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Abstract

Clostridium botulinum neurotoxins (BoNTs) released by the bacterium Clostridium botulinum are the most potent
toxins causing the fatal disease called botulism. There are seven distinct serotypes of BoNTs (A to G) released by
various strains of botulinum. They all have high sequence homology and similar three-dimensional structure. The
toxicity of BoNT follows a four-step process–binding, internalization, translocation, and cleavage of its target protein,
one of the three components of the SNARE complex (Soluble N-ethylmaleimde-sensitive factor attachment protein
receptor) required for membrane docking and neurotransmitter release. Cleavage of one of the three proteins
causes blockage of neurotransmitter release leading to flaccid paralysis. Though anyone of the above four steps
could be a target for developing antidotes for botulism, the catalytic domain is the most suitable target for post
exposure treatment. Of the seven serotypes BoNT/A, B, E and probably F affect humans, with BoNT/A considered
to be the most potent. Development of drugs for botulism is focused on serotype specific inhibitors, but pan-active
inhibitor acting on several serotypes is preferable since it is difficult to identify the serotype before the treatment,
especially since there is at least a 36 h window before botulism can be diagnosed. Using structure-based drug
discovery, we have developed three heptapeptides based on the SNARE proteins which inhibit BoNT/A, B and E
equally well. Probable reasons for pan-activity of these peptides are discussed.

Keywords: Clostridium botulinum neurotoxins; Structure-based
drug discovery; Pan-active; Peptide inhibitors; three-dimensional
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Introduction
Clostridium botulinum toxin is the most potent neurotoxin known

[1]. It predominantly affects the neuromuscular junction and
autonomic synapses, and clinically it causes profound descending
weakness leading to hypotonia, and ultimately to respiratory failure, if
unattended. It is a Category A Biothreat agent and a large-scale
terrorist attack would be associated with a sizeable immediate
mortality, given that the appropriate acute care of these patients usually
requires the use of relatively limited resources, e.g. respirators. Even a
small-scale attack would quickly overwhelm a local medical system’s
available respirators thereby causing an acute inability to care for
botulinum victims. Additionally, these toxins are now being used for
therapeutic and cosmetic purposes and there is a potential for
accidental overdose which might lead to undesirable effects [2-9].
Botulinum toxins produced with poor quality control poses another
problem [10]. In view of these it is an urgent priority to develop drugs,
especially for post intoxication treatment. Although effective
experimental vaccines are available against botulinum neurotoxins,
pharmacological treatment in the event of exposure is still a work in
progress. Therapies based on antibodies are emerging but more than
one antibody may be needed to neutralize even a single serotype which
is not feasible in the context of seven serotypes and new ones being
discovered [11]. Furthermore, antibodies are effective only on toxins
which are still in the blood stream and will not work on toxins that
have entered the neuronal cell already. Pharmacological treatments
that could mitigate the toxicity of the toxin once it has been

internalized would be important adjuncts to existing therapeutic
procedures and will be invaluable in the event of an attack by serving
as antidotes to those already exposed to the toxin to prevent
progression and hasten recovery. Small molecule non-peptidic
inhibitors (SMNPI) are being developed [12-18]. Synthetic molecule
based high-throughput drug discovery is also in progress [19]. Here,
the focus is on peptide inhibitors based on substrate peptides which
will have advantage over other inhibitors for reasons discussed below.
In addition we also show that the peptide inhibitors could be pan
active since the architecture and electrostatic properties of the active
site of all serotypes of botulinum neurotoxin are nearly identical.

There are seven serotypes of botulinum neurotoxins (BoNT)
produced by different strains of Clostridium botulinum [20].
Botulinum neurotoxin produced as a single chain (MW 150 kDa)
undergoes proteolysis before being released as a dichain, a heavy chain
(HC) of 100 kDa and a light chain (LC) of 50 kDa, held together by an
interchain disulfide bond. BoNT consists of three domains. Each
domain has a function associated with it. The HCC (the C-terminal
half of HC) domain is involved in binding to receptor molecules at the
presynaptic cell membrane and is called the receptor binding domain.
The HCN (the N terminal half of HC) domain is responsible for
translocation of the catalytic domain by a pH dependent process and is
called the translocation domain. LC, the catalytic domain, acts as a
zinc endopeptidase and cleaves its substrate, one of the SNARE
proteins, once it enters the cytosol. BoNTs are unique since their
substrates are large polypeptides (10–25 kDa). Moreover, each serotype
cleaves a specific SNARE protein at a unique peptide bond. BoNT/A, C
and E cleave synaptosomal associated protein 25kDa (SNAP-25) at
specific peptide bond, while BoNT/B, D, F and G cleave vesicle
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associated membrane protein (VAMP) also at specific peptide bonds.
BoNT/C is unique in that it cleaves syntaxin also [20].

Cleavage of one of the three proteins prevents formation of the
complex and inhibits neurotransmitter release leading to flaccid
paralysis called botulism. While all seven serotypes (A-G) of
botulinum neurotoxins are poisonous, BoNT/A, B, E and probably F
affect humans, with BoNT/A considered to be the most potent,
persisting longest within the cell. Development of drug for botulism is
focused on serotype specific inhibitors since each serotype has a
specific substrate which is cleaved at a unique peptide bond. In view of
this it has been difficult to design a common inhibitor for all or at least
several serotypes though it will be the most desirable counter measure
since often times it is difficult to identify the serotype causing botulism
and it is essential the treatment commences even before the serotype is
identified.

As stated earlier, our focus here is on using catalytic domain as a
target for drug discovery using substrate peptides. Available substrate
peptide–enzyme complex structures allow us to use this information
for Structure Based Drug Discovery (SBDD). The most effective
inhibitors can be designed by understanding the interaction between
the substrate and the enzyme via experimental structures. This forms
the basis for structure based drug discovery. The substrate-based
peptides bind tightly at the active site mimicking the interactions of
real substrates at the active site. The binding mode can best be
understood from the crystal structure to define the pharmacophore
which can be used to design molecules that will bind similarly. Though
peptide-based drugs are thought to have some disadvantages
compared to small molecule drugs, recent developments in
pharmaceutical fields have enabled large numbers of peptide-based
drugs to enter into the drug market. They are highly potent and
selective, and avoid off-target side effects. Unlike small molecules, they
have a large surface area of contact. They do not accumulate in organs
like the kidney producing toxic effect. Peptide-based inhibitors can be
improved to overcome some of their disadvantages by cyclization,
burying polar groups, blocking the amide groups, reducing the
number of hydrogen bonds and increasing the rigidity of the molecule
by intrachain hydrogen bonds. Additionally, substitution of natural
peptides with non-standard peptides will help in resistance to

proteolysis. We have earlier shown that peptide inhibitors survived for
more than 40 h in rat and mouse cerebellar neurons and are resistant
to intracellular protease action and are good drug candidates [21].

Materials and Methods
Peptide inhibitor design: Based on earlier peptide inhibitor studies

several hexa and hepta peptides were designed. The amides of the
inhibitor peptides were custom synthesized from Peptide Chemical Co.
(USA). One peptide GRKKRRC with the second residue
corresponding to the P1´ of the scissile peptide of SNAP-25 for
BoNT/A was designed. Two more peptides GFKKRRC, and GIKKRRC
with P1´corresponding to scissile peptide of VAMP for BoNT/B and
SNAP25 peptide for BoNT/E, respectively were also constructed.

Protein expression and purification: The botulinum neurotoxin
serotype A light chain (residues 1-424aa) was expressed in E. coli and
purified to homogeneity using size exclusion chromatography, as
described previously [22]. The purified enzyme in 20 mM HEPES, 2
mM DTT, 200 mM NaCl, pH 7.4 was stored at -20°C until used.
BoNT/E light chain (1-421aa) was expressed and purified as described
before [23]. BoNT/B light chain (1-430aa) was expressed using auto
induction method and purified with Ni affinity column and size
exclusion columns similar to BoNT/A-LC.

Crystallization and data collection: Four peptide inhibitors were
chosen for crystallographic studies. BoNT/A light chain and peptide
inhibitors were co-crystallized as described earlier [22,24]. Briefly, the
protein–inhibitor complex was prepared with 1:25 (protein:peptide)
molar ratio and crystals were grown by sitting drop vapor diffusion at
room temperature. 3 µl of the protein solution (~15 mg/ml) was mixed
with an equal volume of a reservoir solution containing 20% PEG
8000, 100 mM sodium cacodylate, pH 6.5, 5% ethylene glycol and 200
mM ammonium sulfate. Thick plate-like crystals were flash frozen with
liquid nitrogen using 20% ethylene glycol as cryoprotectant. The X-ray
intensity data for complex crystals were collected at X29 beamline of
National Synchrotron Light Source (NSLS) using ADSC QUANTUM
315 detector or at 22ID, APS SER-CAT using MAR300HS detector. All
data were processed using the HKL2000 suite [25]. Crystallographic
data and refinement statistics are given in Table 1.

Name/code RRKCRLL 14-mer GRKKRRC GFKKRRC

Cell dimensions

a (Å) 49.11 49.71 49.71 51.16

b 66.50 66.40 66.37 66.44

c 64.76 64.76 64.76 65.03

Β (°) 98.99 98.78 98.78 98.28

Space group P21 P21 P21 P21

Resolution range (Å)

Overall 50-1.5 50-1.65 50-1.74 50-1.60

Last shell 1.59-1.5 1.65-1.6 1.78-1.74 1.64-1.60

#unique reflections 63453 44766 40127 45143

Completeness (%)
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(Overall/Last shell) 96.4/89.4 91.4/63 86.2/48 83.2/52

Rmerge
1 overall/last shell 4.7/15 3.9/12.7 5.6/22.4 7.5/51

<I/σ(I)> overall/last shell 20.2/2.5 28.4/3 21.3/2 23.9/5.4

Refinement Statistics

Resolution (Å) 50-1.5 50-1.65 50-1.74 50.1.60

R factor2/Rfree (%) 18.6/20.0 21.5/25.1 19.6/21.0 17.6/21.6

R.M.S deviations from ideality

Bond lengths (Å) 0.005 0.006 0.007 0.002

Bond angles (°) 1.3 1.21 1.16 2.18

Overall B-factor (Å2) 18.3 30.1 27.2 19.68

Number of atoms

Proteins 3492 3424 3418 3424

Waters 411 0 127 285

Ions (Zn2+/SO4
2-) 1/15 1/0 1/8 (2 EDO) 1/0

Ligands 65 54 44 24

Residues (%) in the core

Region of Φ-Ψ plot 90 86.8 88.7 90.7

1Rmerge=∑j(Ih-<I>h∑)/ ∑Ih, where <Ih> is the average intensity over symmetry equivalents
2R-factor=∑|Fobs-Fcalc|/ ∑|Fobs.

Table 1: Crystal data and refinement statistics of BoNT/A-LC with peptides.

Structure determination: Structures of the complexes were
determined by Fourier Synthesis using the acetate bound BoNT/A
light chain (Protein Data Bank id 3BWI) as model followed by rigid-
body refinement and simulated annealing. The peptide inhibitors were
modeled from the composite omit map and the difference Fourier
maps, and were built with O or COOT and further refined with CNS
or Refmac until convergence [26-28]. Models were validated with the
Ramachandran plot using PROCHECK [29]. The final refinement
statistics are shown in Table 1.

Fluorescent based continuous assay: Inhibitor peptides were tested
using a SNAP-25-VAMP hybrid peptide similar to the one reported by
Hines et al. [30] that contains a Green Fluorescent Protein (GFP)
reporter. Briefly, the assay utilizes a SNAP-25-VAMP hybrid substrate
containing residues Ala128-Gly206 of SNAP-25 fused to Ser2-Lys94 of
VAMP, flanked by a C-terminal AviTag and N-terminal GFP. After
biotinylation of the AviTag, the substrate is fixed to Streptavidin coated
plates. The hybrid substrate contains cleavage sites for BoNT/A, C and
E and BoNT/B, D, F and G. Subsequent cleavage of substrate by
addition of buffer containing the appropriate light chain liberates GFP
into bulk solution allowing for the visualization of a normal enzymatic
progress curve with a maximum signal far in excess of the background.
Reactions were performed in 96-well, black, streptavidin coated plates
(PierceTM) in a buffer solution containing 20 mM Hepes pH 7.4, 2
mM DTT, 20–50 nM of light chain, and the inhibitor peptide. Potential
inhibitor peptides were allowed to incubate with light chain for 15 min
and the solutions were subsequently added to the plate wells to initiate

the reactions. All reactions were conducted at 37°C and were
monitored using a Tecan Saphire2 microplate reader at excitation and
emission wavelengths of 460 nm and 506 nm, respectively. IC50 values
were obtained by fitting the initial velocity data to a sigmoid dose-
response equation using Sigma plot software (SigmaPlot® 10.0) [31].

Molecular footprint comparison: A footprint signature technique
implemented in the program DOCK was used to compare the
interactions of the peptide inhibitor in the three BoNT-LCs [31,32].
This technique helps in providing an approximate interaction energy
measurement allowing for a quantified interaction between the ligand
and a given protein. In our case we used it to compare suitably
positioned ligand in different but similar serotypes of BoNT-LCs. The
crystal structure of GRKKRRC in complex with BoNT/A-LC was used
to calculate the footprint signature and to compare the potential
interactions with BoNT/B and BoNT/E-LCs. The individual
electrostatic and Van der Waals (vdw) interaction energy of each
ligand residue was calculated with every residue of the protein and
summed up to arrive at the total energy contribution of each ligand
residue. Distance measurements were calculated with standard
Euclidean distance in the footprint scoring protocol. BoNT/B (PDB
ID: 2ETF) and BoNT/E-LC (PDB ID: 1T3A) structures were least
square fit in Chimera [33] with BoNT/A-LC to bring them to a
common reference frame. The charges of the ligand were prepared in
MOE and then the ligand was transferred and energy minimized [34].
The complex structures were used in footprint signature comparison
using GRKKRRC in BoNT/A-LC as signature.
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Results

Crystal structure of BoNT/A-LC with RRKCRLL
Previously we have studied crystal structures of tetra, hexa and

hepta substrate peptides in complex with appropriate BoNT-LCs
[22,24,35,36]. In our efforts to design substrate-based peptide
inhibitors we continued to evaluate peptide inhibtors greater than four
peptides in length. Since RRGC was a good inhibitor [22], we had tried
changing the C terminal to other hydrophobic residues. As a further
modification we designed a hepta peptide RRKCRLL. In addition to
changing the third residue from G to K, we added RLL to the C
terminal to somewhat mimic RATKML, the C–terminal residues of
SNAP-25. However, the inhibitory effect of this peptide was worse than
the tetra peptides and hexapeptides reported earlier [21]. The crystal
structure of BoNT/A-LC with RRKCRLL was determined at a
resolution of 1.50 Å and refined to R and free R values of 18.6 and
20.0%. The model includes 423aa, 1 zinc ion, 3 sulfate ion and 411
water molecules. Surprisingly, for the first time in our studies the C
terminal Histag included in cloning was visible in the electron density.
More than 90% of residues are within the allowed region of
Ramachandran plot as per PROCHECK or PDBSUM [29].

Crystal structure of BoNT/A-LC with GRKKRRQRRRPPQC
A HIV-tat derived peptide, GRKKRRQRRRPPQC was reported

earlier as a peptide inhibitor [21]. The Ki of this inhibitor was 97 nM
and seemed to be better than RRGC (Ki=158 nM). This peptide was
provided to us by Dr. Ahmed of USAMRIID. In order to understand
the interaction of this peptide with the enzyme and to analyze the
structure-activity relationship we undertook to determine the co-
crystal structure with BoNT/A-LC. The X-ray diffraction data were
collected to 1.65 Å resolution and the crystal structure was determind.
The model refined with R and R free of 21.5 and 25.1%, respectively.
The final refined model contains 423 protein residues, the six N-
terminal inhibitor residues. However, the eight C-terminal residues of
the inhibitor were not modeled since the electron density was very
weak or absent. More than 87% of residues are within the most allowed
region of the Ramachandran plot. The electron density in the residual
map (Fo-Fc) was well defined for the first six N-terminal residues (P1–
P5’) and could be modeled unambiguously. Most notably, the amino
nitrogen and carbonyl oxygen of P1 residue (Gly196) chelate the zinc
ion as in the previous BoNT/A-LC:peptide complexes [22]. The weak
or absence of electron density for the C-terminal peptides was
interpreted as due to the C-terminal being flappy with no real contacts
with the enzyme. This prompted us to try smaller peptides like hexa
and hepta peptides since we have shown earlier that hexa and hepta
substrate petides bind but do not get cleaved [37]. However, they were
very weak inhibitors. We tried several modifications of the truncated
version of the 14-mer and finally GRKKRRC was selected for BoNT/A
light chain and found to be a good inhibitor.

Crystal structure of BoNT/A-LC with GRKKRRC
Since only the first six residues of GRKKRRQRRRPPQC were

observed we designed a hepta (GRKKRRC) peptide as inhibitor to
check if shortening the length affected the inhibitory effect. As shown
later it had good IC50 value with BoNT/A-LC. The crystal structure of
BoNT/A-LC with GRKKRRC was determined at a resolution of 1.74 Å
and refined to R and free R values of 19.4 and 22.0%. The model
includes 423aa, 1 zinc ion, 2 ethylene glycol (EDO), five N terminal

residues of the inhibitor peptide and 127 water molecules. More than
87% of residues are within allowed region of Ramachandran plot as per
PROCHECK. In this complex structure the last two C terminal
residues of the inhibitor peptide had very weak electron density
(Figure 1). However, other structural details were similar to the 14-mer
complex. The mode of binding of GRKKRRC is presented in Figure 2
as a representation of all four structures.

Figure 1: The sigma weighted 2Fo-Fc electron density of the
inhibitor peptide GRKKRRC contoured at 1 sigma shown as
representative of all the four structures. The electron density was
weak for the last two residues in this case.

Figure 2: A representative figure of the structure of BoNT/A-LC
with the inhibitor peptide (GRKKRRC). BoNT/A-LC is shown in
ribbons representation embedded in the surface and the inhibitor
peptide is shown in ball and stick model.
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Crystal structure of BoNT/A-LC with GFKKRRC
Since our inhibitor studies showed that GFKKRRC and GIKKRRC

also inhibit BoNT/A-LC equally well, the crystal structure of BoNT/A-
LC with GFKKRRC was also studied to analyze the mode of binding,
with the focus particularly on the P1’ residue (being F instead of R).
The structure was determined to a resolution of 1.60 Å and refined to R
and free R of 17.6 and 21.4, respectively. The model includes 423aa, 1
zinc ion and at least three N terminal residues of the inhibitor peptide
and 284 water molecules. More than 87% of residues are within
allowed region of Ramachandran plot as per PROCHECK. In this
complex structure the density was very weak for the residues P3’-P6’
and were not modeled.

Inhibitor assay
Before testing the inhibitor peptides with 96-well streptavidin plates,

in-solution digest of SNAP-25-VAMP-GFP hybrid substrate with
BoNT/A-F was performed to verify that proteolysis occurs at the
expected location for each serotype. The SDS-PAGE analysis showed
characteristic bands corresponding to appropriate cleavage sites for

each serotype (data not shown). With the 96-well plate, each serotype
was tested and the progress curve was plotted. The six serotypes
produced a robust fluorescence signal as compared to a blank control
with buffer only demonstrating that the progress curves are due to
BoNT proteolysis. Further, two known serotype specific inhibitors of
BoNT/E and F were cross checked. An inhibitor 2-(9H-fluorene-2-
carbonyl) benzoic acid, designated NSC-77053 in the National Cancer
Institute repository and proved to inhibit BoNT/E-LC was tested with
BoNT/F-LC and showed no inhibition. Similarly a BoNT/F inhibitor,
VAMP22-58(Q58/D-C) was tested with BoNT/E-LC and showed no
inhibition [38,39].

The designed peptides (except RRKCRLL and the 14-mer) were
tested against BoNT/A, BoNT/B and BoNT/E and BoNT/F light
chains to test if the inhibitor peptides are cross reactive. RRKCRLL had
been tested earlier with BoNT/A-LC and gave IC50 value of 28.65 µM.
Since the IC50 was high it was not tried with other BoNTs. The
fluorescent assay described earlier was used for assaying these peptides
and the results are presented in Table 2. The IC50 were calculated using
SigmaPlot and are presented in Figure 3.

GRKKRRC GFKKRRC GIKKRRC

BoNT/A-LC 96 (30) nM 93 (20) nM 113 (20) nM

BoNT/B-LC 418 (82) nM 113 (80) nM 265 (106) nM

BoNT/E-LC 803 (130) nM 964 (319) nM 438 (80) nM

Table 2: IC50 values from fluorescent assay. The values are average of three measurements for GIKKRRC and average of two measurements for
GRKKRRC and GFKKRRC. Standard errors are given within parentheses.

Figure 3: Dose response plots for the three inhibitor peptides for the
three serotypes (A, B and E) of BoNT-LCs. Plots were created using
SigmaPlot.

Discussion

Structural studies
The mode of inhibitor binding is similar in all the four structures

and the following discussion is restricted to GRKKRRC inhibitor
complex. The carbonyl oxygen and the nitrogen atom of P1 residue
(Gly196) coordinate with Zn atom as in earlier structures. His223,
His227 and Glu262 provide other coordination bonds to Zn. The
peptide is stabilized by the following interactions with the enzyme
residue (the inhibitor residue is given first in italics followed by the
enzyme residue): Gly196 N–Glu224 OE1, Gly196 O–Try366 OH,
Lys198 O–Tyr366 OH, Lys199 NZ–Tyr366 O, Arg200 NH2– Glu257
OE1 and Lys198 NZ–Tyr366 OH. In addition, Arg197 forms a salt
bridge with Asp370 (Figure 4). These strong interactions contribute to
the high binding energy. These electrostatic interactions are also
obvious in Footprint signature calculations. The highly basic peptide
counters the electronegative residues providing a very strong binding
(Figure 5). In the complex structure with GFKKRRC, Phe197 of the
inhibitor peptide stacks with Phe194 of the enzyme.
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Figure 4: Interactions between the inhibitor (GRKKRRC) and the
protein residues. Protein residues and the inhibitor peptide residues
are shown in green and light blue stick models, respectively. Zinc is
shown in sphere model in magenta.

Figure 5: The electrostatic potential surface at the active site. The ES
potentials were calculated separately. The basic peptide (blue) sits at
the electronegative (red) region of the enzyme.

Inhibition studies
Three hepta peptides which differ only in the second position (from

the N-terminal) were tested on light chains of botulinum serotypes A,
B and E, the three that affect humans most (Table 2). Use of small
peptides as inhibitors for BoNT/A has been extensively studied. Using
CRATKML (P1 to P5´) as the basis, residues at each position from P1´
to P5´ were altered and found that except P1 and P1´, modification of
other residues did not change the inhibition effect significantly [40,41].
It is generally believed that the P1´ of the scissile peptide plays a key
role in catalytic activity and accordingly on inhibition also. In our
studies we found that substituting basic residues at positions P2´ to P5
increases the inhibitory effect, basically creating a shortened modified
form of the 14-mer peptide. In addition to this we found that changing
P1´ residue to F or I did not alter significantly the inhibitory effect of
these peptides on BoNT/A. This may be because the active site cavity is
large in BoNTs and highly electronegative. Our studies found that
reasonable changes to P1’ does not affect the inhibitory effect adversely

as long as the peptide has a net positive charge to effectively counter
the electronegativity of the active site region (Figure 5). Earlier we have
shown that the stacking of aliphatic chain of arginine (P1´) helps in
binding [36]. Such stacking interactions are maintained in every
peptide with all the three BoNT-LCs. The inhibitory effect of these
three peptides is similar for BoNT/A, B and E.

Cross reactivity of these heptapeptides
All three peptides were tested on serotypes A, B, E and F of BoNTs.

Each one of them inhibits BoNT/A, B and E similarly except BoNT/F.
The reason may be similar to what we have discussed in the previous
section. It is important to note that the inhibitor peptide must be basic
and the P1´ has minimal effect on inhibition. However, since these
peptides were not good inhibitors for BoNT/F, they were not tested
extensively.

Using Footprint signature calculations we compared the interaction
energy of each ligand peptide with the entire protein of all three BoNT-
LCs. Footprint calculations were done in two ways–(1) using the
inhibitor peptide as ligand and (2) using the protein as ligand. In the
first case the total energy contribution due to the whole inhibitor
peptide to each residue of the protein is calculated and in the second
the total energy contribution to each ligand amino acid from the entire
protein is calculated (Figures 6 and 7). The strong total negative energy
contributions to the Arg in the P1’ position in all three scenarios
(Figure 7) highlights the importance of the basic residues of the
inhibitor peptide. Similarly, in scenario 1 (Figure 6), the negative
residues lining the binding site of each BoNT have the largest energy
contribution to the footprint score, primarily through electrostatic
interactions.

Figure 6: Footprint score with the inhibitor peptide as ligand. The
energy contributions at each relevant residue of the enzyme are
shown as bar graph for all three serotypes.
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Figure 7: Footprint score with proteins used as ligand. The energy
contributions due to the entire protein at each of the inhibitor
peptide are shown in bar graph for all three serotypes.

Although the authors recognize that the energy states reported here
for BoNT/B and BoNT/E are derived from homology modeling and
not values derived from crystal structures, the vdw scores for the
footprint scores are within reasonable values indicating minimal vdw
clashes. Each structure, including the crystallographically derived
BoNT/A with GRKKRRC, contained ≈2-3 residues with significant
positive vdw forces on the order of 50% the maximum electrostatic
potential. It should be noted that for BoNT/E in particular, the
footprint score required relieving the vdw clash manually between
Tyr349, Gly341, and the P1’ site on the ligand since initial energy
minimization failed to account for vdw clashes, probably because no
molecular dynamics simulations were used. A different rotamer for the
P1’ residue was selected which minimized the vdw clash, but
maintained a similar conformation. Further minimizations or a
different rotamer on the P1’ residue could reduce this clash, and
specifically for the P1’ residue and Tyr349 create a much lower vdw
clash. Similarly, different rotamers were tested on the P3’ site (data not
shown) in the BoNT/E footprinting, with the observed vdw force
improving at the expense of reduced electrostatic interaction. For both
of these adjustments, rotamers were chosen that most closely
mimicked the original rotamer of the BoNT/A crystallographic
structure, while still minimizing the vdw clash, however a
crystallography derived structure is recommended for a more complete
footprint score comparison. Even with these few positive vdw values,
all three BoNT-LCs reflect a similar trend with the positively charged
residues of the ligand driving overall footprint score. The sequence
alignment of the LCs of the three botulinum serotypes is presented in
Figure 8. All residues in each serotype with favorable total energy of
interaction (negative energy, Figure 6) are marked in red font. These
residues with favorable energy are aligned both in sequence and
structure enabling similar binding of the basic inhibitor peptide in all
three serotypes. Most of these residues are common in all three, but
individual BoNTs have extra residues with favorable energy adding to
total binding energy. We hypothesize that the structural and sequence
alignment of residues with favorable energy is important for the
inhibitor to be panactive. This suggests that a suitable pharmacophore
could be modeled for improving the inhibitor or for designing a non-
peptide inhibitor.

3

Figure 8: Sequence comparison. Residues contributing favorably to
the ligand binding are marked in red font. Residues with favorable
energies are all aligned both in sequence and structure. The energy
values were taken from Footprint calculations (Figure 6) using the
inhibitor peptide as ligand. In each serotype there are extra residues
with favorable energy contributing to the binding energy.
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