TeNT). CNTs are 150 kDa dichain proteins
with typical A-B structure-function properties, where the B (binding) domain binds to
surface components on the mammalian cell and translocates the A (active) domain to an
intracellular location (1). CNTs are organized into three functional domains: an N-terminal
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catalytic domain (light chain, LC), an internal translocation domain (heavy chain, HCT), and
a C-terminal receptor binding domain (heavy chain, HCR) (2). The CNTs are zinc
metalloprotease that cleave SNARE (Soluble NSF Attachment REceptor) proteins which
interferes with synaptic vesicle fusion to the plasma membrane and ultimately blocks
neurotransmitter release in nerve cells (1, 3). Mammalian neuronal exocytosis is driven by
the formation of protein complexes between the vesicle SNARE protein, VAMP2, and the
plasma membrane SNAREs, SNAP25 and syntaxin 1a (4). There are seven BoNT serotypes
(termed A–G) that cleave specific residues on one of three SNARE proteins: BoNT
serotypes B, D, F, G, and TeNT cleave VAMP2, BoNT serotypes A and E cleave SNAP25,
and BoNT serotype C cleaves SNAP25 and syntaxin 1a (3, 5–7).

BoNTs are considered as potential biological warfare and have been classified as category A
agent by the CDC (Center for Disease Control and Prevention) in the U.S.A. [6,7]. To date,
there is no effective treatment for BoNT intoxication and the development of anti-botulism
drugs is of upmost importance. Effective small molecular antitoxin is the most efficient way
for the treatment of human botulism, and the prerequisite to develop these inhibitors is to
understand the molecular mechanism of the action of CNTs. In addition, BoNT/B has been
approved by USFDA to treat cervical dystonia, while the relative low activity of BoNT/B
requires higher dose of toxin for effective treatment, which results in the development of
immunoresistance in some patients(8–10). The understanding of the mechanisms of
substrate recognition of BoNT/B may help to develop novel therapies with better
pharmacological properties.

Unlike other zinc proteases, BoNTs and TeNT recognize an extended region of the SNARE
proteins for substrate cleavage (16–18). Recent studies using protein crystallography,
protein modelling and biochemical characterization of BoNTs revealed the mechanisms of
substrate recognition by BoNT/A, E and F (11–14). While all these three BoNTs recognize
their substrates through important exosites and share a common theme, the substrate
recognition is unique for each of the BoNTs (11, 13, 14), which requires that the
mechanisms of substrate recognition and specificity be thoroughly investigated for each
serotype. LC/B and LC/T cleave VAMP2, at the same scissile bond, but differ in catalytic
activity, substrate requirement, and sensitivity to inhibitors (12, 15). Previous studies
showed that LC/B and LC/T cleave VAMP2 with different Km and kcat (12, 16). Alanine-
scanning mutagenesis and kinetic analysis identified three regions within VAMP2 that were
recognized by LC/B and LC/T: residues adjacent to the site of scissile bond cleavage
(cleavage region) and residues located within N-terminal region and C-terminal region
relative to the cleavage region (12). Mutations at the P7, P4, P2, and P1′ residues of
VAMP2 had the greatest inhibition of LC/B cleavage (>32-fold), while mutations at P7, P4,
P1′, and P2′ residues of VAMP2 had the greatest inhibition of LC/T cleavage (>64-fold)
(12) The different Km of LC/B and LC/T for VAMP2 may be attributed to the different
compositions of binding sites N- and C- terminal to the LC active sites, while different kcat
for VAMP2 may be due to different substrate recognition within the LC active site. This
study addresses the molecular basis for the different recognition and cleavage of VAMP2 by
LC/B and LC/T and may provide insights for the engineering of novel neurotoxin
derivatives with improved therapeutic properties.

Experimental Procedures
Plasmid construction for protein expression

Plasmids for the expression of BoNT LC/B(1-430), LC/T(1-436) and VAMP2(1-97) and
subsequent protein expression and purification were performed as previously described (11,
13, 17). Site directed mutagenesis of pLC/B, pLC/T and pVAMP2 were performed using
QuickChange (Stratagene) protocols as previously described (11, 13). Plasmids were
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sequenced to confirm the mutation and that additional mutations were not present within the
ORFs. Mutated proteins were produced and purified as described above (11–13, 17).

Linear velocity and kinetic constant determinations for VAMP2 cleavage by LC/B and LC/T
Linear velocity reactions (10μl) were performed as previously described (11–13). VAMP2
proteins (5 μM) were incubated with varying concentrations of LC/B, LC/T or LC
derivatives in 10 mM Tris-HCl (pH 7.6) with 20 mM NaCl at 37°C for 10 min. Reactions
were stopped by adding SDS-PAGE buffer, and VAMP2 and cleavage product were
resolved by SDS-PAGE. The amount of VAMP2 cleaved was determined by densitometry.
Km and kcat determinations were performed with the same assay where VAMP2
concentrations were adjusted between 1 and 300 μM to achieve ~ 10% cleavage by LC/B
and LC/T. Reaction velocity versus substrate concentration was fit to the Michaelis-Menten
equation and kinetic constants were derived using the GraphPad Program (San Diego, CA).

Compensatory assay
Effect of compensatory mutations within LC/B and LC/T on the cleavage of VAMP2 and
mutated forms of VAMP2 was performed as previously described with modification (13).
Briefly, 5μM VAMP2 or VAMP2 derivatives were incubated with LC/B, LC/T or LC
derivatives at 37°C for 20min. The reactions were stopped by adding SDS-PAGE sample
buffer and uncleaved and cleave VAMP2 were resolved by SDS-PAGE. The amount of wild
type LC/B, LC/T or LC derivatives in the reaction were plotted verses % cleavage and the
amount of LC required to cleave 50% of VAMP2 or VAMP2 derivative were calculated.

Molecular modeling
Complex structures of LC/B-VAMP2 and LC/T-VAMP2 were modeled using SWISS-
MODEL and refined with PyMol (www.pymol.com) as described previously (22). PDB
coordinates used in this analysis were 1f82 for LC/B, 1z7h for LC/T and 1xtg for LC/A–
SNAP25.

RESULTS
Molecular modeling was used to predict physical contacts between LC/B-VAMP2 and LC/
T-VAMP2 to initiate assessment of interactions that contribute to productive substrate
cleavage (Supplementary Fig 1). VAMP2 recognition within the active pockets of LC/B and
LC/T shared common contacts, and also possessed unique associations that included a
variation of the overall shape of the LCs active site. Additional structure based alignment of
LC/B and LC/T showed that the amino acid composition of potential substrate recognition
pockets differed at several of the pockets that contacted the VAMP2 residues that have been
implicated in LC recognition. This may contribute to the different kcat of LC/B and LC/T for
VAMP2. Biochemical approaches were used to define the different substrate recognition
pockets so that the molecular basis of the differential catalytic activity of LC/B and LC/T
may be addressed. Trypsin sensitivity analysis indicated that point mutations generated
within LC/B and LC/T did not affect the rate of trypsin cleavage or the tryptic peptide
generated indicating that the overall conformations of the mutated LCs were similar to the
wild type LCs (Supplementary Fig 2).

VAMP2 recognition by LC/B and LC/T
Modeling predicted the direct interactions for the S7, S6, S1, S1′ and S2′ substrate
recognition pockets within the active sites of LC/B and LC/T with the respective P sites of
VAMP2. This study focused on the characterization of the S7, S6, S1, S1′ and S2′ pockets
within LC/B and LC/T along with the respective P sites of VAMP2.
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S7 pocket recognition—In LC/B and LC/T, the S7 pocket comprised F26 and Y26,
respectively, which contacted L70, the P7 residue of VAMP2 (Fig 1a). LC/B and LC/T
cleavage of VAMP2(L70A) was ~195-and ~230-fold less efficient than cleavage of wild
type VAMP2, respectively (Table 1). The LC/B(F26A) and LC/T(Y26A) mutations had an
~5-fold increase in Km, and ~10-fold decrease in kcat for VAMP2 cleavage (Table 2), while
the mutation to Asp had a greater effect on kinetic values. The fact that the LC/B(F26Y) and
LC/T(Y26F) mutations did not affect hydrolysis of VAMP2, indicated that L70 of VAMP2
and the aromatic S7 pocket residue of LC/B and LC/T interact through a similar
hydrophobic interaction. Thus, although the physical interaction is unique to the analogous
ionic S5-P5 contact between LC/A and SNAP25, the molecular outcome of the S7-P7
interactions are similar, affecting both the affinity and rate of VAMP2 cleavage (12).

S6 pocket recognition—In LC/B and LC/T, the S6 pocket comprised N179 and N183,
respectively, which contacted Q71, the P6 residue of VAMP2 (Fig 1a). LC/B and LC/T
cleaved VAMP2(Q71A) ~15 and 6-fold lower kcat than wild type VAMP2, respectively
(Table 1). The N1791L and N183L mutation in LC/B and LC/T had ~4- and ~2-fold reduction
in kcat, respectively, without affecting the Km for VAMP2 cleavage (Table 2). The
compensatory mutation sets, LC/B(N179L) and LC/T(N183L) cleaved VAMP2(Q71A) as
efficiently as LC/B cleaved wild type VAMP2 (Table 3). The positive correlation of the
compensatory mutations, supported a direct interaction (possibly via hydrogen bond)
between the S6 pocket N179 or N183 of the LCs and Q71 of VAMP2.

S1 pocket recognition—LC/B cleaved the VAMP2(Q76A) with an ~7-fold lower kcat
than VAMP2 (Table 1). Mutations within the P1 site of VAMP2 (Q76Y, Q76F, Q76R and
Q76E) resulted in ~2-, ~6-, ~12-, and ~50-fold reductions in LC/B kcat, respectively, without
an effect on Km, showing that hydrophobic residues were favored at this site and that the P1
pocket could accommodate an aromatic ring (Table 1). The S1 pocket of LC/B was formed
by E168, N169, and E 170 (Table 2, Fig 1b). None of these residues showed a dominant
interaction with the P1 residue Q76 (Fig 1b), since the LC/B mutations E168A, N169A and
E170A showed reductions in kcat by ~20, ~11 and ~11 folds, respectively. The charge
reversal mutation, LC/B(E170K), had an ~ 130-fold slower kcat (Table 2), suggesting that the
negatively charged S1 pocket of LC/B favored recognition of the polar residue Q76.

LC/T cleaved VAMP2(Q76A) ~8-fold slower than VAMP2 (Table 1). In contrast to LC/B,
mutations at P1 site of VAMP2 (Q76Y, Q76F, Q76R and Q76E) showed no, no, ~6-, and ~5-
fold reduction on the cleavage activity of LC/T, suggesting that the S1pocket residues may
interact with main chain components of VAMP2 (Table 1). The S1 pocket of LC/T was
formed by K168, N169, and E170 (Fig 1b). Mutations K168A, N169A or E170A to LC/T had
no, ~5-, and ~4-fold reduction to the kcat, while, unexpectedly, LC/T(K168E) cleaved
VAMP2 with an ~8-fold increased kcat. The increased activity of LC/T(K168E) suggested
that an acidic S1 pocket is optimal for Q76 recognition. Thus, the S1-P1 interaction may
have structural and charge tolerance, implicating the S1 pocket of LC/T and LC/B as a
candidate region to engineer and expand the substrate potential to non-neuronal VAMP
derivatives with therapeutic potential.

S1′ pocket recognition—In LC/B, the S1′ pocket residue I227 contacted the hydrophobic
P1′ site residue F77 (Fig 1b). The VAMP2 P1′ mutation (F77A) decreased the ability of LC/
B to hydrolyze by ~320 fold (Table 1). LC/B(I227A) did not affect Km, but showed an ~80-
fold reduction of kcat, while LC/B(I227E) also did not affect Km,, but showed an ~800-fold
reduction of kcat (Table 2). The mutation of other LC/B residues adjacent to I227, including,
F195A, V200A, L226A and S201A, did not affect LC/B cleavage of VAMP2 (data not shown),
supporting a direct interaction between LC/B-I227 and VAMP2 F77. The conservative
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mutation of I227L did not affect Km,, but had an ~550-fold reduction of kcat, supporting the
importance of the R-group (side chain of the amino acid residue) orientation for optimal
VAMP2 cleavage.

In LC/T, the S1′ pocket residues, L231 and P205, contacted the hydrophobic P1′ site residue,
F77 (Fig 1b). The VAMP2 P1′ mutation (F77A) decreased the ability of LC/T to hydrolyze
VAMP2 by ~460-fold (Table 1). The L231A or P205A mutations did not affect Km, but
reduced the kcat ~ 30-fold, while L231K became too inactive to determine its kinetic
constants (Table 2). Mutation of other residues adjacent to S2 pocket residues, L231 and P205

including, L232, F199A, V204A, and L230A, did not affect LC/T cleavage of VAMP2 (data
not shown).

S2′ pocket recognition—LC/B cleaved the P2′ residue mutation VAMP2(E78A) slower
than VAMP2 (Table 1). The (E78R) or (E78Y) mutations did not affect Km, but reduced the
kcat ~ 50-fold, while the E78D mutation did not affect LC/B cleavage. This suggested that
negatively charged residues were favored at P2′ site (Table 1). In LC/B, S2′ pocket
comprised R370 (Fig 1b). LC/B(R370A) cleaved VAMP2 with an ~ 100-fold lower kcat,
while LC/B(R370E) had an ~ 500-fold lower kcat (Table 2). This was unexpected, since the
corresponding Arg, R369, within LC/A has been implicated in the transition state
coordination of P1 and P1′ site of SNAP25 (18). The direct contribution of R370 to P2′ site
recognition was examined with compensatory mutation sets. This analysis showed that LC/
B cleaved VAMP2(E78R) ~50-fold slower than VAMP2 and LC/B(R370E) cleaved VAMP2
~400-fold slower than LC/B, while LC/B(R370E) has a similar rate of VAMP2(E78R)
cleavage as LC/B cleavage of VAMP2 (Table 3). These data support a role for a salt-bridge
between R370 of LC/B and E78 VAMP2, providing evidence for a direct interaction between
P2′ residue E78 and the S2′ pocket residue, R370, of LC/B.

LC/T cleaved VAMP2(E78A), a P2′ site mutation, ~230-fold slower that VAMP2 (Table 1).
Like LC/B, LC/T had an ~50- fold lower kcat for VAMP2(E78R) and the kinetic constants
could not be determined for VAMP2(E78Y) due to the extreme low activity of LC/T on this
VAMP mutation, while the E78D mutation did not affect catalysis (Table 1). Also like LC/B,
S2′ pocket of LC/T contains an Arg, R374 (Fig 1b). LC/T(R374A) and LC/T(R374E) became
too inactive to determine their kinetic constants (Table 2). However, in contrast to LC/B,
analysis of compensatory mutation sets showed that LC/T(R374E) did not cleave
VAMP2(E78R) (Table 3). These data suggest that R374 of LC/T and E78 of VAMP2 do not
directly interact or that the interaction is due to non-ionic interactions between the two
residues. This indicates a unique role for the S2′ pocket Arg of LC/B and LC/T which could
be to positional differences within the respective S2′ pockets (Fig 1b).

VAMP2-LC interactions at P site residues not predicted by computational predictions
While protein modeling predicted direct interactions between the S pocket residues of LC/B
and LC/T and VAMP2, other LC S pockets including S4, S3, and S2, were not predicted to
have direct interactions with their respective R-group of the P site residues. However,
directed mutagenesis showed that G73 (P4) and S75 (P2) of VAMP2 were required for
optimal LC/B cleavage and A72 (P5), G73 (P4) and A74 (P3) of VAMP2 were required for
optimal LC/T cleavage (12). Thus, while modeled complexes of LC/B-VAMP2 and LC/T-
VAMP2 did not predicted direct R-group interactions by these small R-group amino acids
(A72G73A74S75) these residues appear to facilitate alignment of VAMP2 into the active sites
of LC/B and LC/T. Data support the former since the 3 amino acid-mutated
VAMP2(A72G,A74G,S75G) was not cleaved by LC/B or LC/T (data not shown). Together,
this data implies a role for the S4, S3, and S2 pockets in LC cleavage of VAMP2.
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S4 pocket—In LC/B, the S4 pocket that specifically recognized the P4 site of VAMP-2
G73 comprised one positively charged residue, R184 (Fig 1c). The mutation of LC/B R184M
that retained its positive charged property, while with smaller side chain, showed similar
hydrolytic activity as the wild type LC/B (Table 3). However, LC/B R184M was able to
cleave VAMP G73A as efficient as wild type LC/B to cleave wild type VAMP-2 (Table 3).
These data suggested that the 32-fold decreased hydrolytic activity of LC/B on VAMP-2
G73A was due to the space constraint caused by adding a methyl group to P4 Glycine and
the replacement of R184 with a small side chain M complemented the larger side chain Ala
at P4 position.

In LC/T, the S4 pocket that specifically recognized the P4 of VAMP-2 G73, was formed by
R188 (Fig 3). The mutation of LC/TeNT R188M that remained its positive charged property,
while with smaller side chain, showed ~5 fold higher activity on VAMP-2 than wild type
LC/B (Table 3). Furthermore, LC/T R188M was able to cleave VAMP G73A slightly more
efficient than wild type LC/T to cleave wild type VAMP-2. These data also suggested that
the 64-fold decreased hydrolytic activity of LC/T on VAMP-2 G73A was due to the space
constraint caused by the larger side chain residue Ala and the smaller side chain mutation of
R183M can complemented the larger side chain Ala at the P4 position.

S3 pocket recognition—While LC/B cleaved VAMP2(A74S), a P3 mutation, as
efficiently as VAMP2, LC/T cleaved VAMP2(A74S) less efficiently than VAMP2 (12). The
S3 pocket residues comprise T172 in LC/B and V176 in LC/T (Fig 1c). LC/B(T172V) and LC/
T(V176T) cleaved VAMP2 as efficiently as the wild type LCs (data not shown), suggesting
the modifications in the polarity (-OH) at the S3 site was tolerated by both LCs. Structural
comparison of S3 pockets indicated that the S3 pocket of LC/B was smaller than LC/T. This
suggests that LC/T may be able to tolerate an increase in size of P3 site residues, which may
be coordinated by an adjacent β-sheet that is not conserved between LC/B and LC/T (Fig
1c).

S2 pocket recognition—While LC/T cleaved VAMP2(S75A), a P2 mutation, as
efficiently as VAMP2, LC/B cleaved VAMP2(S75A) less efficiently than VAMP2 (12). The
S2 pocket was formed by Q265 in LC/B and S269 in LC/T (Fig 1c). LC/B(Q265S) and LC/
T(S269Q) were as efficient as wild type LCs for VAMP2 cleavage (data not shown). This
suggests that the differential efficiency of LC/B and LC/T cleavage of VAMP2(A74S) was
not due to composition of the corresponding substrate recognition pockets. Comparison of
S2 pockets of LC/B and LC/T showed that the S2 pocket of LC/B was wider than LC/T,
which could enabled LC/B to tolerate the addition of the –OH of Ser (Fig 1c).

DISCUSSION
Earlier studies showed that LC/B and LC/T recognized three regions in VAMP2 that
contribute to substrate recognition: a cleavage region (residues 70~78) that immediately
surround the scissile bond and two regions that contribute to high affinity binding to
VAMP2 which are located N-terminal and C-terminal to the cleavage region (12, 16).
Together with the current study, the generation of a detailed model for how LC/B and LC/T
recognize VAMP2 and a molecular basis to explain the similarities and differences in
substrate cleavage are now possible. By analogy with LC/A-SNAP25 interactions (13, 19),
upon N- terminal and C-terminal VAMP2 binding, the S7 pocket residue (F26 in LC/B and
Y26 in LC/T) associate with L70 in the P7 site through hydrophobic interactions and the S2′
pocket residue (R370 for LC/B and R374 for LC/T) associates through an ionic interaction
with E78 the P2′ residue. These interactions facilitate P1 and P1′ (Q76, F77) association to
the LCs to align the scissile bond for substrate cleavage. In addition, interactions of the
internal S pocket residues of LC/B and LC/T (S5, S4, S3 and S2) align VAMP2 through
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physical interactions that allow physical orientations for the effective cleavage of a coiled
substrate.

The similarity of LC/B and LC/T substrate recognition includes two binding sites that are
unique in Clostridium neurotoxins and the specific recognition of several P sites by active
site pockets of the LCs, where the P7-S7 and P1′-S1′ interaction are the most important
anchoring points, while other P-S interactions contribute to the tighter and more specific
substrate recognition. The different substrate recognition between these two neurotoxins
includes their different binding sites that may contribute to their different Km on substrate
VAMP2 and their different composition of the S pockets, which may contribute to their
different kcat on VAMP2. The active site substrate recognition for LC/B includes the direct
recognition of P7, P6, P1, P1′, and P2′ sites of VAMP2 by the corresponding S pockets in
LC/B and the fine alignment of P4 and P3 sites to the S4 and S3 pockets, while the substrate
recognition for LC/T includes the direct recognition of P7, P6, P1, P1′, and P2′ sites of
VAMP2 by the corresponding S pockets in LC/T and the fine alignment of P4 and P2 sites
to the S4 and S2 pockets. The less optimal composition of S1 pocket of and the more
complex interaction between P2′-S2′ interactions in LC/T may contribute to the lower kcat
of LC/T on VAMP2 (Fig 2).

The residues within the cleavage regions vary among the BoNT serotypes. Comparing the
cleavage regions that are recognized by the LCs: the P2′ and P2 sites of LC/E and LC/F, the
P4′ and P5 sites of LC/A, and the P2′ and P7 sites of LC/B and LC/T contribute to P1′-P1
scissile bond stabilization. The different arrangements of P sites that are recognized by LCs
to stabilize the scissile bond correlates with LCs catalytic potential. LC/E and LC/F have
high kcat and compact cleavage regions while LC/B and LC/T have low kcat and extended
cleavage regions. The larger cleavage region may result in weak stabilization of scissile
bond cleavage (11–13, 16, 19, 20).

Relative to LC/B, the low kcat for LC/T appears to be attributed to less than optimal
interactions between the P1 residue with the S1 pocket residues and possibly the P2′ residue
with the S2′ pocket. The observation that the introduction of an ionic bond between the P1
residue and the S1 pocket residue enhances the kcat provided a basis for the lower kcat of
LC/T relative to LC/B. This suggests that the fastest rate of substrate cleavage may not be
optimal in a biological setting. This also indicates that there is the potential for additional
optimization to modulate BoNTs with higher activity, which may be a potential solution to
the immune-resistance issue of BoNT-based therapies.

Although the precise mechanism for peptide bond cleavage by the BoNTs remains to be
resolved, cleavage of the scissile peptide bond appears to follow a general base-catalyzed
mechanism (18, 21, 22). Arg362 and Tyr365 interact with the carbonyl oxygen of the P1 and
P1′-residues of SNAP25, respectively, and stabilization of the oxyanion in the transition
state. Peptide bond cleavage is initiated by a water molecule that is polarized by the Glu
within the zinc binding motif (HEXXH) and Zn2+, which causes a nucleophilic attack on the
carbonyl carbon of the scissile bond to form an oxyanion. Peptide bond cleavage is likely
achieved by a proton transfer from the attacking water mediated by the carboxyl group of
the downstream Glu to form a protonated amine. The crystal structure of LC/E bound to the
C terminus of LC/E-cleaved SNAP25 product showed that P1′ oxygen interacts with the
side chain NH1 and NH2 groups of the conserved residue Arg347 and Tyr350 OH interacts
with P2′: Met182 oxygen and helps in stabilizing its main chain, which confirms that Arg347

and Tyr350 play a crucial role in transition state stabilization by allowing proper docking of
the main chain of P1, P1′, and P2′ residues at the active site. The current study shows a
different (additional) role for R370 of LC/B. Complementation assays indicated that R370 of
LC/B is directly involved in substrate recognition and specifically recognized P2, E78 of
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VAMP2. In contrast, although the S2′ pockets in LC/B and LC/T were very similar, while
R368 of LC/T and P2, E78 did not show direct interaction. The role of R374 in LC/T is not
clear and may be involved in the coordination of substrate catalysis. The role of this
analogous Arg in other serotypes of BoNTs will be needed for further confirmation.

In conclusion, the comparative characterization addressed the molecular mechanisms of
VAMP2 recognition and cleavage by LC/B and LC/T and described the molecular basis of
their similarity and difference. The novel information regarding BoNT substrate recognition
presented may facilitate the engineering of novel BoNTs to extend BoNT based therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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LC light chain

VAMP2 vesicle associated membrane protein-2
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Fig 1. Recognition of VAMP2 P sites by LC/B and LC/T substrate recognition pockets
Computational and experimental data from the current study provides a model for the
interaction of LC/B (left panel) and LC/T (right panels) with VAMP2. (a) Recognition of P7
and P6 sites by S7 and S6 pockets of LC/B and LC/T. The S7 pockets of LC/B was formed
by F26, which recognized P7, L70 and the S6 pocket of LC/B was formed by N179, which
recognized P6, Q71. The S7 of LC/T was formed by Y26, which recognized P7, L70 and the
S6 pocket of LC/B was formed by N183, which specifically recognize P6, Q71. (b)
Recognition of P1, P1′ and P2′ sites of VAMP2 by S1, S1′ and S2′ pockets of LC/B and
LC/T. The S1 pocket of LC/B and LC/T was formed by residues E168N169E 170 and
K168N169E 170 respectively, recognized P1, Q76 of VAMP2. The S1′ pocket of LC/B and
LC/T was formed by I227 and L231, P205, respectively, which recognized F77 of VAMP2.
The S2′ of LC/B and LC/T was formed by R370 and R374, respectively, which recognized
P2′, E78 of VAMP2. (c) Fine alignment of P4, P3 and P2 sites of VAMP2 into S4, S3, and
S2 pockets of LC/B and LC/T. The large side chain of S4 pocket residue, R, allows the
alignment of smaller side chain residue, G. The different shapes of S2 and S3 pockets of LC/
B and LC/T, while not the residue composition of the pockets enable S2 and S3 to tolerate
different P2 and P3 site residues.
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Fig 2. Similarity and difference of substrate recognition by LC/B and LC/T
The active site substrate recognition for LC/B includes the direct recognition of P7, P6, P1,
P1′, and P2′ sites of VAMP2 by the corresponding S pockets in LC/B and the fine
alignment of P4 and P3 sites to the S4 and S3 pockets, while the substrate recognition for
LC/T includes the direct recognition of P7, P6, P1, P1′, and P2′ sites of VAMP2 by the
corresponding S pockets in LC/T and the fine alignment of P4 and P2 sites to the S4 and S2
pockets. The less optimal composition of S1 pocket of and the more complex interaction
between P2′-S2′ interaction in LC/T may contribute to the lower kcat of LC/T on VAMP2.
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Table 3

Compensatory mutational assay for LC/B and LC/T interactions with VAMP2

LCs 50% Cleavage of
VAMP2 (nM)

Ratio of activity (LC/LC
derivative)

50% Cleavage of VAMP2 Q71A
(nM)

Ratio of activity (LC/LC
derivative)

LC/B 6
4

96
1/16

LC/B(N179L) 24 6

LC/T 120
2

720
1/6

LC/T(N183L) 240 120

50% Cleavage of VAMP2 G73A
(nM)

LC/B 6
1

192
1/32

LC/B(R184M) 6 6

LC/T 120
1

7680
1/64

LC/T(R188M) 20 60

50% Cleavage of VAMP2 E78R
(nM)

LC/B 6
400

300
1/50

LC/B(R370E) 2400 6

LC/T 120
300

>36000
ND*

LC/T(R374E) 36000 >36000

ND*, Not determined

Biochemistry. Author manuscript; available in PMC 2013 May 08.


