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1. Introduction

Botulinum neurotoxins (BoNTs) are the most toxic
poisons known to humans, with a lethal dose (LD50) of
approximately 1 ng per kg of body weight.[1] There are seven
serologically distinct BoNTs (A–G); serotype A (BoNT/A) is
the most potent serotype, possessing a toxicity 106-fold higher
than cobra toxin and 1011-fold greater than cyanide.[2] BoNTs
are responsible for the potentially fatal disease botulism,
commonly associated with food contamination as well as
wound infection or colonizing infection in infants. BoNT
intoxication is characterized by flaccid paralysis caused by the
proteolytic cleavage of specific SNARE (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor)
proteins critical for the release of the neurotransmitter
acetylcholine from nerve cells. The lethality associated with
botulism is due to advanced intoxication of the lung and
heart, ultimately leading to either respiratory failure or
cardiac arrest. Therefore, the fatal effects of the toxins are due
not to target cell death, but rather to secondary events that
depend on toxin-induced inhibition of acetylcholine release
within the synaptic cleft.

The first clinical documentation of botulism comes from
the publications of Justinus Kerner,[3, 4] a German physician
and poet who often referred to BoNT as the “sausage poison”
because food poisoning was often associated with liver or
blood sausages up to that period (it is of interest to note that
Botulus is Latin for sausage). Kerner�s initial report coincided
with findings from Johann Georg Steinbuch. Both were small-
town medical officers who, upon recommendation by the
esteemed medical professor Johann Autenrieth, documented
all the cases of food poisoning, which led to Autenrieth�s
publication in T�binger Papers for Natural Sciences and
Pharmacology.[5,6] However, it was Kerner that carried the
study further, doing tests on animal subjects as well as his own
body, and in fact postulated several therapeutic uses for
BoNT.[4] The extent of his work prompted contemporaries at

the time to nickname him “Wurst-
Kerner.” The bacterium responsible
for botulism, Clostridium botulinum,
was not identified until 1897, after
microbiologist Emile Van Ermengem
isolated the bacteria from ham that
poisoned 13 Belgian musicians, 3 of
whom died.[7]

The extreme potency and specificity of action of BoNTs
make the toxin a very effective therapeutic agent and
research tool.[8, 9] Their utility covers a wide variety of
disorders including those of a neuromuscular basis (for
example, strabismus, blepharospasms, and hemifacial
spasms) as well as non-neuromuscular disorders (for example,
hyperhidrosis, myofascial pain, migraine headaches, and
multiple sclerosis). Perhaps the most popular BoNT-associ-
ated application is cosmetic, where the commercial product
Botox (based on BoNT/A) is used as an antiwrinkle agent.

Although BoNTs have many attractive characteristics,
their potential use as a dangerous biological weapon remains.
The extreme potency and lethality, ease of procurement and
transport, and the need for prolonged intensive care among
afflicted individuals make BoNTs a major terrorist and
warfare threat.[10,11] Consequently, these biomacromolecules
are classified as Category A agents by the US Centers for
Disease Control and Prevention (CDC). Their use in
biological warfare dates back to World War II, during which
both Allied and Axis powers evaluated BoNTs as bioweap-
ons. The Iraqi military has admitted that BoNTs were
incorporated in specially engineered Scud missiles during
the Gulf War. With the ongoing war on terror, there has
become increased concern that terrorist groups will utilize
BoNTs. Thus, substantial efforts have been made in the
scientific community to obtain a clearer picture of BoNT
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action and to develop pharmaceuticals and vaccines for the
treatment and prevention of botulism.

Since the vast majority of focus to date has been on BoNT/
A and BoNT/B, with the former receiving the majority of
attention, our discussion primarily involves these two sero-
types, with particular emphasis on BoNT/A.

2. Molecular Mechanism of BoNT and Neurotrans-
mitter Release

BoNTs are proteins with a molecular weight of about
150 kDa that are synthesized as single inactive polypeptide
chains which become activated by intra- or extracellular
proteolysis.[12] The active form of the toxin is a disulfide-
linked dimer composed of a 100 kDa heavy chain (HC)
coupled to a 50 kDa light-chain metalloprotease (LC). The
BoNT serotypes share a high degree of homology, yet differ in
their toxicity and molecular site of action. As shown in
Figure 1, BoNT intoxication occurs through a multistep
process involving each of the functional domains of the
toxin, and can be described as the outcome of four discrete
stages: 1) neurospecific binding at the neuromuscular junc-
tion, 2) internalization by endocytosis, 3) translocation and
release of the LC into the cytosol, and 4) cleavage of the
SNARE protein, thereby preventing vesicle fusion and
acetylcholine release.[13,14]

2.1. Cell Binding and Internalization

BoNTs bind to cholinergic nerve terminals through their
HC domains and are subsequently internalized by receptor-
mediated endocytosis through a proposed double-receptor
mechanism.[15] In such a scenario, the first step involves
association of the toxin with the cell membrane and ganglio-
side to form a low-affinity complex. The second step involves
lateral migration of the complex to a high-affinity protein
binding site, which ultimately leads to endocytosis. The
importance of ganglioside binding was demonstrated both
in vitro and in vivo: BoNT/A was detoxified when incubated
with an excess of gangliosides,[16] and knockout mice lacking
gangliosides were less sensitive to BoNT/A and BoNT/B.[17]

Additionally, mutational studies have shown that a single
ganglioside and a single protein receptor comprise the
receptor binding site for BoNT/B and BoNT/G.[18] Recent
structural studies have confirmed the two-receptor model,[19]

as evidenced by the detailed interaction between BoNT/B
and both synaptotagmin and the GT1b ganglioside.

It is generally presumed that the process of BoNT
receptor-mediated endocytosis is very similar to that of
most ligands internalized into cells.[14] However, it has been
noted that a retrieval phase in the vesicle recycling mecha-
nism may also provide a plausible route of entry.[20] Here,
consideration has been given to the fact that nerves that
undergo exocytosis have a vigorous and well-developed
mechanism for membrane retrieval.[21] In the case of BoNT,
research has inferred that endocytosis is mediated by
recycling secretory vesicles. Recent findings have indicated
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that both BoNT/A and BoNT/B bind synaptic protein–vesicle
complexes in a similar fashion, and consist of several contacts
with such complexes as SV2, synaptotagmin I, synaptophysin,
VAMP2, as well as vacuolar proton pumps.[22] Synaptotag-
min II, a protein receptor for BoNT/B, has an exposed
domain in the lumen of vesicles, thus implicating the possible
role of vesicles in the entry mechanism. Exocytosis would
place synaptotagmin on the exterior of the nerve cell for a
brief time, during which toxin binding to its receptor(s) would

occur and both synaptotagmin and BoNT/B
would be internalized during membrane
retrieval. To support this theory, labeled deriv-
atives of synaptotogmin antibodies have been
utilized to monitor membrane retrieval and
reformation of intraneuronal vesicles.[23] A
recent alternative proposal based on structural
studies suggests the putative receptor used by
BoNT/A as being the synaptic vesicle protein
SV2, thus implying a common use of vesicle
recycling for entry of the BoNTs.[24,25]

2.2. Translocation

Since the BoNT substrates reside in the
cytosol of the cell, the LC protease must first
escape the endosome before cleavage of the
SNARE protein can occur. It has been pro-
posed that there is a pH-dependent structural
rearrangement of BoNT inside these acidic
compartments which allows its entry into the
cytosol,[26] a process common among several
other bacteria. In general, translocation is
believed to take place in such a way that
buried endosomal domains are exposed as the
pH value decreases.[14] These domains can then
facilitate penetration of the lipid bilayer in a
fashion that promotes translocation of the light
chain into the cytosol. Such a mechanism has
been investigated by pretreatment of neuro-
muscular junctions with chloroquine, a small
molecule that can effectively and specifically
raise the endosomal pH value.[27] This tactic
represents the first nonpeptidic approach for
BoNT antagonism by preventing escape of the
toxin from the endosome.

The notion that BoNT is internalized by a
pH-induced translocaton process is now widely
accepted, although the exact nature of the
membrane penetration has remained elusive.
In an effort to clarify this mechanism, studies
have been conducted in which the change in
resistance of artificial membranes was mea-
sured as a function of the location of the
toxin.[28] An additional proposition is that the
heavy chain of BoNT can act both as a channel
and as a chaperone. It has been shown that
BoNT/A and BoNT/E form ion channels in
phospholipid bilayers and PC12 cell mem-

branes under conditions similar to those believed to exist
in vivo.[29] A recent single-molecule conductance study of
BoNT dynamics has shown that discrete intermediate steps
exist in translocation, which are characterized by three major
events:[30] 1) a closed state, where the BoNT channel is closed;
2) an occluded state, where the partially unfolded LC is
trapped within the channel; and 3) an unoccluded state, which
is accompanied by the release of the LC. It was shown for
BoNT/E that trypsin-activated proteolysis of the LC domain

Figure 1. Mechanism of action of BoNTs. I) Normal neurotransmitter release. II) Indi-
vidual stages of BoNT-intoxication including: A) neurotoxin binding to cell-surface
receptors, B) endocytosis into an intracellular vesicle, C) HC-mediated translocation of
the LC into the cytosol, and D) proteolytic cleavage of specific SNARE proteins. BoNT/
B, /D, /F, and /G cleave synaptobrevin; BoNT/A, /C, and /E cleave SNAP25; BoNT/C
also cleaves syntaxin.
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from its HC chaperone during the occluded stage is man-
datory for translocation, a result that is in contrast to that of
BoNT/A.[30] By using similar techniques, an additional study
has highlighted the role of the disulfide bridge in maintaining
the conformational integrity throughout the entire transloca-
tion process: premature reduction of the disulfide bridge or
substitution of the disulfide with an amide linkage compro-
mised translocation.[31] Hence, cleavage of the LC from the
HC only occurs after complete translocation of the LC.

2.3. Catalysis by the Light Chain and Cleavage of SNARE Proteins

SNARE proteins are key components in the fusion of
synaptic vesicles with the plasma membrane. Cleavage of
SNARE proteins by BoNT inhibits the release of acetylcho-
line at the neuromuscular junction, thereby resulting in loss of
neurotransmission.[13, 14] Studies have indicated that cleavage
of individual SNARE proteins does not prevent formation of
the SNARE complex, but results in a nonfunctional complex
where coupling between Ca2+ influx and fusion is disrupted.[32]

Ca2+ ions are fundamental to the process of BoNT-dependent
inhibition of neurotransmitter release. It has been shown that
increasing concentrations of Ca2+ ions in the synaptic termi-
nal partially reverses the effect of BoNT/A.[33]

The light chains of the BoNTs are zinc-dependent metal-
loproteases that contain the common zinc endopeptidase
motif His-Glu-Xaa-Xaa-His within a highly conserved 20
amino acid segment.[34] Each BoNT serotype cleaves one of
the three SNARE proteins [synaptobrevin (vesicle-associated
membrane protein, VAMP), SNAP25 (synaptosomal associ-
ated protein of 25 kD), and syntaxin] which are critical for
vesicle fusion and acetylcholine release. VAMP is the target
for BoNT/B, /D, /F, and /G, whereas SNAP25 is the target for
BoNT/A and BoNT/E. Serotype C can cleave both SNAP25
and syntaxin.

Substantial advancements in understanding the stepwise
mechanism of BoNT/A LC (LC/A) recognition and SNAP25
cleavage have been made within the past few years. As
detailed in Figure 2, this multistep pathway proceeds through
a series of binding interactions between the LC and
SNAP25.[35–37] These interactions lead to both the proper
alignment of the substrate within the enzyme active site and
conformational changes, which ultimately facilitate cleavage
of SNAP25. Notably, the stepwise mechanism of LC/E
recognition and SNAP25 cleavage has also recently been
characterized by using similar techniques.[36] The end result of
these studies paints a clearer picture of how the LC domains
of BoNTs recognize and cleave SNARE proteins specifically
and efficiently, and thus the successful development of potent

Figure 2. Multistep pathway of the recognition and cleavage of SNAP25 by LC/A. A,B) Plasma–membrane interactions between belt regions of the
LC domain and the B region of SNAP25; this binding aligns P5 (Asp193) to form a salt bridge with P5 (Arg177). C) Subsequent orientation of the
C terminus for P4’–S4’ interaction (Lys201 with Asp257). D) Broadening of the active site to facilitate hydrophobic binding between P3 and S3, which
aligns P1’ (Arg 198) in proximity for electrostatic binding with S1’ (Asp370). E) The alignment of P1’ and P3 sites within the Zn2+ active motif.
F) Substrate cleavage. G) After cleavage, release of the C-terminal product allows the active site to return to its original conformation. Reproduced
with permission from ASBMB.[37]
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LC inhibitors addressing these multiple recognition motifs
can be anticipated.

3. Inhibition of BoNT Intoxication

Numerous scientists in academia and industry worldwide
are actively pursuing new approaches for the prevention and/
or treatment of botulism. There are two types of protective
measures currently accepted for treating BoNT poisoning:
preexposure prophylaxis with a vaccine, or postexposure
countermeasures by administration of sera containing anti-
bodies against BoNTs.

More recently, X-ray structures of the BoNTs have
accelerated the rational design of both peptide-based
mimics of BoNT substrates and small-molecule inhibitors of
the LC domain. Both approaches aim to regulate the effects
of BoNTexposure by means of enzyme inhibition. Three steps
in the molecular mechanism of cellular intoxication have been
exploited as potential therapeutic targets: 1) binding of the
toxin to the cell-surface receptors, 2) translocation of the LC
into the cytosol, and 3) catalytic cleavage of one of three
SNARE proteins. The progress made within each of these
individual steps is described below.

3.1. Antagonists of Toxin–Receptor Binding
3.1.1. Active Vaccines

Currently, the US CDC and the US Department of
Defense distribute a pentavalent (ABCDE) botulinum toxoid
vaccine as a preventative measure against botulism. Even
though Park Davis & Co. began development, manufacture,
and clinical testing in the 1950s,[38] this vaccine is still classified
by the CDC as an Investigational New Drug (IND). The
toxoid vaccine contains formalin-inactivated BoNTs (seroty-
pes A, B, C, D, and E) adsorbed onto aluminum phosphate,
with thimerosal and formaldehyde added as preservatives.
Immunization of an individual requires an initial 0.5 mL of
the vaccine to be injected deep subcutaneously followed by
three subsequent injections at 2, 12, and 24 weeks, as well as
boosters at 12 months and annually thereafter. Upon com-
pletion of the initial vaccination series and the first booster at
one year, essentially all of the individuals tested in a study had
significant amounts of antitoxin, with protective antibody
levels persisting for at least 360 days.[39–41]

While this type of pentavalent toxoid has been used to
immunize thousands of individuals over half a century, there
are a number of potential shortcomings associated with the
availability and production of this vaccine. This toxoid-based
vaccine is not available to the general public, and is only
administered to consenting military personnel that are at risk
of exposure and to research laboratory workers that are
actively handling the toxin. Furthermore, production of the
vaccine is expensive and very difficult because of the require-
ment for government-regulated facilities, the potential risks
associated with cultivating deadly spore-forming bacteria
such as Clostridium botulinum, and the handling of large
amounts of extremely dangerous BoNTs. To overcome these

possible problems, a recent study has investigated the
potential use of a noncatalytic recombinant form of the
toxin as a vaccine candidate.[42] Two single-point mutations
within the LC domain rendered BoNT/A inactive and unable
to cleave its target protein. Most importantly, the mutated
toxin (BoNT/ARYM) maintained the immunogenicity requisite
for efficacy as a vaccine. Mice immunized with 1.0 mg of
BoNT/ARYM in aluminum hydroxide adjuvant survived sub-
sequent challenges of 10 000 times the LD50 value of BoNT/A.
These new results indicate that recombinant catalytically
inactive BoNTs may serve as a viable vaccine in the future.

The majority of recent research efforts have focused on
the development of a more widely accessible, cost-effective,
and overall safer vaccine based on an individual recombinant
domain within the toxin. Studies in the late 1980s with
recombinant fragments of tetanus toxin demonstrated that
the approximately 50 kDa C-terminal receptor binding
domain of the toxin was a good immunogen and able to
induce the production of neutralizing antibodies in mice.[43]

Since tetanus and botulinum toxins share a high degree of
sequence and structural homology,[43–47] a similar strategy for
developing the next generation vaccine against botulism was
pursued.

Large nontoxic synthetic genes encoding the receptor
binding domain of BoNT/A (BoNT/A HC) have been
expressed in both Escherichia coli[48,49] and Pichia pasto-
ris,[50, 51] and evaluated for their protection against BoNT-
induced death in animals. Initial studies by Middlebrook and
co-workers demonstrated that mice receiving two immuniza-
tions with crude recombinant BoNT/A HC had partial
protection when challenged with BoNT/A at up to
1200 times the LD50 value.[48] In a later more detailed study,
Smith and co-workers evaluated the efficacy of yeast-
produced BoNT/A HC proteins purified to greater than
95% homogeneity.[51] The 50 % effective dose (ED50) for
these fragments was calculated to be approximately 0.1 mg per
mouse. Mice received 1–3 injections with doses ranging from
0.01 to 2.0 mg and then challenged with 100 000 times the
intraperitoneal LD50 value of BoNT/A 21 days after the last
injection. Overall, 98 % of the vaccinated mice having
antibody serum titers of � 1600 survived, while only 14% of
the mice having titers of � 100 survived. This study thereby
provides a correlation between antibody serum titers and
survival.[51] Since disclosure of these promising results, the HC
fragments from serotypes A–F have also been investi-
gated.[41,52–57]

The potential power of such recombinant vaccines was
highlighted recently in a set of experiments that not only
investigated protection in a nonhuman primate model but
also utilized an aerosolized toxin exposure model.[58] This
model is extremely relevant as it has been postulated that the
toxin would most likely to be deployed in this form in a
bioterrorist attack. This impressive study demonstrated that
vaccination of rhesus monkeys with recombinant BoNT/B
HC can provide protection against an aerosol exposure of
50 times the LCT50 value of BoNT/B for rhesus monkeys.
Furthermore, measurable titers were observed in immunized
animals up to two years after vaccination. On the basis of the
success of this type of recombinant vaccine in a model
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relevant to human exposure, continued research aimed at
producing an analogous vaccine for use in humans is ongoing.

Three alternative HC strategies have also been explored:
1) vaccines based on a Venezuelan equine encephalitis (VEE)
virus replicon vector system,[59] 2) DNA-based vaccines,[60]

and 3) adenovirus-based vaccines.[61] In the first strategy, the
BoNT/A HC portion of the neurotoxin was utilized in a VEE
replicon particles (VRP) vaccine allowing for the expression
of the BoNT/A HC in vivo, thereby eliciting an immune
response against the protein.[62] After subcutaneous inocula-
tion with the vaccine, mice were fully protected from a
challenge with 100 000 times the intraperitoneal LD50 value of
BoNT/A. In a second strategy, several research groups have
investigated vaccines that are based on plasmid DNA that
encodes the gene for the BoNT HC protein fused to an Igk
leader sequence[63,64] or BoNT/A HC DNA vehicles predicted
to lead to MHC I or MHC II processing.[65] A final strategy
investigated the potential of an adenovirus-vectored recombi-
nant vaccine based on the BoNT/C HC.[61] A single dose of the
vaccine was capable of eliciting a robust immune response
against BoNT/C over a prolonged time period. In general,
these three types of vaccines provided protection against
BoNTs in animal models to varying degrees, and can there-
fore be considered as promising candidates for a BoNT
vaccine.

3.1.2. Passive Vaccines

The passive administration of antibodies as a defense
against biological agents has been investigated as a potential
therapy to combat pathogens such as anthrax, BoNT, plague,
and smallpox.[66] Currently, the main treatment for human
adult botulism is the administration of equine antitoxins
(polyclonal antibodies) along with supportive therapy. The
CDC distributes two equine antitoxins for the treatment of
BoNT/A, /B, and /E. In general, antitoxins are most effective
if administered within the first 24 h of the onset of the disease
and have been shown to decrease the death rates and shorten
the duration of symptoms.[67] Unfortunately, administration of
equine serum can cause adverse reactions, such as serum
sickness and anaphylaxis, and can potentially lead to hyper-
sensitivity reactions.[68]

Treatment of infant botulism involves passive antibody
therapy with human-derived immunoglobulins.[69] Human
botulism immune globulin intravenous (BIG-IV) is distrib-
uted by the CDC for the treatment of type A and B botulism.
When administered promptly, BIG-IV was shown to be safe
and effective in reducing the severity of the illness and
shortening the length and cost associated with hospital
stays.[69] A problem of this method is that the availability of
the human-derived immunoglobulins from immunized vol-
unteers is limited.

In general, polyclonal antibodies consist of hundreds to
thousands of diverse antibodies that bind multiple epitopes.
Immunization of humans or animals with nontoxic forms of a
particular antigen allows for the isolation of polyclonal
antisera against that immunogen. However, a number of
shortcomings may be associated with such polyclonal prep-
arations, including variability from batch to batch,[70] limited

supplies,[71] and the potential transmission of infectious
diseases,[72] as well as possible side effects linked to the
administration of nonhuman sera. In contrast, monoclonal
antibodies (mAbs) can be produced in large quantities in high
quality and have no infectious risk. Nonhuman mAbs can also
be converted or humanized into a less immunogenic format
with approximately 90 % of its sequence derived from human
immunoglobulins.[73]

Monoclonal antibodies against BoNTs may prove to be a
valuable therapeutic agent for combating botulinum intox-
ication.[74] Neutralizing mAbs can be effective if administered
as a preexposure prophylaxis to prevent the binding of the
toxin to the cell receptors, thereby preventing uptake into the
neuronal cell. However, the utilization of neutralizing anti-
bodies as a postexposure prophylaxis may be less effective,
mainly because of its short window of application. Analogous
to antitoxins, neutralizing antibodies are capable of only
sequestering freely circulating BoNTs and consequently
become useless once the toxin has undergone endocytosis.[67]

Two general techniques have been used to isolate the
neutralizing mAbs against several of the BoNTs: 1) immuni-
zation of mice with toxoid or BoNT HC followed by standard
hybridoma techniques[75–78] and 2) selection of mAbs against
BoNTs or toxin fragments by using phage display technol-
ogy.[79–81]

Studies on the use of mAbs to target BoNTs have
primarily focused on serotype A—likely because of its
extreme potency and potential use as a bioweapon. To date,
there have been no reports of a single mAb against BoNT/A
that displays a potent neutralization capability when admin-
istered alone. Generally, single mAbs can only neutralize a
maximum of 10 to 100 times the LD50 value of BoNT/A.[77,82]

However, the combination of three mAbs administered as a
cocktail has been shown to neutralize 450 000 times the LD50

of BoNT/A.[83] On the basis of these results, it appears that
effective antibody-based therapies for the prevention and/or
treatment of botulinum intoxication would require multiple
mAbs working synergistically.

3.1.3. Small-Molecule Antagonists of Receptor Binding

Two approaches can be envisioned for the inhibition of
toxin–cell interactions: 1) the binding of BoNT by a small
molecule, which interfers with the ability of the toxin to
interact with cellular receptors and 2) binding of the cellular
receptor by a small molecule, thus preventing binding of the
toxin. In the former approach, polysialylated gangliosides
such as GT1b were shown to be potential receptors for BoNT/
A.[84, 85] Free GT1b blocks BoNT/A binding to synaptosomes[16]

and quenches the tryptophan fluorescence of BoNT/A.[86]

More recently, synthetic GT1b-based glycoconjugates that
bind the BoNT/A HC were shown to prevent cleavage of
SNAP25 in spinal cord cells of rat embryos,[87] thus recapit-
ulating the role of GT1b in HC binding and confirming the
potential of targeting the HC as a viable approach for BoNT
therapy.

In the second approach, small molecules known to
compete with BoNT for the cellular binding site include
lectins of both plant and animal origin (Triticum vulgaris and
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Limax flavus, respectively). In experiments with BoNT/A,
these lectins were found to increase the amount of time
necessary to cause neuromuscular paralysis in mouse phrenic
nerve hemidiaphragm preparations (from 78 min to 128 min),
with similar results found for serotypes B–F as well as tetanus
toxin.[88] Notably, this was the first report of a universal small-
molecule antagaonist of all BoNT serotypes.

3.2. Antagonists of pH-Dependant BoNT Translocation

The lethality of BoNT is due to suppressed synaptic
transmission at the skeletal neuromuscular junctions. Despite
variability in the SNARE protein targets by the different
BoNT serotypes, all involve holotoxin encapsulation in an
endocytotic vesicle and subsequent acidification. This acidifi-
cation process is needed for BoNT-induced muscle failure.
Agents that inhibit acidification have been shown to delay the
onset of muscle paralysis in vitro and prolong toxin suscep-
tibility to neutralization with antisera.[27] Thus, the endocy-
totic vesicle acidification step is an attractive point for
inhibiting BoNT activity.

As an example of this approach, both ammonium chloride
and methylamine hydrochloride exhibit concentration- and
time-dependent antagonism of the onset of neuromuscular
blockade by BoNT/A, /B, /C, and tetanus toxin.[89] However,
protective effects were observed only when the compounds
were added either prior to, or within 10–20 minutes after,
challenge by the toxin. Notably, at concentrations that
antagonized the onset of BoNT-induced paralysis, the
amines showed neither toxin inactivation nor irreversible
changes in tissue function. It was therefore presumed that the
amines acted solely to antagonize the internalization of the
toxins.

Acidification of endocytotic vesicles requires a vesicular
H+-ATPase that pumps protons from the cytoplasm into the
lumen of the vesicle. In 1994, Simpson et al. reported that the
ATPase inhibitor bafilomycin A1 (1, Scheme 1) is a universal
antagonist of BoNTs A–G as well as tetanus toxin.[90]

Bafilomycin A1 produced a concentration-dependent block-
age of neuromuscular transmission without effecting the
nerve- or muscle-action potentials. Proton ionophores can
also deplete the pH gradient without affecting ATP hydrol-
ysis. For example, nigericin (2) and monensin (3, Scheme 1),
both polyether antibiotics that act as ionophores, increase
membrane permeability to the cations H+, Na+, and K+, and
act as proton shunts to neutralize pH gradients by blocking
endosomal acidification.[91] Although the ionophores showed
blockage of BoNT activity at nanomolar concentrations,
unfortunately the reverse effect was observed at higher
concentrations. An additional H+-ATPase inhibitor, conca-
namycin A (4, Scheme 1), has recently been studied for
inhibition of endosome acidification.[92] Concamycin A pre-
vented cleavage of SNAP25 in pretreated cultured neurons
and in those treated up to 15 minutes after exposure to the
toxin; however, no protection was observed when addition
was made after 40 minutes.

Antimalarial drugs, such as aminoquinolines (Scheme 2),
have also been tested for their effectiveness for antagonizing

BoNT/A-induced neuromuscular blockage through suppres-
sion of endosome acidification.[93] However, the blockage of
critical channels responsible for LC release could not be ruled
out as a possible antagonistic mechanism. Lastly, Adler et al.
have investigated quinacrine and the metal chelator TPEN
(N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine) in a
“combination therapy” approach, and demonstrated that
there was 100 % greater protection of BoNT lethality than
with either drug alone.[94]

3.3. Inhibition of the BoNT Metalloprotease (LC)

As highlighted above, BoNTs impair neuronal exocytosis
arising from specific proteolysis of SNARE proteins, the
assembly of which is thought to be intimately linked to
membrane fusion and neurotransmitter release.[95] As
SNARE hydrolysis is catalyzed by the highly specific BoNT
LCs, targeting of the metalloprotease activity provides an
additional mode of therapy for BoNT inactivation. The search
for BoNT protease inhibitors has primarily focused on the
discovery of peptide, peptidomimetics, and small molecules
that inhibit BoNT/A and BoNT/B LCs (LC/A and LC/B).

Scheme 1. Antagonists of BoNT translocation.
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The common motif in the key proteins VAMP, SNAP25,
and syntaxin consists of a nine-residue region that contains a
combination of similar chemical features at different points
along the adopted a-helical structure.[96] To investigate the
role of these conserved segments, a set of peptides were
synthesized corresponding to the conserved segments asso-
ciated with VAMP, SNAP25, and syntaxin (Figure 3).[96]

Analysis of this set showed that V2, a synthetic peptide

based on VAMP, and S1, a SNAP25-derived peptide, inhib-
ited cleavage of all three SNARE substrates (VAMP,
SNAP25, and syntaxin). The two peptides (V2 and S1)
showed no effect on neuroexocytosis, but were found to
prevent neurotransmitter blockage in cultured Aplysia cal-
ifornica neurons. On the basis of these findings it was
hypothesized that BoNTs require a dual interaction with
their protein targets, namely, they should have a conserved
region that is favorable for structural recognition and a
cleavage region which is spatially unique to each form.[96]

3.3.1. Peptide Mimics of the BoNT/A Light Chain

A small collection of peptides based upon the general
formula Ac-X1-X2-linker-X3-X4-NH2, where the linker was 4-
aminobutyric acid and the Xn monomers were a variation of
Asp, Glu, Gln, and Arg residues, were designed on the basis
of the common structural features of the SNARE com-
plexes.[97] The linker was chosen to alter the conformation of
the amino acid backbone in efforts to enhance BoNT
recognition. Further efforts extended the repertoire of
amino acids to 12 (giving 124 different peptides for study)[98]

and used positional scanning synthetic combinatorial library
(PS-SCL) technology[99] with the aim of improving the
deconvolution strategy to identify the optimal peptide.

The compilation of these studies revealed that the most
potent LC/A inhibitors were of the general formula Ac-X1M2-
linker-X3C4-NH2 and C1-linker-X2S3, both exhibiting 75%
inhibition. LC/B inhibition of over 80% was observed with
peptide libraries of the formula Ac-X1C2-linker-X3C4-NH2

and C1-linker-X2F3.
[99]

Several years ago, Schmidt et al. recognized the potential
for developing BoNT/A inhibitors by exploiting the metal-
loprotease (LC) properties of the BoNT.[100] Since sulfhydryl
groups readily complex zinc, it was reasoned that substitution
of key amino acid residues with Cys would provide molecules

that inhibit the enzymatic activity of
BoNTs. Additional support for the
design of such inhibitors was provided
by the observations that thiol-contain-
ing ligands (for example, dithiothrei-
tol) and even cysteine monomers
alone can inhibit LC/A, albeit at high
concentrations
(>10 mm).

The choice of the modification site
varied in the SNAP25 194–200 region
(designated as P4, P3, P2, P1, P1’, P2’, P3’)
of the 17-residue substrate Na-acetyl-
SNKTRIDEANQRATKML-carbox-
amide, where the residues in bold were
separately replaced with Cys
(Table 1). Interestingly, those sub-
strates containing Cys substitutions at
the P4, P3, P2’, and P3’ sites were
hydrolyzed by LC/A. A key finding
with these substrates was that no
relationship between binding affinity
and rate of hydrolysis was apparent.

Scheme 2. Aminoquinoline antagonists of BoNT/A-induced neuromus-
cular blockage.

Figure 3. Left: Conserved segments of VAMP, SNAP25, and syntaxin as well as their common
chemical features, as shown in the general formula [x h – – x h – x h p], where “x” represents any
residue, “–” a carboxylate, “h” a hydrophobic residue, and “p” a polar group. V1 and V2 are
synthetic VAMP peptides, S1–S4 are SNAP25 peptides, and X1 and X2 represent the common
motif found in syntaxin. Right: Axial projection of the conserved motif. Reprinted with permission
from Macmillan Publishers Ltd.[96]
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For example, peptides substituting Cys at end positions (P4 or
P3’) were observed to have lower Km values than the native
SNAP25 sequence, but had similar kcat values. The inverse
relationship was observed when Ala residues closer to the
cleavage site (P3 or P2’) were replaced. Therefore, the authors
concluded that substrate discrimination at the complemen-
tary binding sites must occur at the catalytic step.[100]

Additionally, a number of LC/A inhibitors were identified
with Cys substitutions at the P2, P1, and P1’ sites (Table 1). In
all cases—except for Arg—significantly tighter binding than
the native SNAP25 sequence was observed when P1’ was
replaced. In general, Cys substitution at the P2 and P1 sites
resulted in good inhibition, whereas replacing the P1’ Arg
residue resulted in an inactive peptide capable of neither
hydrolysis nor inhibition. This finding highlighted the critical
requirement for the P1’ Arg residue for strong binding.
Interestingly, replacement of the P1 site with d-Cys (Q11d-C)
gave the strongest inhibition.[100] Peptides that exhibited
significant inhibition were then truncated to give octapeptides
beginning with the P2 site. Substitutions at both the P2 and P1

sites were also made to assess the importance of the Cys
placement within this two-residue region. As shown in
Table 2, it is clear that shorter peptides can bind BoNT/A
with significantly higher affinity than can the native SNAP25
substrate. It was suggested from these findings that two
critical requirements must be met in designing peptides LC/A
inhibitors: a P1 thiol group for binding the zinc atom at the
active site and a P1’ Arg residue for tight binding of the
substrate.[100]

Second-generation peptidomimetic LC/A inhibitors
focused on Cys analogues at the P1-position.[101] Two design
strategies were employed: 1) the thiol group was retained on
the b carbon atom, while the a-amino group was substituted
by various other functional groups; 2) the b carbon atom was
modified with alternative functional groups, and the thiol
group was moved to the a carbon atom (Table 3). After
synthesis of the monomers, each mimetic was individually
conjugated at the amino terminus of the hexameric peptide
RATKML. The most effective peptidomimetic incorporated
the l stereoisomer of the 2-mercapto-3-phenylpropionyl
group (mpp) at the N-terminus (compound 13 b), and
represented the first LC/A inhibitor with a Ki value in the
nanomolar range (competitive inhibition, Ki = 330� 50 nm).

Additional analysis of 13b was performed by varying the
amino acid composition in conjunction with extension or
truncation of the central hexamer region. It was shown that
the peptide mpp-RATKM contains the minimal structural
requirements for high binding affinity (Table 4). Closer
analysis of Table 4 underscores the importance of the P1

Arg residue, thus supporting earlier studies that attribute
the specificity of the inhibitor/substrate–enzyme interaction
to this key residue.[100] However, it must be noted that current
understanding of the BoNT/A catalytic mechanism recog-
nizes a much more complex structural requirement in
achieving potent inhibition.[35–37]

In an effort to characterize the conformation of the
enzyme–substrate complex of BoNT metalloprotease, Rich
and co-workers have developed isosteric di- and tripeptide
derivatives consisting of transition-state analogues of the

Table 1: Substrate analogues prepared by substituting cysteine in the P4

to P3’ region of a 17-residue SNAP25 mimic.

Peptide Partial sequence
P4 P3 P2 P1 P1’ P2’ P3’

8 9 10 11 12 13 14

SNAP E A N Q R A T
E8C C A N Q R A T
A9C E C N Q R A T
N10C E A C Q R A T
N10d-C E A d-C Q R A T
Q11C E A N C R A T
Q11d-C E A N d-C R A T
R12C E A N Q C A T
A13C E A N Q R C T
T14C E A N Q R A C

Table 2: Shortened peptide inhibitors of variable cysteine content in the
P2 to P1’ region.

Peptide Sequence Ki [mm]
P2 P1 P1’ P2’

1 C Q R A T K M L 190
2 d-C Q R A T K M L 140
3 C R A T K M L 1.9
4 d-C R A T K M L 1.8
5 N C R A T K M L 500
6 A C R A T K M L 150
7 N d-C R A T K M L 150
8 A d-C R A T K M L 26
9 C d-C R A T K M L 110
10 C d-R A T K M L 410

Table 3: N-Terminal structures of cysteine mimics of the sequence
CmimRATKML(amide).

[a]

Stereoisomer Ki [mm]

10a
10b

1
30

11a
11b

50
20

12a
12b

70
100

13a
13b

8
0.3

14a + 14b 2

[a] The stereoisomer eluting first by HPLC is designated a, and the
second eluting stereoisomer designated b.
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cleavable sites for both LC/A and LC/B.[102, 103] The hydroxy-
ethylene or thioethylene analogues were incorporated into
longer peptides corresponding to the cleavage products
associated with both serotypes.[104, 105] In the case of BoNT/
A, the modified peptides were incorporated into a 17-mer
peptide analogous to the 187–203 region of SNAP25 (16a and
16b, Scheme 3)[104] as well as a shorter, 7-mer peptide (15 a
and 15b) based on previous studies.[101] The peptides dis-
played significant inhibition (Ki = 200–400 nm), with little
correlation between peptidomimetic length and inhibitory
activity, clearly indicating that much shorter peptides can be
utilized for LC/A inhibition. Studies by Schmidt and Stafford
further corroborated this finding (13b, BoNT/A Ki =

330 nm).[101]

3.3.2. Peptide Mimics of the BoNT/B Light Chain

Using a combination of molecular modeling and struc-
tural data, Rocques and co-workers conducted the first study
of the structure–activity relationship of LC/B inhibitors based
on b-aminothiol derivatives.[106] The choice of b-aminothiol
was due to its characterized peptidase inhibitory activity of
tetanus toxin, a structural relative of BoNT/B with an

identical VAMP cleavage site.[107,108] In the study, two libraries
of pseudotripeptides were prepared, each aimed at optimizing
the recognition of the S1’ and S2’ subsites.[106] After testing
several side chains in the P1-position, it was found that a
phenyl group bearing a carboxylate at the 4-position gave
optimal recognition.

In regard to optimizing the P1’ residue, bulky aromatic
ligands were recognized as favorable since the deep and
hydrophobic S1’ subsite presents itself in the crystal structures
of LC/B and holo-BoNT/B[109, 110] and because of the presence
of phenylalanine in the native LC/B substrate. The optimiza-
tion of the S2’ recognition indicated a preference for a bicyclic
heteroaromatic residue. Interestingly, this residue in natural
VAMP is Glu; therefore, the natural recognition at this
subsite is not ideal and may be the reason why catalytic
activity is independent of modifications at this position. The
pseudopeptide to emerge from these studies (17, Scheme 4)
exhibited significantly enhanced potency over any peptide at
that time (Ki = 20 nm).[106] Further optimization of the P1

residue of the pseudotripeptide inhibitors have resulted in
ligands with slightly more potency than 17, for example,

Table 4: The effect of extended and truncated versions of
CmimRATKML(amide) on the Ki value.

Inhibitor Ki [mm] Inhibitor Ki [mm]

mpp-R 60 mpp-RATKMLGSG 0.3
mpp-RA 60 mpp-RATKAL 0.7
mpp-RAT 30 mpp-RATAML 3
mpp-RATK 4 mpp-RAAKML 0.7
mpp-RATKM 0.3 mpp-RVTKML 2
mpp-RATKML 0.3 mpp-KATKML >300

Scheme 3. Peptide mimics of SNAP25 that utilize an a-hydroxy or
a-thioethylene group at the cleavage site. Mimics containing the
a-thioethylene moiety exhibit the strongest BoNT/A metalloprotease
inhibitory activity (Ki in sub-mm range).

Scheme 4. Thiol- and disulfide-tripeptide surrogates with potent LC/B
cleavage activity.
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compound 18, which has one methylene group less
(Scheme 4).[111] Amazingly, compound 19, a closely related
disulfide derivative of 17, exhibited an up to tenfold enhanced
inhibition of LC/B.[111]

Attempts to increase the inhibition of LC/B by embedding
either an a-hydroxyamido or an a-thioamido moiety within
35-mer VAMP analogues at the Gln-Phe connection resulted
in moderate inhibition (low micromolar Ki values), being
nearly 25 % less potent than tripeptide derivatives. However,
a clear drawback in this design stems from the additional
substituted methylene group at the site of modification, which
makes the backbone less recognizable by LC/B.[106]

3.3.3. Biochemical Techniques

Phage display has been utilized for the generation of
peptides capable of inhibiting multiple BoNT serotypes.[112,113]

Three different peptides were identified and found to inhibit
protease activity in vitro.[113] However, of all the LC serotypes
studied, only moderate binding by the peptides to LC/A, /B,
and /E was exhibited (250 mm for complete inhibition).
Nonetheless, this study provides an example of the utility of
phage display for identifying lead peptides that can poten-
tially be exploited both for further clarification of the
molecular requirements necessary for BoNT inhibition and
for insight into the BoNT mechanism of action. In a more
recent study, phage display of VAMP variants was used to
determine substrate recognition domains important for LC/B
binding and catalysis.[112]

Messenger RNA (mRNA) display also has been used to
identify LC/A inhibitors.[114] A constant region, CRATKML,
corresponding to the C terminus of SNAP25 was maintained,
and libraries of four random amino acids attached to this
region gave a possible 160 000 sequences; the overall formula
was MXXXXCRATKML, where X was a random amino
acid. Several peptides were identified after three rounds of
screening. Perhaps surprising was the affluence of nonpolar
residues within the sequences. The peptide
MWMTSCRATKML was among the most active inibitors,
with Ki values in the low micromolar range, a potency
significantly greater than those identified by phage display
(Ki values in the sub-mm range). The mRNA display tech-
nique therefore represents a potentially effective approach to
identify new peptides for BoNT recognition as well as for
identifying common chemical themes within the screened
peptides.[114]

3.3.4. Zn2+ Chelating Ligands

A recent approach aimed at identifying novel small-
molecule inhibitors of LC/A has relied on an assay based on
high-throughput fluorescence resonance energy transfer
(FRET). During validation of this assay, the single modified
amino acid, l-Arg hydroxamic acid (22, Scheme 5), was
shown to modestly inhibit LC/A (Ki = 60 mm).[115] Given the
native cleavage site between residues Gln197 and Arg198 of
SNAP25, inhibition by the Arg derivative was somewhat
expected; however, the similarity in inhibition between the d

and l isomers was not. It was suggested that the stereochem-

ical configuration was not important for this class of inhibitors
and that the hydroxamate moiety dominated the inhibitor
activity, most likely through chelation of Zn2+ ions within the
enzyme active site. Indeed, a recent crystal structure of LC/A
complexed with l-arginine hydroxamate has indicated an
intermediate conformation of the active site, with an intact
coordination of the Zn2+ ion to the hydroxamate region and
with Asp369 clearly bound to the Arg side chain.[116]

On the basis of these early studies, the coupling of
recognition scaffolds to hydroxamate moieties was envisioned
to provide potent LC/A inhibitors. Therefore, a 150-member
library of hydroxamic acids was prepared by a facile two-step
procedure starting from the corresponding carboxylic
acids.[117] The initial screen showed 4-chlorocinnamic hydrox-
amate (20, Scheme 5) to be a promising lead, with an
IC50 value of 15 mm, thus prompting a structure–activity
study that resulted in a 2,4-dicholoro-substituted derivative
(21, Scheme 5). Compound 21 is the most potent nonpeptidic
inhibitor of LC/A reported to date (Ki = 0.30� 0.01 mm) and
acts as a competitive inhibitor of LC/A, thus disproving a
recent hypothesis that a minimum of ten carbon atoms is
required for effective inhibition of BoNT.[118,119] Crystal
structures of the LC/A complexed with the inhibitors l-Arg
hydroxamate, 4-chlorocinnamic acid, and 2,4-dichlorocin-
namic acid have indicated a somewhat flexible enzyme
active site, thereby underscoring the likelihood that substrate
specificity is driven by exosite interactions.[120]

The metal chelator TPEN has been extensively studied for
its antagonistic properties toward BoNT catalysis in mouse
phrenic nerve hemidiaphragm preparations and in a mouse
model.[85,121, 122] However, the lack of specificity this com-
pound displays for BoNT over other metalloproteins limits its
clinical utility. A more recent study has shown that EDTA
irreversibly inhibits BoNT/A and BoNT/E protease activity in
cell-free assays but, unlike TPEN, shows no activity in
cultured neurons.[123] While these findings support previous
studies that suggest EDTA-induced LC denaturation occurs
in a Zn2+-independent fashion,[124, 125] it highlights the varia-
bility between in vitro and in vivo experiments. An additional
discrepancy in the results between in vitro screening assays

Scheme 5. Structures of LC/A metalloprotease inhibitors.
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and mouse bioassays was very recently accentuated in a series
of cellular, animal, and in vitro FRET assays where lead
compounds from a pool of about 66000 compounds aimed at
disrupting protein–protein interactions were analyzed.[126]

This FRET assay and subsequent cell study identified seven
compounds (Scheme 6) that exhibited promising inhibition
and these were advanced through in vivo testing. Of the seven
hits, all lacked a characteristic zinc-chelation moiety, thus
indicating additional LC/A recognition motifs may play a role
in their activity. Interestingly, the most efficacious inhibitors,
NA-A1B2C10 (28, Scheme 6) and 2,4-dichlorocinnamic
hydroxamic acid (21, Scheme 5), share structural simplicity
and possess similar functional regions (cinnamic acid and
amide moieties). Unfortunately, in vivo analysis of these two
compounds indicated that current cellular models are unable
to predict in vivo efficacy and that research aimed at
developing better cellular models is critical. However, the
similarity between 21 and 28 is promising, and optimization of
28 may lead to more potent LC/A inhibitors.

In a surprising finding, the simple protected amino acid
Fmoc-d-Cys(Trt)-OH (23, Scheme 5) commonly used in
peptide synthesis was found to competitively inhibit LC/A
(Ki = 18 mm).[127] Docking of 23 into the enzyme active site
indicated significant binding between the fluorenyl protecting
group and a hydrophobic pocket as well as favorable electro-
static interactions between the carboxylate group and several
proximal positively charged residues. Interestingly, no inter-
action was predicted between any portion of the small
molecule and the critical zinc ion in the active site. In

addition, the potency of 23 was investigated in a cellular
model, and at a concentration of 60 mm provided complete
protection of SNAP25 cleavage in Neuro-2a cells.

3.3.5. Small-Molecule Inhibitors of the BoNT/B Light Chain

The pseudotripeptide study by Roques and co-workers
has remained the most detailed analysis of a small molecule
capable of disrupting the binding of VAMP to LC/B, thereby
inhibiting catalysis.[106] Over the past decade, several accounts
addressing a small-molecule approach for inhibiting the
action of LC/B have surfaced. A collaboration between the
Rich and Stevens research groups has demonstrated that
bis(5-amidino-2-benzimidazolyl)methane (BABIM, 31;
Scheme 7) inhibits BoNT/B-induced cleavage in the low
micromolar range. The keto version of BABIM 32 (Scheme 7)
was found to be slightly more potent.[128] The structural
recognition of BABIM was confirmed by comparison studies
with the exceptional zinc chelator 1,10-phenanthroline, with
which LC/B inhibition was nonexistent.

Earlier research focused on the development of potential
LC/B inhibitors without the aid of structural data.[129] The
foundation for the design was in the structural similarity it
shared with a previously studied but weakly active phosphor-
amidon derivative. The compound of study was the coumarin
derivative ICD1578 (33, Scheme 7). Moderate inhibition,
with an IC50 value of 28 mm, was observed in this study.
Notably, the zinc metalloprotease inhibitor captopril exhib-
ited less than 10 % inhibition at millimolar concentrations,

Scheme 6. Structures of LC/A metalloprotease inhibitors discovered from a high-throughput screening assay.
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thus highlighting the presence of key recognition moieties in
the molecule.[129]

3.3.6. Structure-Guided Screening and Pharmacophore
Development

An additional approach to the identification of small-
molecule inhibitors of LC/A includes the screening of the
National Cancer Institute (NCI) Diversity set. From this, a
series of 4-aminoquinolines were found to slow BoNT/A-
induced effects on neuromuscular transmission.[119] A number
of compounds possessing greater than 50 % inhibition (at
20 mm concentration) were identified and modeled with the
BoNT/A crystal structure[45] in computational studies for
predicting common pharmacophore scaffolds. A further
in silico screen of 2.5 million compounds was later conducted
with the same goal.[118] Optimization techniques centered
around molecular dynamics simulations of a complex formed
between the zinc endopeptidase and the inhibitor by using a
molecular dynamics simulation (the cationic dummy
approach, CaDA).[130] After extensive structure-guided modi-
fication, a competitive inhibitor (34 a, Scheme 8) with a
Ki value of 12 mm was found.[118] Further analysis and opti-
mization of 34a has resulted in a slightly more potent
derivative incorporating a 3-hydroxyphenyl moiety (34 b,
Scheme 8).[131] The success of these studies validates the
utility of such molecular dynamics simulations in the develop-
ment of BoNT inhibitors.

Recently, the potent LC/A inhibitor mpp-RATKML[101]

was used in a similar molecular docking study to identify the
key molecular components required for inhibition.[132] In this
extensive study, initial attempts to generate satisfactory
binding conformations when mpp-RATKML was docked
into the enzyme structure obtained from a crystal structure of
LC/A[133] led to concern as to whether the crystal structure of
LC/A was consistent with its bioactive form in solution.

Furthermore, comparison of the empirical data of mpp-
RATKML with those of mpp-KATKML indicated a greater
than 1000-fold loss in potency for the Lys-substituted peptide,
whereas modeling with the crystal structure data indicated
that the low-energy conformations of both peptides maintain
similar interactions in regard to the cationic nature of the
protonated Lys or Arg residues. Another conflicting result
was the placement of the thiol moiety in mpp-RATKML
within the binding cleft of the natural 198RATKM203L
sequence of SNAP25: the sulfur atom was approximately
7 � from the zinc ion, thus eliminating the possibility of
S–Zn2+ coordination. This finding prompted a molecular
dynamics study in which favorable surface conformations
between mpp-RATKML and LC/A were used. In accordance
with empirical evidence, a model was developed whose
conformation of the binding site showed a strong energetic
preference for Arg over Lys. Additional requirements in the
model were the placement of the thiol group in mpp-
RATKML in proximity to the Zn2+ ion (for coordination),
and elimination of the hydrophobic–polar clash of the
isobutyl group of Leu and the phenyl groups of mpp with
water. Several key small requirements for a potent small
molecule were postulated from the molecular dynamics study.
These include an aromatic group connected by a planar
cationic group (for example, guanidinium), a protonated
amino group, at least two planar regions separated by a
distance of 6.5–13 �, and an overall molecular length of
approximately 23 �. A rigorous search for nonpeptidic small
molecules in the National Cancer Institute�s Open Repository
identified several small molecules as potential LC/A inhib-
itors. The most outstanding was NSC240898 (35, Scheme 8),
which exhibited significant dose-dependent protection of
SNAP25 in chicken neurons as well as a good cellular
tolerance up to 40 mm.[132]

Four inhibitors were identified (Scheme 9) from the
refined, eight-component pharmacophore model for in vitro
testing with LC/A, and were synthesized.[134] All four com-
pounds exhibited IC50 values in the low micromolar range (3–
17 mm). The unique aspect of three of the novel inhibitors was

Scheme 7. Chemical structures of LC/B metalloprotease inhibitors.

Scheme 8. Structures of small-molecule LC/A inhibitors identified by
structure-guided screening.
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the incorporation of an additional recognition motif in a
steroidal region to act as a hydrophobic anchor at the edge of
the binding cleft. However, the most potent of these was that
lacking the steroid but containing a tris(aminochloroquino-
line) motif (36, Scheme 9).

3.4. K+ Channel Blockers

K+ channels are vital to virtually all types of cells[135] and
represent a remarkably diverse group of ion-channel struc-
tures. The first elucidated K+ channel was the classical
voltage-activated channel found in the squid. Other channel
types include hyperpolarizing voltage channels that are
controlled by intracellular metabolites and secondary mes-
sengers, transient outward currents (A currents), and large
conductance Ca2+-sensitive, K+ channels (BKCa channels) in
which neurons are characterized by calcium-activated K+

currents that aid in repolarization and firing. The BKCa
channels are composed of two subunits, the pore-forming
a subunit and the regulatory b subunit, and are typically
believed to be sensitive to tetraethylammonium (TEA, 43,
Scheme 10). The prospect of using BKCa channel blockers in
BoNT therapy lies in the ability of the channel blocker to
induce calcium influx, which prompts acetylcholine flux from
the cell. Such agents would thus be particularly applicable to
reversing BoNT-induced paralysis. Indeed, TEA has been
shown to reverse BoNT-induced paralysis in vitro[136] and in
animal models.[137,138]

Considered the best K+ channel blocker for botulism
poisoning, 3,4-diaminopyridine (3,4-DAP, 40 ; Scheme 10) is

highly effective in antagonizing muscle paralysis following
BoNT/A exposure in vitro, and is the least toxic of the
currently available K+ blockers.[139] BoNT-paralyzed rat
diaphragm muscle was shown to be rapidly reversed by 3,4-
DAP in twitch tension experiments, with prolonged move-
ment at least eight hours after administration of the drug.
Adler et al. combined in vitro and in vivo recording techni-
ques to examine 3,4-DAP action in the rat extensor digitorum
longus muscle after local BoNT-induced paralysis, and
revealed a significantly increased twitch tension in the
intoxicated muscle with no loss of mobility with time or in
repeated applications.[140] One key concern of the study was
the constant administration of 3,4-DAP during the intoxica-
tion period because of the rapid clearance of this compound.
To address this requirement, osmotic minipumps have been
utilized for 3,4-DAP delivery.[141]

Although 3,4-DAP is an impressive compound for BoNT
treatment, there are notable drawbacks in its use. Unfortu-
nately, drug efficacy is limited primarily to BoNT/A. Addi-
tionally, while an increase in muscle strength is the most
substantial indication of drug action, 3,4-DAP results in
miniscule improvement for the respiratory muscles and no
return of spontaneous ventilation. Lastly, a critical side effect
of 3,4-DAP are seizures, which most likely result as a
consequence of the drug�s ability to penetrate the blood–
brain barrier. To combat some of these difficulties, combina-
tions of 3,4-DAP with neostigmine (42, Scheme 10) and TEA
have been tested.[139] The combination approach was aimed at
lowering the dosage of 3,4-DAP, and thus its toxic effects,
while achieving increased acetylcholine efflux over that
occurring in individual drug administrations. Combination
therapy of neostigmine with 3,4-DAP was anticipated to boost
acetylcholine levels through neostigmine inhibition of ace-
tylcholinesterase in peripheral tissues. Unfortunately, no
additional benefit was observed. In the case of TEA
combinations, diminished effects of 3,4-DAP were observed,
thus suggesting that the action of TEA on the nicotinic ion
channel counteracted any beneficial action of TEA on
transmitter release. Although both cases were unsuccessful,
the concept of “combinatorial” channel blockers remains an
area of optimism in the treatment of BoNT poisoning.

Adler et al. have provided additional insight into the
effects of 3,4-DAP by determining the location of binding at
the nerve terminal.[139] A cationic 3,4-DAP derivative, 3,4-
diamino-1-methylpyridium (41, Scheme 10), was also tested
in rat phrenic nerve hemidiaphragms and showed little or no
activity up to millimolar concentrations. The inability of the
pyridinium derivative to augment muscle tensions by binding

Scheme 9. Aminochloroquinoline (ACQ) based inhibitors of the LC
domain of BoNT.

Scheme 10. Chemical structures of K+ channel blockers and the
inactive N-methyl-3,4-DAP+ derivative.
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to the K+ ion channel suggests that 3,4-DAP action must take
place on the internal membrane surface where a charged
species is not favorable.

The efficacy of K+ channel blockers in antagonizing or
reversing the action of BoNT/A is generally attributed to
their ability to induce the Ca2+ efflux by inhibiting voltage-
dependent K+ currents. Further efforts to develop optimal
derivatives of 3,4-DAP with increased efficacy and reduced
toxicity are of significant interest. However, a lingering
concern with the viability of this approach for the treatment
of BoNT intoxication is that a K+ channel blocker must be
administered over a period of weeks to months to show any
protection.

3.5. Therapeutics with an Undefined Mechanism of Action

Theaflavins, the active ingredient produced from the
fermentation of green tea into black or oolong tea, can
polymerize to give, among other complex polyphenols, a
thearubigin fraction that is active against the effects of BoNT/
A, /B, and /E.[142] Nishimura and co-workers have utilized rat
cerebrocortical synaptosomes exposed to 125I-labeled BoNT
in attempts to elucidate the mechanism of action of the
thearubigin fraction.[143] Unfortunately, no information as to
the identity of the active molecule(s) could be obtained and
the sole conclusion was that the thearubigin fraction functions
by simple binding of the toxin.

Limonoids are tetranortriterpenoids derived from
euphane or tirucallane triterpenoids that are characterized
by an intensely bitter taste.[144] Structurally, the molecules are
composed of a 4,4,8-trimethylfuranylsteroid skeleton. Limo-
noids from the tree Melia toosendan have been known for
many years to possess potent antihelmintic properties.[145] A
major constituent in the limonoid family of M. toosendan is
toosendanin (44, Scheme 11), which is known to have multi-
ple modes of action in insects.[146]

While liminoid natural products remain an area of interest
in pest management research, a number of publications have
emerged over the past two decades detailing toosendanin�s
effect on neurotransmitter release in motor nerve termi-
nals.[147] Collectively these studies characterize toosendanin as
a selective presynaptic blocker that inhibits quantal release of
acetylcholine.[148] The blocking effect of toosendanin is
preceded by a Ca2+-dependent facilitator phase, a phenom-
enon in direct contrast with that observed for BoNT. A

noteworthy observation in one of BoNT studies with toosen-
danin was that the tolerance of the neuromuscular junction
towards BoNT was enhanced significantly during the facili-
tatory period.[149]

Other studies investigating the mechanism of toosendanin
described evidence suggesting that toosendanin causes a
decrease, and ultimately disappearance, of Ca2+ sensitivity.
This effect was responsible for the observed restriction of
voltage-dependent K+ current in neuroblastoma glioma
cells.[150] Toosendanin was also found to induce submicro-
scopic changes in the neuromuscular junction, namely, a
reduction in the amount of synaptic vesicles and an increase in
the girth of the synaptic cleft.[151] In addition, toosendanin was
shown to inhibit the delayed rectifier K+ channel by intra-
cellular and/or extracellular addition.[152]

The membrane permeability and modulation of ion
channels by toosendanin is perhaps due to its ability to span
membrane bilayers and alter channel integrity. This action, in
the context of BoNT, is important because of the capability of
the toxin for forming ion channels in artificial bilayers and in
PC12 cell membranes.[153] Additionally, treatment of synapto-
somes with toosendanin results in resistance to BoNT/A-
mediated cleavage of SNAP25. When considering the corre-
lation between BoNT translocation and channel formation,
these studies suggest that the effect of toosendanin on BoNT
may be due to an interference with LC translocation.
However, a detailed mechanistic picture of toosendanin
action in BoNT antagonism remains unresolved.

4. Agonism of BoNT/A

4.1. Small-Molecule Activators

While BoNT has a history of treating medical ailments, it
has also been found to elicit an immune response, where
neutralizing antibodies significantly reduce efficacy.[8, 9, 154] In
extreme cases, the patient may show no response to injection.
Therefore, several strategies have been explored to address
the potential diminished potency of the toxins: 1) increasing
the toxin purity, 2) reducing dosages to minimize immune
response, 3) increasing treatment intervals, and 4) using a
different BoNT serotype. An additional approach consists of
developing BoNT/A agonists that allow lower BoNT/A
dosage while maintaining efficient metalloprotease activity.
A structure–activity study of 2-acylguanidine-5-phenylthio-
phenes toward the agonism of BoNT/A catalytic activity has
unveiled a series of small molecules capable of “superactivat-
ing” LC/A with unparalleled potencies.[155] Recognizing the
functional similarities between the LC/A inhibitor l-arginine
hydroxamic acid and 2-acylthiophene (Zn2+-binding moiety)
and acylguanidine (Arg mimic), the initial intent was to
develop potent LC/A inhibitors. However, the opposite
phenomonen was observed. The two notable compounds 45
and 46 (Scheme 12) displayed astounding activation, with up
to a 14-fold enhancement in the rate of SNAP25 cleavage
(46).[155] Initially, protease activation by such compounds was
anticipated to be due to their detergent-like properties since
there are cases in the literature where such phenomenaScheme 11. Chemical structure of the limonoid toosendanin.
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occur.[156, 157] However, the activation profile at drug concen-
trations below the critical micelle concentration (CMC)
discount the possibility of a detergent-like mechanism for
the action, as activation by detergents on such proteases as
chymotrypsin occur solely at detergent concentrations above
the CMC.[156,157]

4.2. BoNT-Based peptides

An example where synthetic peptides based on BoNT
have been exploited is represented by the hexapeptide acetyl-
EEMQRR-NH2.

[158,159] This peptide has found use as an
antiwrinkle agent, similar to the natural BoNT/A-based
cosmetic botox. The peptide, referred to as argireline, was
shown to act in similar fashion to BoNT/A by preventing the
release of catecholamine in chromaffin cells in addition to
attenuating wrinkle depth in healthy human subjects. Argire-
line was found to be significantly less potent than BoNT/A,
however, it was much less toxic (> 2000 mgkg�1) than BoNT/
A (20 ng kg�1).[158]

5. Summary and Outlook

Much as Dr. Jekyll and his alter ego, Mr. Hyde, symboli-
cally represented the duality of human nature, BoNTs also
possess two seemingly disparate characteristics. The first is as
a widely utilized therapeutic and cosmetic agent with an
increasing number of applications, while the second is as a
destructive agent of biowarfare and bioterrorism. Ultimately,
both traits are a result of the ability of BoNTs to disrupt
neuromuscular function by inhibition of acetylcholine release
from the synaptic cleft, with advanced forms of intoxication
resulting in death through cardiac arrest or respiratory failure.

Recent events, including September 11, 2001, have
resulted in dramatically increased funding levels from gov-
ernmental agencies for research on bioterrorism, which has
led to a wealth of knowledge aimed at preventing the effects
of, among others, a BoNT-based bioattack. Advances in the
structure–function relationships of BoNTs as well as the
biochemical mechanism of action have led to more sophisti-
cated designs of vaccines and ushered in a new era in the
development of small-molecule BoNT inhibitors. While great
strides have been made in a variety of approaches, the
therapeutic utility of any reported agent is inadequate for a
number of reasons, including a limited window of efficacy,
poor cell permeability, and short serum half-life. Thus, the
recognized challenge for the future is the development of
antagonists of BoNT intoxication that optimize in vivo
efficacy by addressing many of these factors. To achieve

these goals, increased research efforts are needed towards the
validation of model systems (for example, cell-based sys-
tems[126] or bioassays) that accurately predict in vivo efficacy,
including those that faithfully recapitulate the intracellular
environment experienced by the LC/A metalloprotease after
translocation out of endosomes. Additionally, small molecules
that possess novel mechanisms of inhibition as an alternative
to LC competitive inhibitors are also of significant mecha-
nistic and clinical interest. As such, techniques such as
combinatorial chemistry and high-throughput screening may
enable unparalleled discoveries into the molecular mecha-
nism of BoNT intoxication, and provide powerful research
tools as well as lead molecules for the development of next-
generation botulism therapeutics.
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support (AI66507 and AI30050).
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