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Abstract. The neurotoxins produced by various species
of Clostridia are the causative agents of botulism and
tetanus. The ability of the toxins, specifically those of the
botulinum neurotoxin family, to disrupt neurotransmis-
sion has been exploited for use in several medical indi-
cations and now represents the therapeutic option of
choice in a number of cases. Clostridial neurotoxins have
been discovered to have a multi-domain structure that is
shared between the various proteins of the family, and it
has also been determined that each domain contributes a

specific role to the holotoxin. The extensive use of re-
combinant expression approaches, along with solution
of multiple crystallographic structures of individual do-
mains, has enabled researchers to explore structure-
function relationships of the toxin domains more closely.
These advances have facilitated a greater understanding
of the potential use of individual domains for a wide va-
riety of purposes, including the development of new
therapeutics.
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History of neurotoxins

From deadly food poison to a front-line medicine, the
discovery, understanding and utilisation of clostridial
neurotoxins is an intriguing story. Few cases of botu-
linum-derived food poisoning can be confirmed before
the late 18th century, although there is little doubt that
botulinum neurotoxins have been causing disease for
thousands of years. The first well-documented cases of
botulinum intoxication occurred in Wiirttemberg during
the Napoleonic wars between 1795 and 1813, where an
increase in the cases of fatal food poisoning was linked
to the consumption of blood sausages [1]. It was as a re-
sult of these ‘sausage poisoning’ outbreaks that Justinus
Kerner published the first case studies of botulinum poi-
soning and accurately described all the neurological

* Corresponding author.

symptoms of botulism. In the final chapter of his 1822
monograph, Kerner also hypothesised about the poten-
tial for the use of the botulinum neurotoxin as a thera-
peutic agent, used in minimal doses to reduce or block
the hyperactivity and hyperexcitability of the motor and
autonomic nervous system [2]. The cause of botulism re-
mained obscure for almost 70 years after the first de-
scription of the disease. It took until the last years of the
19th century to identify a toxin produced by an anaero-
bic bacterium (at that time known as Bacillus botulinus)
as the causative agent, and to determine that this toxin
could be neutralised by antibodies. Subsequent develop-
ments in understanding the associated microbiology de-
termined that, whereas tetanus toxin (TeNT) is produced
by a single clostridial species (Clostridium tetani), bo-
tulinum neurotoxin (BoNT) is produced by a range of
species, including Clostridium argentinese, Clostridium
butyricum and Clostridium baratti [3].
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Biomedical applications

The first documented use of BoNT for the treatment of
disease was in the 1970s, about 150 years after Kerner’s
initial observations about the potential use of BoNT as a
therapeutic. The initial development and assessment of
BoNT for therapeutic purposes evolved out of a collabo-
ration between Alan Scott and Edward Schantz. Alan
Scott, an ophthalmologist, used BoNT injected into the
extraocular muscle to block neurotransmission, thereby
reducing muscle hyperactivity as an alternative to surgery
for the treatment strabismus [4]. Edward Schantz, a bio-
chemist working initially at Fort Detrick, and later at Uni-
versity of Wisconsin, developed the expression and pu-
rification process that was able to supply Dr. Scott with
the purified toxin necessary for injection into patients [5].
From these initial findings a wide variety of treatments
have been pioneered for alleviation of neuromuscular
conditions resulting from involuntary muscle contrac-
tion, reviewed in [6—8].

It was during the treatment of one such debilitating neu-
romuscular condition, blepharospasm, that frown lines
were observed to disappear after the application of BoNT.
This observation sparked the explosion in usage of BONT
for cosmetic treatment, such that cosmetic use now
makes up the largest market of BoNT treatments [9]. In
yet another twist on the path from toxin to treatment, it
was the usage of BoNT for the cosmetic treatment of fa-
cial wrinkles, which coincidentally resulted in a decrease
in the frequency and intensity of headaches in migraine
sufferers, that has opened up another avenue of potential
exploitation for the toxin [10]. Though in its relative in-
fancy compared with other treatment types, research into
the efficacy of BoNT in reducing pain in a variety of dif-
ferent applications is now ongoing [11]. Along with the
application in pain alleviation, BoNTs have also been
found to act not only at the cholinergic neurones at the
neuromuscular junctions but also on acetylcholine-re-
leasing neurons in the autonomic nervous system,
thereby facilitating treatment of some hypersecretory dis-
eases and smooth muscle conditions [7, 8]. A summary of
the key indications for which regulatory approval has
been provided for the use of BoNT is provided in table 1,
but it should be stressed that the number of neuromuscu-
lar indications for which BoNT has a potential use is far
greater. It should also be noted that, possibly contrary to
an individual’s initial interpretation when considering
therapeutic use of nature’s most potent toxin, adverse
events with BoNT is very low [12].

Given the ever increasing number of licensed uses for the
BoNT, and also the increasing number of licensed botu-
linum toxin products on the market, it is clear that toxin-
based treatments are a valuable source of patient care and
will be successful for years to come. But will the story of
exploitation of the neurotoxins be limited by the proper-
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Table 1. Commercially available botulinum toxin products with ap-
proved indications.

Product Serotype  Approved' indications

BOTOX® BoNT/A strabismus, blepharospasm, cervical
dystonia, severe primary axillary hy-
perhidrosis

BOTOX® BoNT/A glabellar lines

Cosmetic

Dysport® BoNT/A  spasmodic torticollis, blepharospasm,
hemifacial spasm, focal spasticity in
paediatric cerebral palsy patients

Myobloc® BoNT/B cervical dystonia

"Products are approved for use in specific territories. This table does
not indicate that a specific product is approved for use worldwide.

ties of the holotoxin, or are there further opportunities
that currently lie unexplored? Within the remainder of
this review, a number of such opportunities will be de-
scribed that are likely to succeed because of the excellent
protein framework that nature has provided within the
toxins. To begin the process of understanding how do-
main fragments of clostridial neurotoxins (CNTs) can be
utilised in the design of new therapeutics, it is necessary
to introduce the basic CNT structure.

Clostridial neurotoxin structure

It is important to acknowledge that the structural organ-
isation of these potent toxins has been the result of mil-
lions of years of evolution, during which time the rela-
tionship between structure and function has been devel-
oped to the extent that the final product is considered to
be the most potent natural toxin known to man. As men-
tioned earlier, BoNTs are produced by a number of
species of Clostridia, and these BoNT products have
been classified into seven families based on their reac-
tivity to antisera. The seven serotypically different
BoNTs are labelled as BONT/A through to BoNT/G and,
along with TeNT, constitute the eight members of the
CNT group. Given their range of origins, it is not sur-
prising that CNTs exhibit a range of biological activities,
the details of which will be discussed later in this review.
Briefly at this point, CNTs block neurotransmission by
specific proteolysis of components of the vesicular fu-
sion machinery, with BoNT/A, BoNT/C and BoNT/E
having a different protein target from BoNT/B, BoNT/D,
BoNT/F and BoNT/G. Proteolysis can lead to inhibition
of neurotransmission for many days (in the case of
BoNT/E) to many months (in the case of BoNT/A), and
it is this extended duration of effect that has driven the
adoption of BoNTs as a treatment of choice for multiple
therapies.
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Figure 1. Tertiary structure of BONT/A and BoNT/B. BoNT/A (3bta) and BoNT/B (1EPW) tertiary structural information prepared using
Molscript [99]. The LC (red), Hy (green), Hey (light blue) and H. (dark blue) domains are highlighted of BoNT/A (4: left image) and

BoNT/B (B: right image).

Despite the range of targets and the range of biological ef-
fects, CNTs have many common structural elements.
CNTs are synthesised as single-chain polypeptides of
~150 kDa and are subsequently cleaved to form di-chain
molecules, in which the light (LC) and heavy chains (HC)
are linked by a single disulphide bond (see fig. 1). The
50-kDa LC acts as a zinc-dependent endopeptidase. The
heavy chain contains two functional domains, each of
~50 kDa. The N-terminal half (Hy) is the translocation
domain, known to form ion channels in lipid bilayers, and
the C-terminal half (H) is the ganglioside binding do-
main, which has a key role in binding to the target cell
membrane and subsequent internalisation of the toxin
molecules into cholinergic neurons. The H. binding do-
main consists of two subdomains, Hcy and Hc, the latter
domain containing key residues responsible for the bind-
ing activity of the neurotoxins [13]. Though dissected in
terms of multi-domain organisation, CNTs are represen-
tative of the classical A-B type toxin structure, in which
the holotoxin is the result of an association of two indi-
vidual protein domains, each of which in itself is not toxic
The three functional CNT domains are structurally dis-
tinct and arranged in a linear fashion, such that there is no
contact between the LC and H. domains. This is an im-
portant point from the protein engineering aspect, since it
facilitates manipulation of the domains at the extremities
(i. e. the LC or the H) with a predicted minimal negative
effect on the remaining Hy partner. Overall, BoNTs and
TeNT share ~35% sequence identity [14]. The BoNT cat-
alytic LC domains share up to 36% sequence identity
[14], and the LC domains of BoNT/B and TeNT have over
50% identity [15]. As often the case with a protein fam-
ily, the primary sequence similarity is nominal when
compared with the similarity in tertiary structure. Figure
1 illustrates this by side-by-side comparison of the ter-
tiary structures of BONT/A and BoNT/B. The gross struc-
tural features of the two neurotoxins are clearly very sim-
ilar; only isolated significant differences are observed

such as the orientation of the Hy region that encircles the
LC and the H. domain [16].

Before publication of the BONT/A structure [17], struc-
tural analysis of the neurotoxins had been achieved by a
variety of biochemical and genetic analysis approaches
and much of the domain organisation had been predicted
and discussed [18, 19], such that the functional roles of
LC, Hy and H. were essentially understood. Once the
crystal structure had been identified, the domain organi-
sation of the neurotoxin could be visualised, and the po-
tential for rational utilisation of individual domains was
clear. In the following seven years since the report of the
BoNT/A structure, only the equivalent holotoxin struc-
ture of BoNT/B has been solved, though the majority of
the activity in the structural biology field has been to ex-
amine the structures of the various domains in isolation
(table 2).

Analysis of the various structural information has, among
other aspects, facilitated analysis of structural interac-
tions with the soluble NSF accessory protein receptor
(SNARE) substrate [20], and proposed that the role of
the active site zinc is predominantly catalytic rather than

Table 2. Selected tertiary structure information.

Toxin Domain PDB code Recom- Reference
binant
BoNT/A whole toxin 3BTA no [17]
BoNT/B whole toxin 1EPW no [16]
BoNT/A LC 1XTG yes [20]
BoNT/A LC 1ETH yes [91]
BoNT/B LC 1F82 yes [92]
BoNT/B Hc 1Z0H yes [93]
BoNT/E LC 1T3A yes [94]
BoNT/F LC 2A8A yes [95]
BoNT/G LC 1ZB9 yes [49]
TeNT LC 1YVG yes [96]
TeNT HC 1AF9 yes [97]
TeNT Hc 1DOH yes [98]
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structural [21]. The overall LC structures are very similar
between the different serotypes, probably reflecting their
common function: each must bind and hydrolyse a spe-
cific protein target. Structural information has suggested
conformational variability in a number of surface loops
that are proposed to play a role in substrate binding. In ad-
dition to tertiary sequence information, investigation of
the LCs at the amino acid level has led to a suggestion of
plasma membrane localisation and trafficking sequences
being present at the N- and C-terminus of the protein, re-
spectively [22].

Opportunities that emerge from
the domain structure

Whilst detailed understanding of the mechanism of ac-
tion of the neurotoxin has emerged from the advances
made in understanding the structural relationships, an ex-
citing consequence of this enhanced knowledge is the re-
alisation that the domains may have sufficient indepen-
dent functionality to be exploited individually. In essence,
the three major activities of the neurotoxins, cell binding
and internalisation, protein translocation and enzymatic
modification of an intracellular substrate, are all provided
by independent protein domains; the H¢, Hy and LC, re-
spectively. The biological activities of these individual
domains, and the theoretical opportunities for exploita-
tion, will now be discussed in greater detail.

The LC domain as a warhead

CNT light chains are globular 50-kDa proteases with a
mixture of both a-helix and -strand secondary structure.
The active sites tend to be buried deep in the protein ac-
cessible by a channel, and full LC activity is only
achieved following reduction of the single disulphide
bond that covalently attaches the LC to the Hy domain. In
addition, LCs are one of the most specific classes of pro-
teases so far discovered. Though all the LCs share the
HExxH active site motif that is characteristic of zinc pro-
teases such as thermolysin, the LCs have evolved to only
cleave specific proteins of the SNARE complex. The
level of specificity of the proteolysis is even more re-
markable in that each CNT, with the exception of BoNT/
C,, cleaves just one of the SNARE proteins at a single
peptide bond, and that the precise site of cleavage is spe-
cific to the particular neurotoxin. BoNT/C, is unique
amongst the CNTs in cleaving a single peptide bond in
each of two substrate proteins. By selective proteolytic
cleavage of one of the three SNARE proteins (syntaxin,
SNAP-25 or synaptobrevin) that form this complex in
neuronal cells, CNTs prevent formation of a functional
SNARE complex and so prevent neurosecretion [19].
Given that the SNARE complex represents a universal
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mechanism for vesicle fusion and secretion in eukaryotic
cells [23], the endopeptidase activity of CNTs is poten-
tially capable of SNARE protein cleavage and inhibition
of vesicle fusion and secretion in a wide range of cell
types, not just neuronal cells. Since the neuronal selectiv-
ity of clostridial endopeptidase results from specificity of
the binding domain of the neurotoxin, the potential appli-
cations of the endopeptidase activity are not limited to
neuronal cells if a suitable delivery method is established.
Recently reviewed by Breidenbach and Brunger [24], the
interaction between the LC and its substrate has become
the subject of intense scrutiny. The crystal structures of
several LCs have been determined, both in the presence
and absence of substrate. At time of manuscript prepara-
tion, structural information for the isolated LC domains
of serotypes A, B, E, F and G was available (table 2). Not
intended to be an exhaustive list of the crystal structures
that have been deposited, rather table 2 illustrates the
progress that has been made in recent years to isolate
structural information for the CNT domains. The advent
of LC structural information in the presence of substrate
has been instrumental in providing practical evidence for
the presence of an array of substrate-binding sites remote
from the active site (so-called exosites). In fact, rather
than specific active site architecture, it is this multi-site
binding approach that accounts for the selectivity of the
CNTs, and the reason why enzymes with highly homolo-
gous active site regions, for example thermolysin, do not
exhibit the ability to cleave SNARE proteins with any de-
gree of specificity. The combination of a specific prote-
olytic activity and a substrate that has a key role in secre-
tion and membrane protein insertion leads the LC to be
considered as a valuable resource for utilisation in the de-
velopment of novel agents to modulate a variety of con-
ditions.

The Hy domain as a translocator

The N-terminal domain of the heavy chain is a fascinat-
ing polypeptide. A cylindrical shaped domain dominated
by a pair of long a-helices, the Hy is structurally distinct
from other pore-forming toxins. Designed to facilitate de-
livery of the LC from the endocytosed vesicle into the cy-
tosol in order that the LC can access the SNARE sub-
strate, the Hy domain is required to perform a complex
task. Recent evidence from pH-induced conformational
change studies would indicate that the toxin family has
maintained key Hy residues to ensure that the conforma-
tional transition occurs within a narrow pH range [25]. It
is fair to say that the translocation step is the least under-
stood of the three key neurotoxin functionalities of bind-
ing, translocation and substrate cleavage. Even so, data
have emerged that do help understand the potential, and
the limitations, of the Hy domain as a translocator. The
Hy domain is undoubtedly effective at transportation of
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the LC, and may well play a chaperone-like role in this
process. Evidence from recent BoONT/D work suggests
that the Hy domain may also be able to translocate a lim-
ited population of non-clostridial proteins across the en-
dosomal membrane. What is not clear at present is how
widely applicable the Hy translocation function is, since
structural restraints of the cargo protein are likely a sig-
nificant limiting factor [26]. In addition to the paired o-
helices, the Hy domain also consists of an unstructured
polypeptide that wraps around the LC to partially shield
the active site channel. This polypeptide, termed the belt,
is an integral part of the Hy domain and raises engineer-
ing issues similar to the LC when one considers opportu-
nities for utilisation of the individual domains for the cre-
ation of novel entities. Of major interest, however, is the
observation that the Hy domain can function in the ab-
sence of the H. domain, most significantly in the utilisa-
tion of the LHy fragment (the heterodimer that results
from association of the LC and the Hy) [27].

The H. binding domain

In contrast to the Hy domain, for which little is known,
much has been discovered about the structure-function
relationships within the C-terminal heavy chain domain.
Appearing as two distinct sub-domains of roughly equal
size, the H. domain consists predominantly of f-strands
with a prominent a-helix to join the sub-domains to-
gether. Using a combination of site-specific mutagenesis
and structural analysis, the sites for cell binding are now
known to be located in the C-terminal sub-domain (H).
The role of the N-terminal domain, H¢y, remains un-
known. As the H. domain has been demonstrated to bind
to target cells in isolation from the Hy domain [28], H
has obvious applicability as a partner for targeting mate-
rials to the neuromuscular junction for the treatment of
certain neurological diseases. Such materials could be of
therapeutic or basic scientific value. In addition, as the
precise nature of the binding domain-cell receptor inter-
actions becomes understood in more detail, there is an en-
gineering opportunity for manipulation of the H that
could provide new selectivities of target.

Isolation of clostridial neurotoxin domains
and fragments

Simultaneous with the emerging structural understanding
have been advancements in isolation techniques that have
supplied individual domains or neurotoxin fragments for
analysis. It is understandable that for the development of
therapeutics other than using BoNT holotoxin, the com-
ponent parts of the toxin need to be purified. However,
production of the active holotoxin is problematic due to
the working practises required to handle a material with
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such intrinsic toxicity, and this naturally limits the num-
ber of organisations that can work with this protein. Pro-
duction of the component parts, LC, Hy and H, can be
achieved by limited proteolysis of the holotoxin and sub-
sequent purification of the desired domains. However,
this approach requires significant quantities of holotoxin
as raw material and is complicated by the inevitable diffi-
culty in removing all remaining holotoxin from the final
product. By way of example, the LHy of BONT/A was pu-
rified from the full-length BoNT [29] using classical
techniques and was of suitable purity to explore the func-
tionality of the Hy domain. However, to enable utilisation
of this fragment for assessment of cell entry properties
using sensitive in vitro cell culture assays, it was neces-
sary to employ immunoaffinity techniques to eliminate
the residual BoNT [30]. Though ultimately successful,
such techniques are time consuming, costly and utilise
significant amounts of holotoxin to achieve the final
product. Due the problems of native BoNT fragment pu-
rification and the limitations of gene manipulation within
Clostridia, any development of therapeutics based on
BoNT fragments will almost certainly require recombi-
nant production of the individual domains or fragments
of the holotoxin in heterologous hosts.

Advancements in understanding the toxin structure have
been valuable to assist in the design process for recombi-
nant expression fragments, and as a result, over the last 5
or so years, there has been a wide range of recombinant
clostridial fragments expressed and purified. These have
typically been isolated for use as tools for deciphering the
mechanisms of membrane exocytosis and prevention of
cellular release or to investigate the structure and function
of the neurotoxins as a means to further understand their
therapeutic potential. There is also a significant body of
work on the production of recombinant fragments, par-
ticularly of the binding domain, to produce non-toxic
fragments for use in the development of new vaccines to
protect against the effects of neurotoxin exposure.

Expression of clostridial genes in heterologous hosts:
impact of codon usage

The first important lesson to be learnt for the work on the
recombinant expression of clostridial fragments in simple
bacterial hosts such as Escherichia coli is that expression
can often be restricted by differences in codon usage be-
tween the species. Clostridial DNA tends to be rich in A+T
nucleotides, whereas a typical E. coli expression host ex-
hibits a slight G+C bias. Therefore, one of the issues high-
lighted by the desire to express recombinant clostridial
fragments is the source of the DNA: should the DNA be
polymerase chain reaction (PCR) amplified from a
clostridial source or synthesised with a host-specific
codon bias? Or are there expression host modifications
that can be performed to enhance expression from DNA
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with an alternative codon bias? All approaches have been
taken. By using host stains which have been supplemented
with transfer RNAs (tRNAs) for ATA, AGA and CTA
codons that are frequently utilised in clostridial genes but
are rarely used in E. coli, BONT and BoNT fragment ex-
pression levels have been increased. However, because
other genes with similar rare codon usage have shown lit-
tle improved expression with tRNA supplementation, it
may not be just the use of rare codons that impact on the
translation efficiency but also their location within the
gene [31, 32]. Synthetic genes with a codon distribution
optimised for E. coli can also improve expression levels
when compared with the native gene, but this does not
lead to enhanced expression in all cases [personal obser-
vations]. These conflicting data would suggest that the
codon usage problems can be very domain and serotype
specific [31] and could possibly be influenced by other
factors such as expression conditions and the nature of the
protein being expressed. The current understanding of
gene design for optimal protein production is still quite
limited, and as such it is difficult to draw conclusions
about the requirements for functional protein production.
However, it is clearly an important factor in the expression
of individual domains and potential new therapeutics.

Recombinant expression of fragments containing

the protease function

The largest body of work on the expression and purifica-
tion of recombinant fragments containing the enzyme ac-
tivity has been carried out on the A serotype, and a wide
range of LC/A fragments have been purified from the sol-
uble fraction and using refolding techniques [33—43].
From these various reports, it is apparent that the result-
ing LC/A proteins differ considerably in stability and re-
tained protease activity. These variations can be ex-
plained to some degree by the differences in LC length
and gene codon bias, but even with comparable genes the
result can vary from laboratory to laboratory. This sug-
gests that the folding of the LC is sensitive to slight vari-
ations. Recent reports implicate the C-terminus of the LC
as contributing to solubility and stability issues [35]. Sol-
uble expression of LC/B [44], LC/C [33, 45, 46], LC/E
[33, 45, 47, 48] and LC/G [49] have also been reported.
In the case of LC/E, low temperature was necessary for
soluble expression, and a variety of protease inhibitors,
low levels of detergents and also iodoacetamide were
needed in the process [47, 48]. The composition of the ly-
sis buffer seems to be an important variable which af-
fected both the yield and functionality of the final pro-
tein. It should also be noted that the LC/A has been ex-
pressed in a transient transfected cell line to study insulin
release [50] and to demonstrate a method for the produc-
tion of a stably transfected cell line for extended studies
on synaptosome-related exocytosis [51].
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The only report of recombinant expression of the Hy re-
gion of any serotype was achieved with Hy/A [52] and
used a refolding approach to isolate the protein. This sin-
gle case of poor recombinant Hy solubility and the many
reports of sub-optimal LC solubility would suggest that
these domains as individual components are lacking im-
portant interactions/associations required to produce sta-
ble proteins. Perhaps this is not unexpected when one
considers that, in addition to the LC:Hy interface, the
contacts made within the 50+ amino acids of the Hy, ‘belt’
region would not occur when the domains were expressed
individually. However, once the Hy, is fused to its LC part-
ner (the ‘LH,’ fragment), soluble expression and purifi-
cation become possible and the stability seem to be
greatly improved. Purification of recombinant LHy frag-
ments of A, B and C serotypes have been reported [30, 41,
53]. Though advantageous in terms of stability of the pro-
tein, expression of the LC + Hy heterodimer is necessar-
ily achieved as a single polypeptide expression product
that requires subsequent treatment with protease to facil-
itate release and ‘activation’ of the LC. This was initially
achieved using the method for purification of the LH/A
from the native BoNT/A [29, 30] in which the recombi-
nant LH,/A was activated by digestion with trypsin [30,
41]. This method was improved by engineering a protease
cleavage site between the LC and Hy domains allowing
specific activation without the protein losses seen with
tryptic digestion and improved activity compared with
the trypsin-treated samples [53]. Incorporation of a spe-
cific cleavage site into the LC-Hy junction has also been
used during the preparation of LH,/B, which is of partic-
ular significance because trypsin treatment for the pro-
duction of the LHy, from native BoNT/B or for the activa-
tion of a recombinant LH,/B did not result in a stable
fragment. A specific proteolytic activatable LH,/C [53]
has also been expressed in a soluble form. Interestingly,
the sequence within the native activation region between
the LC and Hy domains of the C serotype contains the
recognition site for cleavage by Factor Xa protease, which
was efficient for activation. Thus, no activation region en-
gineering was required for specifically activating the
LH,/C.

Recombinant expression of fragments containing

the binding function

Much of the recombinant expression effort expended in
pursuit of the H. and heavy chain fragments has been di-
rected at preparation of material that is suitable for use in
a vaccine. Bacterial expression of the H-/A domain has
typically been problematic, with mostly insoluble protein
and low expression levels [31, 54, 55]. However, because
of the promising immunogenicity of the H. domain, re-
combinant expression was transferred into Pichia pas-
toris, a yeast system which showed significant improve-
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ments in solubility and expression levels [56] and has
been produced at pilot scale [57, 58]. The H carboxyl
terminal region of A and B has also been purified [28],
but little data on the stability and yields were reported.
Expression of the H. domain has also been achieved for
serotypes B, C, D, E and F. Similar solubility and expres-
sion issues as seen with the A serotype were seen with the
B, leading to a transfer of the H./B into P pastoris also
[56, 59]. H./C and /D have been purified from the insol-
uble fraction with low yields [60] and less than satisfac-
tory recovery of binding activity, suggestive of incorrect
refolding [61], whereas soluble H. domain can be pro-
duced by low-temperature expression [31]. Recent re-
ports of the scale-up of the H./E expression and purifica-
tion process have confirmed the successes of using P
pastoris as the expression host [62]. The H/F has been
expressed in both bacterial [63] and yeast [64, 65] hosts,
which provides an interesting comparison between the
two systems for the expression of the H. domain. The E.
coli expressed H.. was insoluble with a GST tag but solu-
ble with an MBP tag, although the H. was highly unsta-
ble and the yields were low [63]. The same synthetic gene
was used for yeast expression but failed before it was re-
engineered for expression in P pastoris. H./F purified
from both the soluble and insoluble fractions resulted in a
functional antigen [64] and has also been produced at pi-
lot scale [65].

Expression of the complete heavy chain has been
achieved for HC/B [66]. Little soluble expression was
achieved, though the heavy chain purified by refolding
showed receptor binding equal to that of the BoNT con-
trol. HC/C and /D have been expressed in the soluble
fraction and have been partially purified from bacterial
cultures [61].

Development of CNT domain conjugates

The enzymatic activity of the LC domain has exciting po-
tential for use in SNARE protein modification, which in
turn leads to modulation of cellular events that depend on
vesicle-plasma membrane fusion. However, unless the
LC can be introduced by an artificial delivery mechanism
directly into the cytosol, there is no structural information
inherent to the LC to effect translocation across an inter-
nal membrane. To combine the SNARE modification
function and the membrane translocation function, it is
necessary to use both the LC and Hy domains which,
though retaining 65% of the amino acid content of the
parent neurotoxin, is effectively non-toxic because it
lacks the necessary H. domain with which to bind to ac-
ceptors on the neuronal surface. First identified following
proteolytic breakdown of TeNT [67], the LHy het-
erodimer consists of the LC and the Hy domain function-
alities coupled together by a single disulphide bond. Pos-
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sessing both the exquisite proteolytic activity of the LC,
and the inherent cell membrane transporting function of
the Hy, the LHy has much potential for the design of new
therapeutic molecules.

To provide LHy with a cell-binding activity, a variety of
cell-binding ligands have been chemically coupled using
hetero-bifunctional coupling agents such as SPDP.
Though coupling of one protein to another for the design
of novel therapeutics has been commonplace in the anti-
cancer field [68], one of the initial demonstrations that
this was achievable with fragments of botulinum neuro-
toxin was achieved in 1984. In this study, the LHy of
TeNT was coupled to either ricin toxin B-chain or wheat
germ agglutinin [69]. Subsequently, the majority of this
chemical coupling work has been achieved with the LH,/
A. By coupling alternative protein domains to the LH/A
fragment, the LH,/A endopeptidase has been retargeted
into a range of neuronal and neural-crest derived cells,
where it inhibited secretion via cleavage of its substrate
SNARE protein, SNAP-25 [27, 70]. These in vitro data
support the concept of retargeting LHy to a cell of inter-
est and achieving inhibition of stimulated secretion.
These data also supported the hypothesis that the func-
tional activity within the domain structures of the LC and
the Hy, would be effective when delivered to a cellular en-
vironment outside of the motorneuron. Though it was an-
ticipated that the LC activity would be retained in a vari-
ety of cellular models (since, ultimately the LC is
‘merely’ a metalloprotease that happens to be derived
from C. botulinum), the activity of the Hy was less pre-
dictable, in particular its ability to effectively translocate
the LC in an intracellular membrane environment that
was not derived from the motorneuron.

Demonstration of retargeted LH,/A efficacy in a range of
cells motivated the search for in vivo proof-of-principle in
a condition that would benefit from inhibition of secre-
tion by a clostridial endopeptidase, particularly chronic
conditions that would be most suited to treatment with an
agent that had an extended duration of action. The initial
condition that met these criteria was chronic pain, with
the primary nociceptive afferent as the cellular target for
development of a retargeted protein. Galactose-contain-
ing carbohydrates are selectively present on nociceptive
afferents in the central and peripheral nervous system rel-
ative to other neurons, and lectins from Erythrina species
have been identified to bind such galactose-containing
carbohydrates [71, 72]. Therefore, a chemical conjugate
of Erythrina cristagalli lectin (ECL) and LH/A, ECL-
LH\/A, was created using chemical conjugation ap-
proaches. This conjugate was demonstrated to inhibit the
release of both substance P and glutamate from embry-
onic dorsal root ganglion (DRG) neurons in culture, but
it was relatively ineffective at inhibiting release from a
control cell population of in vitro cultured embryonic
spinal cord neurons [73]. Coupled with the observation
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that the inhibition of substance P release from DRG neu-
rons was maintained for at least 25 days, the ECL-LH/A
conjugate provided in vitro proof-of-principle for the re-
targeting concept in an in vitro model that is relevant to
pain. The properties of this conjugate were subsequently
tested in an electrophysiology model [73] and in vivo
analgesia models [74] with the result that clinically rele-
vant analgesia was observed over extended periods. Thus,
in vivo proof-of-principle was achieved with the ECL-
LH,/A conjugate, and the generalised concept of target-
ing LHy-endopeptidase to selected cells to inhibit exocy-
tosis was proven.

Though highly successful in establishing the potential for
retargeting the functional domains of the LC and Hy, this
work highlighted some of the drawbacks to the approach
when considering development of materials into a phar-
maceutical product. First, there is the source of the en-
dopeptidase and cell binding domains. Both of these ma-
terials were initially sourced from native material, which
can be inconvenient in terms of availability (in the case of
BoNT) or cost, but processes were subsequently devel-
oped to obtain each component from a recombinant
source [30, 75]. Second, there is the chemical coupling
process, which leads to an inevitable inherent hetero-
geneity of the species that are produced. The activity of
the heterogenous product is likely to represent an under-
estimate of the true activity achievable with a homoge-
neous material, and additionally is challenging to
progress through validation. In some cases it has been
possible to establish protein purification techniques that
can preferentially isolate mono-derivatised components
which can then be used in the conjugation [76]. However,
fully recombinant expression approaches are the pre-
ferred route for development of a therapeutic protein. The
requirement is, therefore, to develop a fully recombinant
chimera protein incorporating the translocation and en-
dopeptidase domains of a CNT and a targeting ligand.
Again, comparisons can be drawn with the immunotoxins
field, where techniques have been developed for the ex-
pression, refolding and purification of a variety of anti-
cancer hybrid agents based on the catalytic domain of
Pseudomonas exotoxin or diphtheria toxin [77]. Given
the size and complexity of an LHy-ligand hybrid fusion
protein, this is a challenging task, but has recently been
achieved by the creation of a fully recombinant fusion of
the LHy fragment of BONT/C, and epidermal growth fac-
tor (EGF) [78]. To create the hybrid fusion protein, a gene
encoding EGF was inserted to the C-terminus of the Hy
domain in the location usually occupied by the H..
Clearly, EGF (~6 kDa) and the H.. domain (~50 kDa) are
very different in terms of mass and structure, but the EGF
was sufficiently tolerated by the LH,/C structure to en-
sure soluble protein could be isolated from E. coli. One
important observation from the creation of a successful
fusion protein is the confirmation that the Hy domain
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structure is not limited to interactions with the H. and
will fold satisfactorily in the fusion protein context.
There have been a number of other BoNT hybrid mole-
cules developed as research tools for neuronal cell target-
ing and as delivery molecules for potential therapeutic
moieties. In one study the C-terminal fragments of the
BoNT A and B serotypes were engineered for either
chemical or biotin conjugation with molecules for neu-
ronal targeting and expressed in E. coli. Unfortunately, in
contrast to the soluble hybrid fusions created with the LHy
fragment, problems were encountered with the refolding
of the BoNT fragments [79]. Another study demonstrated
that a full-length BoNT/D enabled cytosolic delivery of a
limited set of cargo proteins into neurons [26]. Of partic-
ular interest was the delivery of a functional LC/A which
could provide an alternative method for the delivery of the
long-acting A and B serotypes but without the highly im-
munogenic portion bypassing the immuno response which
some patients develop [26]. The H. domain has also been
demonstrated to transcytose across human epithelial cells
[80], thereby opening up the possibility of delivery of
cargo proteins across epithelial cells.

Opportunities for therapeutics development
based on fragments

There are multiple opportunities for the development of
therapeutics based on clostridial neurotoxin fragments
which, broadly speaking, fall into one of four main cate-
gories (fig. 2). First, there is the ability to use the frag-
ments as vaccine components. Second, there is the modi-
fication of intracellular processes by delivery of materi-
als into the cell using the neurotoxin (or binding domain
fragment) as a transporter. The possibilities for cellular
modification are many, with the main limitation being the
focussed target cell population of the binding domain.
Third, there is the opportunity to manipulate how the cell
interacts with the extracellular environment by preven-
tion of membrane channel/receptor/transporter insertion
using a specifically targeted LC. Finally, there is the op-
portunity to use the retargeted LC domain as a method of
inhibition of secretion for extended periods from a spe-
cific cell population.

Considering the opportunities surrounding development
of clostridial fragment vaccine components, the possibil-
ities for utilisation of the toxin subunits has been dis-
cussed [81-83]. Most extensively based on expression of
Hc binding domains, a number of vaccine candidates
have been developed with a view to replacement of the
current pentavalent vaccine that protects against types A—
E. Recently, it has also been proposed that the LHy, frag-
ment is worthy of exploration as a complementary strat-
egy to the H¢. program, and early data have supported the
potential efficacy of this approach [30, 41].
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Figure 2. Opportunities for exploitation of clostridial neurotoxin
domains. The LC (red), Hy (green), Hcy (light blue) and H (dark
blue) domains of clostridial neurotoxins are illustrated.

Considering the second opportunity category, a range of
therapeutics can be envisaged that are focussed on deliv-
ery of materials to the motorneuron. The self-contained
organisation of the heavy chain, and the opportunity for
site-specific coupling of materials through the single free
cysteine, are attractive attributes when considering the
development of delivery vehicles for therapeutics materi-
als. However, the reconstitution approaches that are nec-
essary to couple reduced heavy chain and other materials
are traditionally of low efficiency. The experience gained
with recombinant domain expression has facilitated the
creation of binding domain hybrids, for example in the
creation of a tetanus toxin H hybrid with the free-radical
detoxifying enzyme superoxide dismutase (SOD) [84].
Though of undoubted potential utility in the delivery of
therapeutic materials to damaged/diseased motorneu-
rons, it is not a given that all materials can be transported
into the correct intracellular compartment for warhead
function. For example, the delivery of human survival
motor neuron (SMN) protein into motor neurons by an
engineered delivery vehicle consisting of the binding do-
main of tetanus toxin and the catalytic and translocation
domains of diphtheria toxin was ineffective [85]. In addi-
tion to delivery of therapeutic entities, the binding do-
main may also have utility for delivery of botulinum toxin
antagonists. Using the simple but extremely valid logic
that botulinum toxin inhibitors, for example those that in-
terfere with the endopeptidase, need to be delivered into
the same cells that are intoxicated, successful delivery of
a small molecule carrier protein into the cytosol of a bot-
ulinum toxin-sensitive cell has been reported [86].

In terms of the third opportunity category, manipulation
of cellular function by modulation of membrane protein
insertion, it is well known that the endopeptidase activity
of the clostridial toxins can inhibit the presentation of
membrane proteins and that this can lead to modification
of cellular function. For example, stimulation of DRG
neuron cultures in vitro results in increased expression of
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the vanilloid receptor-1 (TRPV1) at the neuronal surface,
and this increase in TRPV1 expression is blocked by
BoNT/A [87]. Such a blockade might represent a mecha-
nism by which the toxin could reduce inflammatory pain,
particularly the development of hyperalgesia. In addition,
BoNT/B has been demonstrated to inhibit insulin-stimu-
lated glucose uptake into 3T3-L1 adipocytes by causing a
reduction in the presentation of the glucose transporter-
isotype 4 (GLUT4) transmembrane protein [88]. BoNTs
have also been shown to have an impact on channel func-
tion by affecting associations between SNARE proteins
and transmembrane channels. For example, BoNT/C, has
been reported to affect the regulation of, among others,
pre-synaptic calcium channels [89] and delayed rectifier
potassium channels [90]. Such observations pave the way
for assessment of therapeutic opportunities across a wide
range of diseases.

Already discussed in terms of a novel treatment for
chronic pain, the fourth opportunity for development of
therapeutics based on clostridial toxin endopeptidase
fragments has potential applicability to a wide range of
conditions that have a secretory component. /n vitro proof
of principle for inhibition of secretion following exposure
to a retargeted endopeptidase has been obtained in both
neuronal and non-neuronal cells, and also for a range of
vesicular contents. In the case of agents for the treatment
of chronic pain, the retargeting concept has also been
proved in vivo, thereby establishing that this approach has
real potential for the development of novel therapeutics.
In addition to chronic pain, a range of conditions can be
identified that would potentially benefit from modulation
of cellular secretion pathways. For example, chronic ob-
structive pulmonary disorder, diabetes, inflammatory and
immune disorders may all have a hypersecretory compo-
nent that could be decreased or eliminated by retargeted
LC action. Though secretory events contribute to a wide
range of conditions, it will be chronic conditions that will
initially be best suited to treatment with such agents,
since it will be advantageous to use the extended duration
of action of the endopeptidase action to modify cellular
events over extended periods of time.

Conclusions

Clostridial neurotoxins, specifically botulinum neurotox-
ins, are effective therapeutics for a range of conditions.
Though the advances made in understanding the struc-
ture-function relationships have had little impact on the
current use of BoNT as a medicine, the potential for ex-
ploitation of this information in the design of novel
clostridial-fragment based medicines is great. Under-
standing of the functionalities of the individual domains
may be used to develop medicines and research tools that
can affect a multitude of cellular functions. Supporting



Cell. Mol. Life Sci.

Vol. 63, 2006

this new level of understanding is the development of re-
combinant methods for the expression and purification of
active sub-domains, a process that will also facilitate do-
main modification through the application of protein en-
gineering techniques. This report has highlighted a num-
ber of the possibilities for utilisation of neurotoxin do-
mains; the development of more efficacious vaccines,
delivery of therapeutic agents to the motor neuron and
modulation of intracellular processes in specific cells.
The range of therapeutic indications for which the neuro-
toxin is considered to be suitable is already wide; the
range of situations for which hybrid, toxin domain-based
therapeutics will be suitable is vast.
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