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Preface

The extremely potent substance botulinum neurotoxin (BoNT) has attracted much
interest in diverse fields. Originally identified as a cause for the rare but deadly
disease botulism, military, and terrorist intended to misuse this sophisticated
molecule as biological weapon. This caused its classification as select agent cat-
egory A by the Centers for Disease Control and Prevention and the listing in the
Biological and Toxin Weapons Convention. Later, the civilian use of BoNT as
long acting peripheral muscle relaxant has turned this molecule into an indis-
pensable pharmaceutical worldwide with annual revenues >$1.5 billion. Also,
basic scientists value the botulinum neurotoxin as molecular tool for dissecting
mechanisms of exocytosis.

This book will cover the most recent molecular details of botulinum neurotoxin, its
mechanism of action as well as its detection and application. “Genetic Diversity Within
Clostridium botulinum Serotypes, botulinum Neurotoxin Gene Clusters and Toxin
Subtypes” explains the genetics of the diverse strains of Clostridium botulinum and some
other bacteria of the genus Clostridium as well as provides an overview of the diverse
BoNT family currently including 35 BoNT serotypes and subtypes and their neurotoxin-
associated non-toxic proteins (NAPs). “Assembly and Function of the Botulinum
Neurotoxin Progenitor Complex” sheds light on the structural assembly of BONT with its
NAPs yielding stable shield complexes which allow an oral intoxication by an intact
passage through the gastrointestinal tract and efficient resorption of BoNT in the gut.
“Uptake of Botulinum Neurotoxin in the Intestine” describes the currently discussed
three different routes for resorption of BoNT from the gut. Then the BoNT spreads via the
circulation within the body. “Double Receptor Anchorage of Botulinum Neurotoxins
Accounts for their Exquisite Neurospecificity” teaches that BoNT specifically bind to
cholinergic motor nerve terminals via a complex dual receptor interaction which is one of
the major determinant for their high potency. “The Elusive Compass of Clostridial
Neurotoxins: Deciding When and Where to Go?” illustrates their subsequent endocy-
totic uptake which decides about the site of action of BoNT and the closely related
tetanus neurotoxin. BoNT harness the synaptic vesicle recycling as a Trojan horse and
“Synchronized Chaperone Function of Botulinum Neurotoxin Domains Mediates Light
Chain Translocation into Neurons” exhibits the nanomodular machinery which allows
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the delivery of the proteolytically active domain (LC, light chain) into the neuronal
cytosol. In “Clostridial Neurotoxin Light Chains: Devices for SNARE Cleavage
Mediated Blockade of Neurotransmission”, the extraordinary cleavage specificity of the
LC for the members of the SNARE proteins is presented. “Synaptic Vesicle Proteins:
Targets and Routes for Botulinum Neurotoxins” deepens the knowledge about the
physiological role of the members of the SNARE proteins susceptible to BoNT
hydrolysis. The unusual long persistence of LC activity within the synapses and its
molecular basis are elucidated in “Persistence of Botulinum Neurotoxin Inactivation
of Nerve Function”. To counteract intoxications with BoNT, the major efforts of iden-
tifying LC inhibiting molecules is explicated in “Structure-Based Drug Discovery for
Botulinum Neurotoxins”. To allow timely and appropriate application of counter
measures the most recent advanced techniques for the highly sensitive detection of
BoNT are required. These are described in “Complexity of Botulinum Neurotoxins:
Challenges for Detection Technology”. Precise quantitation of potency of BoNT being
an active pharmaceutical ingredient using modern cell-based assays is illustrated in
“Progress in Cell Based Assays for Botulinum Neurotoxin Detection”. Exploiting the
great body of research data about BoNT to design second generation peripheral muscle
relaxants as well as novel targeted secretion inhibitors is highlighted in “Transforming
the Domain Structure of Botulinum Neurotoxins into Novel Therapeutics”. Finally,
“Botulinum Toxin: Application, Safety, and Limitations” deals with the application of
BoNT as medicine and describes its extraordinary pharmacological advantages with
respect to safety, treatment efficiency, and duration of action.

This book comprehensively covers all major molecular aspects of BoNT and its
civilian exploitation written by experts leading in their field. We think it is
appropriate for a widespread readership within the BoNT field as well as in related
areas of research and medicine. We would like to thank all chapter authors for
their high quality contributions and Mrs. Clauss at Springer for the smooth han-
dling of the manuscripts.

Hannover, August 2012 Andreas Rummel
Thomas Binz
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Genetic Diversity Within Clostridium
botulinum Serotypes, Botulinum
Neurotoxin Gene Clusters and Toxin
Subtypes

Karen K. Hill and Theresa J. Smith

Abstract Clostridium botulinum is a species of spore-forming anaerobic bacteria
defined by the expression of any one or two of seven serologically distinct botu-
linum neurotoxins (BoNTs) designated BoNT/A-G. This Gram-positive bacterium
was first identified in 1897 and since then the paralyzing and lethal effects of its
toxin have resulted in the recognition of different forms of the intoxication known
as food-borne, infant, or wound botulism. Early microbiological and biochemical
characterization of C. botulinum isolates revealed that the bacteria within the
species had different characteristics and expressed different toxin types. To orga-
nize the variable bacterial traits within the species, Group I-IV designations were
created. Interestingly, it was observed that isolates within different Groups could
express the same toxin type and conversely a single Group could express different
toxin types. This discordant phylogeny between the toxin and the host bacteria
indicated that horizontal gene transfer of the toxin was responsible for the varia-
tion observed within the species. The recent availability of multiple C. botulinum
genomic sequences has offered the ability to bioinformatically analyze the loca-
tions of the bont genes, the composition of their toxin gene clusters, and the genes
flanking these regions to understand their variation. Comparison of the genomic
sequences representing multiple serotypes indicates that the bont genes are not in
random locations. Instead the analyses revealed specific regions where the toxin
genes occur within the genomes representing serotype A, B, C, E, and F C.
botulinum strains and C. butyricum type E strains. The genomic analyses have
provided evidence of horizontal gene transfer, site-specific insertion, and
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recombination events. These events have contributed to the variation observed
among the neurotoxins, the toxin gene clusters and the bacteria that contain them,
and has supported the historical microbiological, and biochemical characterization
of the Group classification within the species.

Keywords Subtype - OrfX toxin gene cluster - Ha toxin gene cluster - Horizontal
gene transfer - Phylogentic tree - Clostridium botulinum genome

Abbreviations

BoNT Botulinum neurotoxin

HA Hemagglutinin

NTNHA Nontoxic nonhemagglutinin
orf Open reading frame

bp Base pair

kb Kilobase

Mb Megabase

IS elements Insertion sequence elements
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1 Introduction

Modern Clostridium botulinum research began with the discovery of a toxin
producing anaerobic spore-forming rod-shaped bacteria in 1897 by van Ermengem
(1897). He named the bacteria Bacillus botulinus, due to frequent past cases of
botulism associated with sausages, but his isolations of the organism were from
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B A C D F G
1897 1904 1924/26 1929 1936/38 1958 1970
salted bean salad  fly larvae cattle sprats duck paste soil
ham cattle salmon
Belgium  Germany US, Australia S. Africa us Denmark Argentina
Af Bf Ab  C.bar.F (B)
1970 1980 1983 1985 1986 1994

Fig. 1 Botulinum neurotoxin discovery time-line. The seven toxin serotypes were discovered
over the course of 73 years, followed by the identification of bivalent strains, BONT/F-producing
C. baratii strains, BoNT/E-producing C. butyricum strains and the silent unexpressed bont/(B)
gene. Note the time-line is not to scale

salted ham. As the time-line in Fig. 1 illustrates, six other botulinum neurotoxin
(BoNT) serotypes were discovered in the next 73 years (Burke 1919; Leuchs 1910;
Bengtson 1922; Seddon 1922; Meyer and Gunnison 1929; Hazen 1937; Moller and
Scheibel 1960; Gimenez and Ciccarelli 1970a) followed by the discovery of
bivalent (dual toxin-producing) strains (Gimenez and Ciccarelli 1970b), then
BoNT/F-producing C. baratii, and BoNT/E-producing C. butyricum strains (Hall
et al. 1985; Aureli et al. 1986). Lastly, the presence of silent unexpressed bont/(B)
genes within two non-toxic C. subterminale strains was identified by PCR
experiments in 1994 (Franciosa et al. 1994).

The identification of each new toxin type was defined by the inability of the
toxin to be neutralized (or precipitated) with polyclonal antisera purified from
animals immunized with culture supernatants of strains representing the other
toxin types (Burke 1919; Leuchs 1910). With new toxin types being identified,
efforts also focused on the biochemical and physical characteristics of the host
bacteria, which were characterized using a series of microbiological and bio-
chemical tests. A strain was then designated with the alphabetical toxin type(s) and
the host bacterium was described as belonging to Group I-IV. Two additional
Groups were identified—Group V which includes the BoNT/F-producing C. ba-
ratii strains and Group VI which represents the BoNT/E-producing C. butyricum
strains. The attributes for each Group have been described in detail in several
excellent references (Peck et al. 2011; Hatheway 1988; Smith and Sugiyama 1988;
Popoff 1995). This approach provided characterization of both the bacteria and the
toxin, with a systematic nomenclature to describe an isolate. For example, “Group
II nonproteolytic BoNT/B-producing isolate”, was terminology understood within
the botulinum research community.

As molecular techniques such as DNA sequencing were developed, the bont
gene sequences for each of the different toxin types were elucidated. Sequencing
of the 716S rRNA gene in isolates within each of the Groups was performed to
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Fig. 2 A dendrogram generated from /6S rRNA sequences representing different clostridial
species illustrating the location of strains within the Group -1V C. botulinum, Group V C. baratii
type F, and Group VI C. butyricum type E strains. The distances between Groups illustrate the

genetic diversity within the species (Hill et al. 2007)
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Table 1 A list of BoNT-producing C. botulinum and BoNT/E-producing C. butyricum strain

sequences and their GenBank accession numbers

Species Group Subtype Strain Sequence  Size (kb) Accession
C. botulinum 1 Al ATCC 3502 chr® 3,887 AM412317
I plasmid 16 AM412317
C. botulinum 1 Al ATCC 19397  chr® 3,863 CP000726
C. botulinum 1 Al Hall chr? 3,761 CP000727
C. botulinum 1 Al(B) NCTC 2916 chr® 4,031 ABDO02000001-49
C. botulinum 1 A2 Kyoto-F chr* 4,155 CP001581
C. botulinum 1 A3 Loch Maree chr 3,993 CP000962
I plasmid® 267 CP000963
C. botulinum 1 B5a4 strain 657 chr 3,978 CP001083
C. botulinum plasmid® 270 CP001081
C. botulinum 1 plasmid 10 CP001082
C. botulinum 1 A5 HO04402 065 chr* 3,920 FR773526
C. botulinum 1 Bl Okra chr 3,958 CP000939
I plasmid® 149 CP000940
C. botulinum 1 B5f2 — plasmid 4,200 ABDP01000001-70
C. botulinum 1 F1 Langeland chr® 3,995 CP000728
C. botulinum 1 plasmid 18 CP000729
C. botulinum 1 F1 F230613 chr* 3,993 CP002011
C. botulinum 1 plasmid 18 CP002012
C. botulinum 11 B4 Eklund 17B chr 3,800 CP001056
C. botulinum 11 plasmid® 48 CP001057
C. botulinum 11 El Beluga chr® 4,000 ACSC01000001-6
C. botulinum 11 E3 E43 chr® 3,660 CP001078
C. botulinum 111 C Stockholm chr 2,660 AESA00000000
phage® 55 AP008983
C. botulinum 111 C Eklund chr, phage® 2,961 ABDQO01000001-76
C. botulinum 111 CD 08-BKT015925 chr, phage® 2,773 CP002410
plasmid 203 CP002411
C. botulinum 111 CD 08-V891 chr 3,139 AESC00000000
C. botulinum 111 D 1873 chr, phage® 2,379 ACSJ01000001-19
plasmid 108 CP001659
plasmid 54 CP001660
C. butyricum VI E4 BL5262 chr® 4,758 ACOMO01000001-13
C. butyricum VI E4 BL5521 chr® 4,541 ABDT01000001-123

The Group designation, strain information and chromosome (chr), plasmid or phage sequence
related to the GenBank accession is provided
% bont gene cluster locations

delineate the relationships among the bacteria (Hutson et al. 1993a, b; Hill et al.
2007) (Fig. 2). Gene sequences representing additional bont/A-G strains were
released, providing information about sequence variability within and among the
various bacterial Groups. As the technologies for sequencing improved, projects to

sequence the entire genome of a strain were initiated.
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The first completed whole genome sequence for C. botulinum was published in
2007 for the BoNT/A-producing strain, ATCC 3502 (Sebaihia et al. 2007). This
sequence and accompanying publication described C. botulinum as a saprophytic
organism that “relies on its toxin to rapidly kill a wide range of prey species, and to
gain access to nutrient sources, it releases a large number of extracellular enzymes to
soften and destroy rotting or decayed tissues”. The chromosomal location of the
bont/A was confirmed and a small 16 kb plasmid was also identified within the strain.

Additional sequencing projects for strains representing other serotypes of C.
botulinum were initiated. The strains selected were based upon their historical
recognition within the botulinum research community and included: C. botulinum
serotype A strains Hall, ATCC 19397, NCTC 2916, Kyoto-F and Loch Maree;
serotype B strains Okra, Eklund 17B and bivalent Ba strain 657; serotype C strain
Eklund, serotype D strain 1873; serotype E strains Beluga and Alaska E43; C.
butyricum type E strains BL5262 and BL5521; and serotype F strains Langeland
and F230613. Most of these strains produce a single BoNT but bivalent strains,
such as strain 657, produce two toxins with the capital letter designating the
predominant toxin produced (Ba). Later, a genomic sequence for BoNT/AS,
associated with a wound botulism case, and genomes representing serotype C and
C/D strains were released (Carter et al. 2010; Skarin et al. 2011). A list of the
currently available genomes is provided in Table 1.

As C. botulinum sequences were released, they supported the findings of the ATCC
3502 genomic analysis of an A + T-rich (~72 %) genome and in some strains the
presence of toxin-encoding plasmids or phages. The genomic data supported previous
findings observed using other techniques, such as pulsed-field gel electrophoresis
(PFGE) (Hielm et al. 1998; Hyytia et al. 1999; Nevas et al. 2005; Nevas et al. 2006;
Franciosa et al. 2009), amplified fragment length polymorphism (AFLP) analysis
(Keto-Timonen et al. 2005; Hill et al. 2007), DNA melting experiments (Nakamura
etal. 1977), and multilocus sequence typing (MLST) (Jacobson et al. 2008; Macdonald
et al. 2011) indicating that C. botulinum encompassed multiple genetically diverse
species. The genomic sequences provided the opportunity to understand the variation
in the species and to precisely determine the location of the bont genes within strains,
the components, and the regions flanking their toxin gene clusters.

2 Location of the Botulinum Neurotoxin Genes Within Strains

Although much of the research to date within C. botulinum has focused on the
toxin, its structure, its mode of action, diagnostics, and therapeutics, the new
sequencing platforms provide an opportunity to understand the phylogeny within
the species. Determining whether the toxin is present in a strain in similar places or
at different locations can provide clues as to whether the strains expressing the
same toxin were different events of horizontal gene transfer and/or represent
different lineages within the species. Therefore the location of the toxin gene was
examined in some of the available sequences and the results are presented below.
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arsC oppA/brnQ
operon operon Chromosome
s/ ATCC 3502
847,403 A868,034 895,528 A915,784 77 3.8 Mb
bont/A1in A1(B) bont/(B) in A1(B)
bont/A2 in Kyoto-F bont/A1 in Hall
bont/F1 in Langeland bont/A5 in H04402 065
orfX+ cluster HA+ cluster
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or Plasmid
bont, bont, A
4 I /B pCLJ (strain 657)
270 kb

1,924‘41,653 r7

118,100‘1 37,034

bont/A3 in Loch Maree

bont/A4in 657
bont/F2 in pBf
orfX+ cluster

bont/B1 in Okra

bont/B5 in 657

bont/B5 in pBf
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Fig. 3 Relative locations of bont/A, bont/B and bont/F genes in Group I strains. The
chromosome of ATCC 3502 is used to illustrate the two sites (the arsC operon or oppA/brnQ
operon) where the bont genes are located within other strains. The arrows indicate regions where
toxin genes are located; associated toxin genes, strains, and cluster types are listed below each
arrow. The plasmid pCLJ within bivalent strain 657 illustrates the two relative locations of the
toxin genes and clusters in plasmids within other strains. These four regions illustrate that bont/A,
bont/B, or bont/F are in specific locations in Group I strains (Hill et al. 2009)

2.1 Location of Botulinum Neurotoxin Genes Within
Group I Strains

When several sequences of serotype A, B, and F Group I strains were available for
analysis, the comparative genomics showed that the locations for the bont/A, bont/
B, or bont/F genes within the Group I strains were not in random locations (Hill
et al. 2009). The analysis showed specific locations for the bont/A, bont/B, and
bont/F genes as shown in Fig. 3. Using the chromosome of ATCC 3502 as an
example representing a Group I strain, Fig. 3 illustrates that there are two chro-
mosomal locations for the bont genes in different strains.

The first location within the chromosome is referred to as the “arsC operon”
due to its presence adjacent to the arsenate reductase gene cluster. This is the
location for the bont/Al gene in the A1(B) strain, NCTC 2916 (based upon the
alignment of the multiple contigs representing this strain). It is also the location of
the bont/A2 within the Kyoto-F strain and the location of the bont#/F within the
Langeland strain. This single location is the site of three different bont genes in the
Group I strains (Hill et al. 2009).

Downstream from the arsC operon is the oppA/brnQ operon, which is the
chromosomal location for the bont/Al gene in ATCC 3502 and in two other fully

3
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BoNT/B

B5 cluster‘

pCLKA3
266785bp

BNT/AorF

pCL

A4/B5
270022bp

pBf B5/f2 (4 contigs)
ABDP01000023.1 68459bp
ABDP01000018.1 84347bp
ABDP01000034.1 16805bp
ABDP01000069.1 884bp

ABDP)

pCLDB1
148780bp

Fig. 4 Plasmid synteny and bont gene locations in four Group I strains. Three fully sequenced
plasmids (pCLK in Loch Maree strain, pCLJ in bivalent strain 657, and pCLD in Okra) are
compared to four contigs of the Bf strain. Regions of homology are shown in red, toxin gene
regions containing bont/A or bont/F are shown in blue and bont/B gene is shown in yellow. The
symbols are regions that bracket the toxin gene clusters. The comparison using sequence data
show the synteny among the plasmids and the conserved location of the bont/A, bont/B and bont/
F genes within the plasmids (Hill et al. 2009)

sequenced bont/Al strains, ATCC 19397 and Hall. It is also the location of the
silent bont/(B) within the A1(B) strain, NCTC 2916 (based upon the alignment of
the multiple contigs representing this strain) and the location of bont/AS in strain
in HO4402 065 (Carter et al. 2011). The bont/(B) gene does not produce toxin due
to a mutation that introduces a premature stop codon at amino acid 128 (Hutson
et al. 1996).

In addition to the chromosomal location of the bont genes, plasmids that
contained bont genes were discovered in multiple strains. The existence of bont
genes within plasmids had also been identified by PFGE studies and curing
experiments (Eklund et al. 1988; Zhou et al. 1995; Marshall et al. 2007).
The sequence data supported these findings and provided the exact size of the
plasmids ranging from 148 to 270 kb. In Fig. 3 pCLJ and pBf within bivalent
strains are used as examples to show the conserved locations of the bont/B and
bont/A or bont/F, respectively, within the Group I toxin-encoding plasmids (Hill
et al. 2009; Smith et al. 2007).

Comparisons of the four plasmid sequences that contain bont genes in the
sequenced Group I strains show that the plasmids themselves share synteny as shown
in red in Fig. 4. The location of the bont genes within the plasmid is indicated in



Genetic Diversity Within Clostridium botulinum Serotypes 9

rarA ch
operon romosome
vy, Alaska E43
1,161,068‘1,185,603 3.6 Mb
bont/E1 in Beluga
Plasmid bont/E3 in Alaska E43
bont/B pCLL bont/E4 in BL 5262
1,924‘41,653 47.6 kb orfX+ cluster
bont/B4
HA+ cluster

Fig. 5 Relative locations of the bont genes in the chromosome or plasmid in Group II and Group
VI (BoNT/E-producing C. butyricum) strains. The chromosome of C. botulinum serotype E
Alaska E43 strain is used to show the relative locations of the bont/E in Alaska E43 and its
placement in the rarA operon in Group VI, C. butyricum BL 5262 strain. The 47.6 kb plasmid
present in the Eklund 17B strain indicates the location of the bont/B4 gene (Hill et al. 2009)

either blue (bont/A3, bont/A4, or bont/F2) or yellow (bont/B1 or bont/BS) and
regions of insertions or deletions are indicated in white. The figure shows that the
plasmids appear to be dynamic with regions of insertions and deletions but do share
synteny and have specific locations for either the bont/A, bont/B, or bont/F.

The sequence comparisons among the Group I strains identified both chro-
mosomal and plasmid locations for the bont genes (A, B or F). Using PFGE,
Franciosa et al. examined the location of the bont/B in 60 serotype B-producing
Group I and Group II strains and found about half of the strains contained bont/B
genes within a plasmid (Franciosa et al. 2009).

2.2 Location of Botulinum Neurotoxin Genes Within Group II
and Group VI Strains

The Group II non-proteolytic strains include the C. botulinum strains that produce
BoNT/B4 and strains that produce BoNT/E. No genomic sequences are yet
available representing a type F-producing strain in the Group II C. botulinum.
Analysis of the genomic sequences in the Group II strains shows that like the
Group I strains there are plasmid and chromosomal locations for the bont/B and
bont/E genes. As shown in Fig. 5, a small 47.6 kb plasmid contains the bont/B4
gene within the Eklund 17B strain. This plasmid does not share homology with the
16 kb or larger plasmids within the Group I strains. The location of the bont/E
within the chromosomes of Group II strains Beluga and Alaska E43 appears to be
conserved as shown in Fig. 5.

The genomic sequences in the serotype E strains revealed the association of the
bont/E with an intact transposon-associated resolvase, called rarA. In these strains,
the rarA gene appears to find a homolog (gene similar in sequence), split the
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Fig. 6 Transposon-associated insertion of the bont/E gene between a split rarA gene. A portion
of the chromosome of the Group II Eklund 17B strain shows the presence of an intact rarA
operon. In serotype E-producing strains Alaska E43 and Beluga a homolog of the rarA is split
and the toxin gene cluster containing bont/E and an intact rarA gene is inserted. BoNT/E-
producing C. butyricum strain BL5262 at the base of the figure illustrates the same mechanism of
insertion within a Group VI strain (Hill et al. 2009)

homolog, and insert the intact rarA gene with associated DNA (that contains the
bont/E gene) within the split homolog (Hill et al. 2009). This results in an insertion
event that contains the following: a 5’ partial rarA, inserted DNA that includes the
bont/E gene, an intact rarA gene, other associated DNA, and a 3’ partial rarA
gene. This insertion event is diagramed in Fig. 6. Additional serotype E strains
were analyzed by PCR amplification and fragment sequencing to confirm the
presence of both a split and an intact rarA gene in 41 other strains (Macdonald
et al. 2011).

When the Group VI BoNT/E-producing C. butyricum strain BL5262 was
sequenced, the same type of insertion event was observed. However the sequence
of the homolog that was split differed in the two species. That is, the rarA
homologs in the two C. botulinum strains were very similar in sequence, but
differed from the homolog in C. butyricum BL5262. Because the rarA homologs
in the two species had differing sequences, the bont/E insertion event in the C.
butyricum Group VI strain would indicate that it was a separate insertion event
from the Beluga and Alaska E43 C. botulinum strains.

2.3 Location of Botulinum Neurotoxin Genes
Within Group III Strains

C. botulinum Group III strains have historically been associated with the presence
of the bont/C or bont/D or chimeric bont/CD or bont/DC genes within bacterio-
phages. The BoNT-encoding prophage propagates within the bacterium as a large
extra-chromosomal plasmid. Recently, several Group III genomes and their
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associated plasmids were sequenced (Skarin et al. 2011). The BoNT/C-producing
Stockholm strain was sequenced and the location of the bont/C gene was identified
within a 186 kb phage. In addition, two BoNT/CD isolates from poultry farms
were sequenced. The toxin gene in one isolate, 08-BKT015925 containing five
plasmids, was located on the 203 kb prophage/plasmid. The other poultry farm
isolate was sequenced and had lost the BONT prophage plasmid during cultivation.

Within the BoNT/D-producing strain 1873, genomic contigs ACSJ01000012-19
encode for phage D-1873 and the genes coding for BoNT/D are located within the
phage sequences. The strain 1873 contains two additional plasmids with the larger
plasmid encoding for toxin C2, which is not a neurotoxin (Sakaguchi et al. 2009).

Comparisons among the Group III strains indicate that the chromosomes of
these strains are conserved, and share synteny with the non-toxic C. novyi.
However, the phages and plasmids show a great deal of diversity (Skarin et al.
2011; Sakaguchi et al. 2005), with evidence of significant horizontal gene transfer
(Skarin and Segerman 2011).

2.4 Location of Botulinum Neurotoxin Genes Within Group IV
and Group V Strains

Currently, no whole genomic sequences of Group V C. baratii BONT/F-producing
strains or Group IV BoNT/G-producing strains have been sequenced. Group V
strains are associated with infant and adult toxicoinfections (Gupta et al. 2005).
Group IV strains have been isolated on rare occasions from environmental samples
in Argentina (Gimenez and Ciccarelli 1970a) and Switzerland (Sonnabend et al.
1987), and from clinical (autopsy) specimens in Switzerland (Sonnabend et al.
1981). The presence of bont/G within large plasmids has been documented
(Eklund et al. 1988; Zhou et al. 1995), but the plasmid sequences and the specific
location of the bont/G genes within these plasmids are unknown.

3 Composition of the HA+ and orfX+ Toxin Gene Clusters

The bont gene is preceded by a series of other genes or predicted open reading
frames (orfs) that can total about 12—15 kb in length. The two types of toxin gene
clusters are the HA+ cluster or the orfX+ cluster. Other terminology such as
“HA+/orfX— “or the “HA—/orfX+” has also been used to describe the clusters.
Figure 7 shows the orfX+ cluster and/or the HA+ cluster in strains representing
each of the seven serotypes. In general the arrangements of the toxin clusters
associated with the bont gene appear to have a pattern: The bont genes within
serotype B, C, D, and G—producing strains are associated with the HA+ cluster,
while the bont genes within serotype E and F—producing strains are within the



12 K. K. Hill and T. J. Smith

Bont Strain
. 1S’ 1S’
E4 C butyricum BL5262 S _orfX3 orfX2  orfX1 p47 ntnha bont/E4 <
IS orfx3 orfX2  orfX1 p47 ntnha bont/E3 IS’
E3 Alaska E43 — G—— 2 — e—— < &
IS 1S6 _orfX3 orfX2  orfX1 p47 ntnha bont/E1 IS’
E1 Beluga 43_ e s G P — <
- orfx3 IS’ orfX2 orfX1 p47 ntnha bont/F6 IS’
F6 IBCAG6-5436 npF — — — e— < =
orfX3 orfX2  orfX1 botR p47 ntnha bont/Al lycA
ATof A1(B) NCTC2916 C— s e — — oy Y.
orfX3 orfX2  orfX1 IS6" botR p47 ntnha bont/F1 lycA
F1 Langeland — e— e = —— ——
" orfX3 orfX2 orfX1 IS6" botR p47 ntnha bont/A2 lycA
A2 Kyoto-F C— — e = —— e——— -
I1S605" lycA _orfX3 orfX2 orfX1 IS8’ botR p47 ntnha bont/F2 1S3’
F2 of Bf  pBf 7L i i G = = er
1S605’ lycA _orfX3 orfX2 orfX1 IS6’ botR p47 ntnha bont/A3 1S3’
A3 Loch Maree — — — e—— < =
lycA _orfX3 orfX2 orfX1 IS8’ botR p47 ntnha bont/A4
A4 of Ba4 657 Ba4 4— — G = — ——
hypo _hypo fla' _ ha70 hal7 _ha33 botR  ntnha borit/Bs - ------1S.
B5 ofBad4 657 Ba4 == P G — — s—— .
hypo _ hyp fla’ ha70 hal7 ha33 botR  ntnha bont/B1 15256
B1 Okra RLPLEE < > >
hypo _hypo fla' _ ha70 17 _ ha33_ botR _ ntnha bont/B5  1S256’
B5 of Bf pBf =P P C— % e — e—
B4ofnpB  Eklund 178 __ha7o hla_17 _ha33  botR ntnha _  bont/B4 _ 1S256'
(8)of AT(B) NCTC2916 hypo hyp:)> fla 183" hazo hal7 _ha33 botR  ntnha _  bont/B) _ ISNCY’
hypo hypo fla 1S3 '
Al Hall yp yp_> < ha70 ha17 :ha33 botR ntnha > bont/Al > ‘IJS3
AS H04402 065 _ ha70 h£17 _ha33  botR  ntnha _ bont/A5
IBCA66-5436 - - - -
_ ha70 hal7 _ ha33 ntnha _ bont/C1
C Stockholm < < > >
D 1873 __ha70 hal7 ~_ha33 botR ntnha _  bont/D
ha33 ha70 hal7 botR  ntnha bont/G
G — — — E——

Fig. 7 The variation in the composition of the two types of toxin gene clusters in strains
representing the seven serotypes. The upper portion of the figure illustrates the arrangements within
the orfX+ toxin cluster in 10 strains and the lower portion shows the arrangements within the
HA+ toxin cluster in 10 strains. The bont subtype or variant and strain are noted and the flanking
regions containing partial IS elements, flagellin genes, or hypothetical (hypo) proteins are indicated.
The orfX+ toxin cluster within serotype A, E and F-producing strains consists generally of the three
open reading frames (orfX1, orfX2 and orfX3), the botR, p47, ntnha and bont genes. Serotype A, B,
C, D and G—producing strains generally consist of several hemagglutinin genes (ha70, hal7, ha33),
botR, ntnha and bont genes [adapted from (Hill et al. 2009)]

orfX+ cluster. The bivalent strains B5a4 657 and B5f2 contain both clusters within
the bacteria (the bont/B5 within the HA+ cluster and either the bont/A4 or bont/F2
within the orfX+ cluster).

Figure 7 shows 10 examples of the orfX+ toxin cluster in different strains and
indicates there is some variation but orfX+ generally contains the three predicted
open reading frames (orfX1, orfX2 and orfX3), the p47, and the non-toxic non-
hemagglutinin (ntnha) preceding the bont gene. The orfX+ toxin cluster may or
may not contain the botR gene. The 10 examples of the HA+ cluster can also vary
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but generally consists of three hemagglutinin genes differing in sizes (ha70, hal7,
ha33), botR gene and the ntnha gene that precedes the bont gene.

Variations of the composition of the toxin cluster have been identified in some
strains. For example, within the toxin cluster that contains the bont/F6 of non-
proteolytic C. botulinum, the cluster lacks the botR gene (as do the serotype E
clusters) and contains an intergenic partial IS element between orfX2 and orfX3
(Dover et al. 2011). The toxin cluster containing bont/AS has a short nucleotide
deletion between the ha33 and botR genes, and downstream of the bont/AS in two
different strains (H04402 065 and IBCA94-0214) a partial bont/B gene is present
(Carter et al. 2011; Dover et al. 2009).

In contrast to the six other serotypes, only serotype A-producing strains have
their bont gene within either of the two toxin clusters, the HA+ cluster or the
orfX+. This is also illustrated in Fig. 3 where the location and type of toxin gene
cluster is provided. The genes from the majority of bont/Al strains are located
within the HA+ toxin cluster, yet the bont/Al in A1(B) strains as well as the bont/
A2, bont/A3, and bont/A4 are within the orfX+ cluster. The bont/AS is within
the HA+ cluster. When the sequence of the nfmha gene was examined in the
HA+ bont/Al strains, a recombination event was discovered that placed the
C-terminal half of the ntnha-A gene and the bont/Al gene within the toxin gene
cluster usually associated with bont/B strains (Hill et al. 2009; East et al. 1996).

4 Botulinum Neurotoxin Diversity

The time-line presented in Fig. 1 illustrates the discovery of the different serotypes
A-G followed by the bivalent strains that express two toxins, then the presence of
the toxin in different species, BONT/F-producing C. baratii strains and BoNT/E-
producing C. butyricum strains. When the seven neurotoxins, A-G, are analyzed in
pairwise comparisons, they can range in difference from ~ 25 to 45 % (nucleotide)
or ~37 to 70 % (amino acid) from each other. With more sequences being gen-
erated by PCR amplification and neurotoxin sequencing, no new serotypes have
been identified but variation within the toxin of the existing serotypes has been
described. Below are examples of the variation between serotypes and the sub-
types or variants within a serotype.

4.1 Definition of a Subtype

Within a serotype, the differences in the amino acid sequences of the BoNTs can
be minor (0.9 %) (Macdonald et al. 2011) or can be quite large (Raphael et al.
2010) (36 %). Some researchers have adopted a definition for subtype as being a
difference of greater than 2.5 % in the amino acid sequence compared with other
strains within that serotype (Carter et al. 2009; Smith et al. 2005; Arndt et al.
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Table 2 Nucleotide and amino acid identity comparisons of the bont genes or proteins repre-
senting the seven serotypes

Percent nucleotide identity
Al Bl Cl D E3 Fl1 G

Al | - 60.2% 55.3% 57.8% 60.7% 62.1% 59.6%
Bl 37.5% | ----- 56.6% 58.0% 59.6% 59.5% 71.8%
Cl 30.4% 308% | - 68.3% 56.7% 56.8% 56.3%
D 31.2% 32.6% 514% | -—--- 57.7% 57.8% 57.8%
E3 37.7% 35.9% 30.9% 31.6% | - 75.5% 59.0%
Fl 38.7% 37.4% 30.9% 32.7% 628% | - 59.0%
G 38.0% 57.1% 32.5% 34.0% 36.4% 36.8% | -

Percent amino acid identity

Nucleotide identities are in blue; amino acid identities in red. Maximum and minimum identities
are highlighted in gray. The GenBank accession numbers for the A-G strains used in the com-
parisons are provided in Table 3

2006), while others have based subtype definitions on genetic clade differences,
where strains that cluster to a unique clade are considered to be separate subtypes
(Hill et al. 2007; Raphael et al. 2010; Chen et al. 2007). Many of these newer
subtypes have been delineated solely on the basis of genetic differences, so that the
term “subtype/genetic variant” may be more appropriate than the use of “sub-
type”, which has historically been used to designate immunological or functional
differences among these strains.

4.2 Botulinum Neurotoxin Serotype A-G and Subtype/Variant
Comparisons

There are seven serologically distinct botulinum neurotoxins, designated A-G.
When the toxin types are compared, their nucleotide identities range from 55.3 %
identity (bont/A1 compared to bont/C1) to 75.5 % identity (bont/E3 compared to
bont/F1), as shown in Table 2. These nucleotide identities produce amino acid
identities of 30.4-62.8 %, respectively.

BoNT variation within serotypes has been recognized, but the level of
diversity became more apparent with the advent of PCR and DNA sequencing of
bont genes, and later, whole genomes. Currently, 31 bont gene subtypes/variants
have been identified and published within BoNT/A-F. Subtypes/variants are
typically designated using an alpha-numeric code, such as Al, A2, A3, A4, and
A5 within serotype A. Table 3 lists the representative strains for the different
subtypes/variants and indicates the percent nucleotide identities in pairwise
comparisons.
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Table 3 Nucleotide and amino acid percent identities between subtypes/variants within
serotypes

Percent nucleotide identity

Strain Al A2 A3 A4 A5 Accession #
Al Hall | - 94.6% | 92.0% | 94.3% | 98.6% AF488749
A2 Kyoto-F 89.9% | - 96.4% 93.6% 94.9% CP001581
A3 Loch Maree 84.6% | 93.0% | ----- 91.6% | 92.3% DQ185900
A4 Ba 657 89.3% | 883% | 84.4% - 93.7% CP001082
A5 H04402 065 97.1% | 90.3% | 85.0% | 87.4% | ----- EU679004
Bl B2 B3 B4 B6 B7
Bl okra | - 97.5% | 97.9% | 96.2% 97.9% | 97.5% CP000940
B2 213B 95.6% | ----- 99.1% | 96.2% 99.1% | 97.7% EF028395
B3 CDC 795 96.0% | 98.4% | ----- 96.4% 98.9% | 97.8% EF028400
B4 Eklund 17B 93.2% | 93.9% | 93.7% | --—- 96.0% | 96.3% EF051570
BS Ba 657 96.1% | 95.0% | 95.4% | 92.7% 973% | 97.1% EF033130
B6 Osaka05 96.1% | 98.4% | 98.1% | 93.1% | 954% | ----- 97.3% AB302852
B7 Bac-04-07755 94.7% | 95.6% | 95.7% 95.1% | - 1Q354985
Cl C/D D D/C
Cl1 Stockholm | ----- 853% | 683% | 76.2% D90210
C/D 003-9 76.0% | ----- 80.3% | 68.8% AB200360
D 1873 512% | 68.7% | - 85.9% AB012112
D/C 5995 64.7% | 51.9% | 76.5% | --—- EF378947
El E2 E3 E4 E5 E6 E7 E8
El Beluga'| [ - 99.4% | 99.3% | 98.5% | 983% | 98.5% | 99.1% | 97.9% X62089
E2 CDC 5247 99.0% | ----- 98.7% | 98.3% | 97.9% | 982% | 98.5% | 98.5% EF028404
E3 Alaska E43 | 982% | 97.4% | ----- 97.9% | 97.6% | 98.0% | 98.8% 97.6% EF028403
E4 BL5262 ' 97.3% | 97.0% | 95.6% - 97.2% | 98.3% | 98.1% | 98.0% | ACOMO1000005
E5 LCL155 "2 96.8% | 96.3% | 95.1% | 95.0% | ----- 97.2% | 97.3% | 96.9% AY327861
E6 K35 96.9% | 96.7% | 95.8% | 96.8% | 94.7% | ----- 98.2% | 98.3% AM695752
E7 | IBCA97E-0192" [ 97.8% | 97.0% [ 973% | 962% | 947% | 962% | - 98.8% IN695729
E8 Bac-02-06430 ' 96.2% | 97.0% | 95.6% | 96.1% | 94.0% | 96.6% 98.2% | - IN695730
F1 F2 F3 F4 F5 F7
Fl1 Langeland | --—- 91.2% | 91.5% | 96.0% | 81.5% 82.4% X70821
F2 Bf An436 834% | - 989% | 91.9% | 84.6% 80.2% EF028397
F3 CDC 54086 83.9% | 97.0% | ----- 92.1% | 84.5% 79.6% GU213218
F4 CDC 54076 92.2% | 83.5% | 83.8% - 81.9% 81.5% GU213213
F5 CDC 54096 69.8% 74.0% 74.0% 094% | - 3 75.9% GU213225
F6 Eklund 202F ' 874% | 898% | 89.8% | 86.9% | 73.6% | ----- 80.2% M92906
F7 Sullivan * 73.7% | 68.6% | 68.9% | 71.9% | 63.8% | 698% | ----- HM746656

Percent amino acid identity

Nucleotide identities are in blue; amino acid identities in red. Strains, subtype/variant designa-
tion, and their GenBank accession numbers are listed within serotypes A-F. Variants within a
serotype are shaded to highlight the pairwise comparisons that show the least or the greatest
similarity

! nonproteolytic strains

2 bivalent toxin producing strains

e butyricum strains

4 C. baratii strain

4.3 Mutation and Recombination Events

Sequence differences can be compared at the nucleotide or at the amino acid level.
Some nucleotide changes do not affect the encoded amino acid and therefore can
be silent, while others may result in dramatic differences. The “silent” bont/(B)
gene in strains is the result of a significant mutation in the bon#/B5 gene. In these
strains a single nucleotide mutation encodes for a premature stop codon, so that the
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Comparison to bont/A2 sequence

100 T AT T
90
2 \
< 80
2 Recombination event
8
é 70
[ Bont/A1
60 == Bont/A3
50 : : : : : : |
0 500 1,000 1,500 2,000 2,500 3,000 3,400

Nucleotide Position

Fig. 8 Similarity plot comparing sequences of bont/Al and bont/A3 to bont/A2. This plot
illustrates that the bont/A2 is approximately 99 % identical to bont/Al (green line) from
nucleotides 1-1,146 then approximately 99 % identical to bont/A3 (blue line) through
nucleotides 1,147-3,450

full-length toxin gene is present but the toxin protein is not expressed; the presence
of the silent gene is noted as bont#/(B) (Hutson et al. 1996).

Another source of genetic variation can be the result of recombination events
within the bont gene itself or the ntnha gene that precedes the bont. Two examples of
recombination within the bont gene are observed in the bont/A2 gene and the bont/E6
gene. These variants share regions of toxin genes that are found in other strains. For
example, as the similarity plot within Fig. 8 shows, the bont/A2 gene has ~99 %
identity with the bont/A1 (green line) in the first part of the gene and averages ~99 %
identity with the bont/A3 gene (blue line) in the latter portion of the gene. In another
example, regions within the bont/E6 in C. botulinum are similar to the bont/E4 within
BoNT/E-producing C. butyricum strains (Chen et al. 2007).

Another example of a significant recombination event was previously described
in Sect. 3, where recombination within the ntnha gene resulted in a mosaic ntnha-
BA gene followed by a bont/Al gene. This event placed the bont/Al within the
HA+ cluster. These examples illustrate how the mutations and recombination
events affect toxin expression, the sequence variation within the toxin, and its
presence within a toxin gene cluster.

5 Summary

The initial isolation and study of the anaerobic spore-forming toxin-producing
bacteria now known as C. botulinum that confirmed the cause for botulism was a
bacterial toxin. The characterization of the species continued with additional toxin
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types being discovered and the use of biochemical and microbiological methods to
characterize the varied host bacteria. Six Group designations were defined for the
bacteria that contained any one or two of seven serologically different toxin types.
The discordant phylogeny between the toxin types and the host bacteria indicates
that horizontal gene transfer of the toxin is responsible for the toxin’s presence
within the different bacteria.

The characterization of this species and its toxins has encompassed knowledge
and skills in many disciplines. The names of many excellent historic researchers
are associated with their strains and provide a continuity and reminder of the
insight, dedication, and microbiological and biochemical expertise that they pos-
sessed to understand this organism. The modern molecular tools support their
original observations and although the data add information they also add a deep
respect for the discoveries made prior to the advent of molecular methods. The
methods of microbiology and molecular and structural biology now combine to
further our knowledge of this unique species.

The genomic sequences revealed what the previous researchers had already
discovered—the toxin genes are within the chromosome, plasmid, or phage. The
molecular analysis has added more information about the locations of the toxin
genes, the components of the toxin gene cluster, evidence of insertion and
recombination events that have contributed to the great genetic variation observed
within the toxin and its host bacteria, and provide a challenge for diagnostics and
treatment of botulism.
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Assembly and Function of the Botulinum
Neurotoxin Progenitor Complex

Shenyan Gu and Rongsheng Jin

Abstract Botulinum neurotoxins (BoNTs) are among the most poisonous sub-
stances known to man, but paradoxically, BoNT-containing medicines and cos-
metics have been used with great success in the clinic. Accidental BoNT poisoning
mainly occurs through oral ingestion of food contaminated with Clostridium
botulinum. BoNTs are naturally produced in the form of progenitor toxin com-
plexes (PTCs), which are high molecular weight (up to ~900 kDa) multiprotein
complexes composed of BoNT and several non-toxic neurotoxin-associated pro-
teins (NAPs). NAPs protect the inherently fragile BoNTs against the hostile
environment of the gastrointestinal (GI) tract and help BoNTs pass through the
intestinal epithelial barrier before they are released into the general circulation.
These events are essential for ingested BoNTs to gain access to motoneurons,
where they inhibit neurotransmitter release and cause muscle paralysis. In this
review, we discuss the structural basis for assembly of NAPs and BoNT into the
PTC that protects BoNT and facilitate its delivery into the bloodstream.
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1 Introduction

Botulinum neurotoxins (BoNTs) are produced by the anaerobic, Gram-positive,
spore-forming bacteria Clostridium botulinum. Seven serotypes of BoNTs (termed
A-QG) have been identified, which cause botulism, a severe neurological disease
associated with a life-threatening flaccid paralysis that affects both humans and
animals (Binz et al. 1990; Hatheway 1990; Montecucco and Schiavo 1995;
Sugiyama 1980).

Following toxin ingestion, there are two major points at which the interaction
between BoNT and host cells is pivotal. To date, most attention has been paid to
the BoNT-neuron interaction. Here, BoNTs act as sequence-specific endopeptid-
ases that cleave soluble N-ethylmaleimide sensitive factor attachment protein
receptors (SNAREs), blocking the release of acetylcholine at neuromuscular
junctions (NMJs) and thus paralyzing the affected muscles (Blasi et al. 1993a;
Schiavo et al. 1992). However, there is a large gap in our understanding of the
critical events that precede the BoNT—-neuron interaction, the most important of
which is how the inherently fragile BoNTs survive the harsh environment (low pH,
protease-rich) of the gastrointestinal (GI) tract and cross the intestinal epithelial
barrier to enter the bloodstream.

The mechanism by which this is accomplished involves the secret weapons of
BoNTs; the progenitor toxin complexes (PTCs). PTCs are high molecular weight
(up to ~900 kDa) multiprotein complexes produced by C. botulinum and are
composed of BoNT and several non-toxic neurotoxin-associated proteins (NAPs)
(Collins and East 1998). The NAPs comprise four clostridial proteins; a non-toxic
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non-hemagglutinin (NTNHA) protein and three hemagglutinin proteins (HA-17,
HA-33, and HA-70). The naturally occurring minimally functional PTC (M-PTC)
is composed of BoNT (~ 150 kDa) and NTNHA (~ 140 kDa). Other PTCs, with
molecular masses ranging from 500 to 900 kDa, are assembled by the addition of
various combinations of HAs to the M-PTC through unknown mechanisms (Ito
et al. 2011; Montecucco and Schiavo 1995).

The oral toxicity of BoNTs is markedly increased when coassembled with
NAPs into PTCs (Ohishi et al. 1977). This is achieved through two complementary
processes. NTNHA directly interacts with BoNT and plays a major role in
shielding it in the hostile GI environment. In addition, HAs interact with intestinal
epithelial cells and play an active role in BoNT transport (Fujinaga et al. 1997;
Fujinaga et al. 2004; Niwa et al. 2007).

Clearly, a detailed knowledge of the molecular architecture of the PTC is
required to understand the strategic interactions between BoNT and the host that
take place in the GI tract. This review focuses on the structure—function rela-
tionship of BoNT PTCs, including the mechanism by which NAPs protect BoNTs,
the regulatory mechanisms underlying PTC assembly, and the structural basis by
which NAPs participate in BoNT-host interactions.

2 BoNT and NAPs
2.1 Molecular Architecture of BoNT

The seven BoNTs have a high degree of primary sequence conservation, although
all are antigenically distinct (Lacy and Stevens 1999). BoNT is synthesized as a
single polypeptide chain of ~ 150 kDa and post-translationally nicked by an
unknown protease into a ~ 50 kDa light chain (LC) and a ~ 100 kDa heavy chain
(HC) (Montecucco and Schiavo 1995). The LC and HC remain covalently linked
through a disulfide bond until they encounter reducing conditions in the neuronal
cytosol (Montecucco and Schiavo 1995). Crystal structures have been reported for
full-length BoNT/A (PDB: 3BTA), BoNT/B (PDB: 1EPW), and BoNT/E (PDB:
3FFZ) (Kumaran et al. 2009; Lacy et al. 1998; Swaminathan and Eswaramoorthy
2000). All three structures are similar in that they exhibit a modular architecture
comprising three domains. The LC is a protease. The HC is composed of two
domains: the N-terminal domain (Hy, also known as the translocation domain)
mediates translocation of LC across the endosomal membrane, whereas the C-
terminal domain (Hc¢) is the cell surface receptor-binding domain.

The first point of attack at the NMIJ involves a highly specific interaction
between BoNT and the motoneuron. A well-accepted dual-receptor model pro-
poses that BoNTs simultaneously bind to gangliosides, a class of glycosphingo-
lipids enriched at nerve terminals, and to specific protein receptors (Binz and
Rummel 2009; Chai et al. 2006; Jin et al. 2006; Montecucco et al. 2004; Stenmark
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Fig. 1 The structure of the M-PTC of BoNT/A. BoNT/A domains are blue (LC), orange (Hy),
and green (Hc). NTNHA-A domains are yellow (nLC), cyan (nHy), and red (nHc). The cartoon
and surface representations of the M-PTC are shown in the left and right panels, respectively

et al. 2008; Rummel 2012). The BoNT—ganglioside interaction ensures a high
toxin—cell encounter rate, while the protein receptors confer cell specificity. BONT
serotypes A, E, and F recognize synaptic vesicle protein 2 (SV2) as the protein
receptor, whereas BoN'T/B and G utilize synaptotagmin I and II (SytI and II) (Binz
and Rummel 2009; Rummel et al. 2009).

The warhead of BoNTs is the LC, which is a Zn**-dependent endopeptidase
that cleaves specific peptide bonds within the neuronal SNARESs (synaptobrevin,
syntaxin, and SNAP-25) (Binz 2012). BoNT/A and E cleave SNAP-25 while
serotypes B, D, F, and G cleave synaptobrevin. BONT/C is unique in that it is able
to hydrolyze both syntaxin and SNAP-25 (Blasi et al. 1993b; Foran et al. 1996;
Schiavo et al. 1995; Vaidyanathan et al. 1999; Williamson et al. 1996).

Once the toxin is endocytosed, the next step is to deliver LC across the intra-
cellular membrane to its targets in the cytosol (Schiavo et al. 2000). The Hy
fragment has two long helices forming a coiled-coil (Fig. 1) and likely acts as both
a channel and a transmembrane chaperone to ensure the successful transit of LC
from the acidic endosomes into the cytosol (Fischer and Montal 2006, 2007a, b;
Koriazova and Montal 2003). We speculate that Hc remains bound to receptors on
the endosomal membrane where it brings the N-terminus of Hy in contact with the
membrane prior to the Hy-facilitated translocation of LC. However, the details of
the translocation process are largely unknown.

Before they can gain access to the motoneuron, BoNTs must traverse the GI
tract and enter the bloodstream. Paradoxically, the highly sophisticated BoNTs are
intrinsically vulnerable to the harsh physiological environment of the GI tract. For
example, the free BoNT/A is readily degraded by digestive proteases such as
trypsin and pepsin and is almost completely inactivated at pH 3 or less (Gu et al.
2012). In addition, in vitro assays have shown that trans-epithelial transcytosis of
free BoNT/A is very inefficient compared with HA-containing PTCs (Fujinaga
et al. 2009; Matsumura et al. 2008; Niwa et al. 2007). The responsibility for
protecting BoNTs and facilitating their transit out of the GI tract falls to the NAPs.
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2.2 NAPs: The Bodyguards of BoNTs

All serotypes of BoNT are produced by bacteria in their native form as stable and
non-covalent complexes with NAPs to form PTCs. The PTC protects the toxin
sufficiently to reduce the oral lethal dose by 10- to 100-fold compared with the free
BoNT (Cheng et al. 2008; Ohishi et al. 1977; Sugii et al. 1977). In general, BONT
and the four NAPs (NTNHA and three HAs) are encoded in a gene cluster: the
downstream segment containing bont and ntnha and the upstream segment con-
taining the three HA genes, ha-17, ha-33, and ha-70. This gene arrangement is
defined as the ha70-hal7-ha33-botR-ntnha-bont cluster, or the ha cluster (Hill
et al. 2009; Hill and Smith 2012). Interestingly, the HA genes are absent from
BoNT/E and BoNT/F strains, as well as some BoNT/A strains. Instead, they
contain the orfX3-orfX2-orfX1-(botR)-p47-ntnha-bont complex genes (abbreviated
as orfX cluster) (East et al. 1998; East and Collins 1994; Fujii et al. 1993; Hill et al.
2009; Hill and Smith 2012). The expression and function of the orfX proteins are
unknown.

Many different forms of PTC have been identified, with molecular masses
ranging from ~300 to ~900 kDa. It remains largely unknown how and why
different PTCs exist. The M-PTC is ~300 kDa and is composed of BoNT and
NTNHA, while other PTCs (e.g., 490, 610, 680, and 900 kDa) are assembled by
the addition of various combinations of HAs to the M-PTC (Ito et al. 2011;
Montecucco and Schiavo 1995). Historically, the three major forms of PTC are
defined as M-PTC (~300kDa), L-PTC (~500kDa), and LL-PTC
(~900 kDa), which are also termed the 12, 16, and 19S complex, respectively.
The serotype A BoNT are complexed in all three forms and BoNT/B, C, D, and
G in two forms, L-PTC and M-PTC. In contrast, bacterial serotypes E and F,
which do not have the HA genes, may only produce BONT complexed in the M-
PTC form.

We now know that NTNHA directly interacts with BoNT and plays a major
role in shielding it in the hostile GI environment. Furthermore, NTNHA binding
and protection are exquisitely regulated to allow BoNT to be released upon entry
into the circulation (Gu et al. 2012). The three HAs interact with intestinal epi-
thelial cells and play an active role in BoNT transport (Fujinaga et al. 1997;
Fujinaga et al. 2004; Niwa et al. 2007). Strong support for the functional role of
HAs in this regard is provided by the finding that HAs directly bind to E-cadherin
and disrupt the intercellular epithelial barrier (Ito et al. 2011; Matsumura et al.
2008; Sugawara et al. 2010; Fujinaga et al. 2012). These functions of NTNHA and
the HAs will be discussed in detail later.

The NAP proteins clearly play crucial roles in the early stages of BoNT oral
poisoning. Therefore, a better understanding of the structure and function of NAPs
as well as their interplay with BoNT will help us find a novel approach to prevent
BoNT entry into the general circulation.
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3 Structure of the M-PTC
3.1 A Recombinant Expression System to Dissect the PTCs

Our limited knowledge of PTCs is in part due to the challenge associated with
recombinant protein production. Most of the current research-grade BoNTs and
NAPs as well as BoNT-containing medicines are partially purified from natural
sources. Many studies on in vitro assembly of PTCs have employed native BoNT
PTC, where individual NAPs had first to be stripped from the PTC using harsh
conditions such as guanidine hydrochloride. A common problem with this
approach is that the purified PTC components may be contaminated by other PTC
components and/or other clostridial proteins, which can complicate the data
interpretation and may even account for some of the discrepancies in experimental
observations. Furthermore, as a Category A reagent, the extremely high toxicity of
BoNTs prevents most laboratories from performing detailed biochemical and
biophysical analyses, which require large quantities of toxins. Therefore, there is
an urgent need to establish a safe and efficient recombinant expression system to
enable comprehensive characterization of PTCs. To this end, several laboratories
have developed novel approaches based on overexpression of recombinant BONT
and individual NAPs in E. coli, which allows their purification to high homoge-
neity (Gu et al. 2012; Miyata et al. 2009; Rummel et al. 2004). The following
discussion will focus on BoNT/A1, which is one of the major causes of botulism in
humans and the most commonly used medicine among the BoNTs.

In a recent paper, a genetically modified, catalytically inactive recombinant
BoNT/A1 (termed BoNT/Ai), which carries three mutations in the catalytic site of
LC; E224Q/R363A/Y366F, was produced in E. coli (Gu et al. 2012). It is known
that either double mutation E224Q/Y366F or R363A/Y366F is sufficient to reduce
the catalytic activity of BoNT/A-LC to an undetectable level (Binz et al. 2002;
Breidenbach and Brunger 2004; Fu et al. 2006; Li et al. 2000). Consistent with
this, BoNT/Ai has no detectable neurotoxicity in the mouse phrenic nerve toxicity
assay when tested at 30,000-fold higher concentration than active BoNT/A (Binz
et al. 2002; Gu et al. 2012; Li et al. 2000). The crystal structure of BoONT/Ai was
determined at a resolution of 5 A, which confirmed that the triple mutations do not
alter the overall structure of BONT/A (Gu et al. 2012).

In addition to the recombinant BoNT/Ai, the corresponding full-length
NTNHA-A (NTNHA-A1, ~ 140 kDa) was also produced in E. coli (Gu et al.
2012). NTNHA-A shares low sequence identity (~20 %) with BoNT/A, and its
structure was unknown. During long-term storage, NTNHA-A slowly self-pro-
cesses into two polypeptide chains (~ 125 and 15 kDa) that remain non-covalently
linked. N-terminal amino acid sequencing identified the cleavage site between
Lys133 and Lys134. This is consistent with the known spontaneous nicking of
native NTNHA in the homologous area, which occurs through an unknown
mechanism (Fujita et al. 1995; Inoue et al. 1996; Miyata et al. 2009; Sagane et al.
2002). Recombinant forms of HA proteins for various BoNT serotypes have also
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been produced in several laboratories (Inoue et al. 2003; Nakamura et al. 2009;
Nakamura et al. 2008).

3.2 NTNHA-A Forms a Tight Protective Complex with BoNT/A

The wild-type PTCs are stable at pH values of 6.25 or less but release of BoNTs
occurs at pH values above 7.0 (Boroff et al. 1966; DasGupta and Boroff 1968;
Eisele et al. 2011). The recombinant BoNT/Ai and NTNHA-A form a tight
complex at acidic pH (pH 6.0) with dissociation constant (K4) of ~30.8 nM and a
stoichiometry of 1:1, as quantified by isothermal titration calorimetry and analytic
ultracentrifugation (Gu et al. 2012). No interaction could be detected at pH 7.5.
Thus, the recombinant M-PTC fully recapitulates the pH-dependent assembly of
the wild-type PTC. This also suggests that BONT and NTNHA, not the HA pro-
teins, are mainly responsible for the pH-dependent assembly of PTC.

It is well known that the oral toxicity of free BoNTs is significantly less than
that of PTCs (Cheng et al. 2008; Ohishi et al. 1977; Sugii et al. 1977). In vitro
studies also showed that free BoNTs are much more easily detoxified than those in
PTC by pepsin and pancreatin, and by gastric and intestinal juices (Ohishi et al.
1977; Sugii et al. 1977; Sugiyama 1980). To reproduce the physiological condi-
tions faced by BoNT in the GI tract, the response of free BONT/A and the M-PTC
to low pH and digestive proteases was examined. It is found that free BONT/A was
almost completely inactivated by incubation at pH 3 or less, but remained fully
active at pH 4-8. Similarly, the free BONT/A and NTNHA-A were easily degraded
into short peptides by digestive proteases, as is observed with most other proteins
(Gu et al. 2012). In contrast, the in vitro-reconstituted M-PTC fully protected
BoNT/A from protease- and low pH-induced inactivation, mimicking the behavior
of the wild-type PTC. No such mutual protection was observed at neutral pH,
which induced dissociation of the M-PTC. Thus, NTNHA plays a major role in
protecting and stabilizing BoNTs under the low pH and protease-rich conditions
prevailing in the GI tract, whereas HA proteins likely play a minor role in this
process.

3.3 Architecture of the M-PTC

To understand the molecular mechanisms underlying BoNT/A protection and pH-
dependent assembly of the M-PTC, we set out to determine the crystal structure of
the M-PTC. Prior to this work, the best structural information available on a PTC
was a projection map of the BoNT/A LL-PTC at 30 A resolution (Burkard et al.
1997) and a negative stain transmission microscopic image of BoNT/D L-PTC
(Hasegawa et al. 2007).
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Fig. 2 Structures of BONT/A and NTNHA-A in the M-PTC. The domain colors are as described
for Fig. 1

Not surprisingly, large molecular mass multiprotein complexes are notoriously
difficult to crystallize, and if they do, their diffraction is often limited to low
resolution. After years of effort and numerous crystals screened at synchrotrons,
the structure of the M-PTC composed of the full-length BoONT/Ai and NTNHA-A
could be determined at 3.9 A resolution. Despite the high quality of the structure
model, which was built based on the unbiased experimental phase, it could not
provide the detailed information needed to interrogate the extensive protein
interactions between BoNT/Ai and NTNHA-A.

The breakthrough came only with the successful nanobody-facilitated crystal-
lization of the M-PTC. Nanobodies are the smallest antigen-binding fragments
(~12-15 kDa) of naturally occurring heavy-chain-only antibodies (VHH) present
in camelids (Hamers-Casterman et al. 1993; Muyldermans et al. 2001) and they
have been exploited as inhibitors for BoONTs (Conway et al. 2010; Dong et al.
2010; Mukherjee et al. 2012; Tremblay et al. 2010). VHH provided additional sites
to facilitate a more compact crystal packing (Korotkov et al. 2009; Lam et al.
2009), which significantly improved the diffraction quality of crystals to 2.7 A
resolution. Although the free and the VHH-bound M-PTC were crystallized in
different crystal forms under different crystallization conditions, the structures of
the M-PTC are indistinguishable, demonstrating that this structure is a faithful
representation of the physiological conformation of the M-PTC, independent of
VHH binding and crystal packing.

The M-PTC structure has revealed a wealth of information and shows many
unanticipated features (Fig. 1). First, BoNT/Ai adopts a distinct quaternary
arrangement in the M-PTC. Pair-wise structural comparisons with the free BoNT/
A (Lacy et al. 1998) yield root-mean-square deviations (r.m.s.d) of 0.6, 1.1, and
1.3 A for LC, Hy, and He, respectively, suggesting the existence of conserved
structures within each domain. Unexpectedly, Hc in the M-PTC differs from Hc in
free BONT/A in that it rotates about 140° though a linker between Hy and Hc.
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Second, NTNHA-A is remarkably similar to BoNT/A. The three domains of
NTNHA-A, when pair-wise compared with LC, Hy, or He, yield r.m.s.d. of 2.2,
2.3,and 1.9 A, respectively, and thus were named nLC, nHy, and nHc (Figs. 1, 2).
BoNT/Ai and NTNHA-A form an interlocked compact complex, reminiscent of a
handshake. In the center of this molecular complex is the Hc fragment that is
embraced by all three domains of NTNHA-A (Fig. 1). Interestingly, LC does not
directly contact NTNHA-A.

3.4 The Structure of NTNHA-A

Despite an overall similarity in domain organization and individual domain
structure to BoONT/A, NTNHA has several unique features and has clearly lost
most of BoNTs features necessary to fulfill the neuron-specific attack (Fig. 2).

The protease activity of LC is absolutely dependent on a bound Zn>* whereas
nLC does not bind zinc. This has been carefully verified by inspecting an anom-
alous difference electron density map and is consistent with the fact that no pro-
tease activity has been observed for nLC. Primary sequence analysis of LC
revealed an “HELIH+E” signature motif in all BoNTs (Ile is highly conserved
except in BONT/C and D where it is replaced by Asn and Thr, respectively). The
His and the second Glu residues coordinate a Zn2+, while the first Glu coordinates
a water molecule for hydrolysis. This motif is found in a variety of Zn**-dependent
metalloproteases such as thermolysin, which suggests that LCs may utilize a
similar enzymatic mechanism (Binz et al. 2002; Kurazono et al. 1992). However,
such a motif is not found in NTNHA-A or any other serotype. Interestingly, a
structure-based sequence alignment shows that this motif is replaced by a highly
conserved “KCLIK” motif in NTNHAs (Gu et al. 2012).

A second difference between the two molecules is that a long loop connecting
LC and HC in BoNT/A is missing in NTNHA. This loop is cleaved post-trans-
lationally to activate BoNT/A, while LC and HC remain linked via an essential
disulfide bond (Cys430-Cys454 in BoNT/A) that is conserved in all BoNTs (de
Paiva et al. 1993). In all available crystal structures of the full-length BoNTs, most
of this loop (Ile435-Ala449 in BoNT/A) has no visible electron density, indicating
a highly flexible structure in this area. It is suggested that this loop keeps LC
attached to HC via the conserved disulfide bond during transportation of LC, and
then releases LC upon reduction in the cytosol. This disulfide bond and the
homologous loop in BoNT/A are not found in any serotype of NTNHA.

The structure of NTNHA also suggests that nHc is unlikely to have neuron-
binding capacity due to the many deletions of surface exposed loops in Hc.
Notably, none of the GT1b-binding residues of BoNT/A-H¢ are conserved in
NTNHA-A, including the highly conserved ganglioside-binding motif present in
many BoNT serotypes (Rummel et al. 2009; Rummel et al. 2004; Stenmark et al.



30 S. Gu and R. Jin

2008). Accordingly, NTNHA-A did not bind to immobilized ganglioside mixtures
(Rummel unpublished results).

Despite these differences, NTNHA does retain an intriguing structural feature
of BoNTs; the so-called translocation domain belt. The belt region (Asn493—
Asp546 in BoNT/A) is a mostly extended loop that wraps around LC and is
suggested to be a pseudosubstrate inhibitor of the LC protease, and/or a chaperone
during translocation of LC into the cytosol (Brunger et al. 2007). NTNHA-A
maintains the homologous belt region (Asp451-Asn496, referred to as the nBelt)
as part of nHy, which wraps around nL.C in an extended conformation. The
function of the nBelt remains to be discovered.

It is worth noting that NTNHA has a structural feature that is not present in the
equivalent part of BoNT/A, which is a large insert in nLC. Sequence analysis
shows that a 33-residue fragment in this area (Glyl16-Alal48 in NTNHA-A,
termed the nLoop), is conserved in NTNHA serotypes Al, B, C, D, and G, but is
missing in serotypes A2, E, and F. Many of the known spontaneous nicking sites in
NTNHA are located in the nLoop (Fujita et al. 1995; Inoue et al. 1996; Miyata
et al. 2009; Sagane et al. 2002). The whole nLoop has no visible electron density in
the M-PTC structure, indicating high flexibility in this area. It has been reported
that the nicking sites in NTNHA are masked in the HA-bound PTC, and that the
M-PTC that contains the nicked NTNHA can no longer assemble with HAs
(Kouguchi et al. 2002; Sagane et al. 2002). These data suggest that the nLoop of
NTNHA is likely part of the binding site for HAs, and thus participates in
assembly of the larger sized PTCs (Gu et al. 2012). Consistent with this hypoth-
esis, NTNHA-A2, E, and F, which do not have the nLoop, also lack the accom-
panying HA proteins and only form the HA-negative M-PTC (East and Collins
1994; Fujii et al. 1993; Lin et al. 2010).

Collectively, these findings corroborate the hypothesis that BoNT/A and
NTNHA-A might have evolved from a common ancestor by gene duplication,
which has resulted in a similar general architecture but distinct biological func-
tions. On the basis of amino acid sequence alignment, there is high sequence
identity among the different serotypes of NTNHA. For example, NTNHA-A shows
82.9, 65.8, 65.9, 65.8, 74.9, and 72.2 % identity with NTNHA of serotypes B, C,
D, E, F, and G, respectively (Krebs and Lebeda 2008). This high sequence identity
suggests that the overall structural architecture of NTNHA should be conserved
across the different serotypes. On the other hand, the sequence identity is much
lower among the different serotypes of BoNTs: BoNT/A shares only 39.4, 32.5,
33.1,40.4, 39.0, and 39.6 % identity with BoONT/B, C, D, E, F, and G, respectively
(Krebs and Lebeda 2008; Hill and Smith 2012). This raises several interesting
questions for future studies. Why are the amino acid sequences of NTNHAs
relatively static compared with those of the BoNTs? Are interactions between
BoNT and NTNHA serotype-specific? Does NTNHA have functions other than
protecting BoNT?
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Fig. 3 The Hc of BoNT/A can adopt multiple conformations. Surface representations of the
structures of BoNT/A in the M-PTC (a), free forms of BoNT/A (BoNT/B adopts an identical
conformation) (b), and free BONT/E (c¢). d Cartoon model showing the three conformations of the
Hc fragment depicted in (a)—(c). The receptor-binding site in Hc is indicated by a red star.
e Sequence alignment of the Hy—Hc linker. Residues that adopt an o-helix or fS-sheet are in
orange or green, respectively

3.5 A Novel Conformation of BoNT/A in the M-PTC

BoNT/Ai adopts a novel conformation in the M-PTC. Specifically, Hc rotates
about 140° through a linker between Hy and Hc, which brings the receptor-binding
site on Hc into the vicinity of the C-terminus of Hy (Fig. 3). In contrast, the LC-
Hy moiety of complexed BoNT/Ai maintains the same structure as that observed
in the free BoNT/A, BoNT/B, and a truncated BoNT/A composed of LC-Hy
(Masuyer et al. 2009). The Hc reorientation of BoNT/Ai is likely induced by
NTNHA-A rather than pH because the same conformation is adopted by all
structures of free BONT/A or BoNT/B crystallized at pHs ranging from 5.0 to 7.0
(Chai et al. 2006; Eswaramoorthy et al. 2004; Lacy et al. 1998; Swaminathan and
Eswaramoorthy 2000).
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Fig. 4 NTNHA binding does not directly block the receptor-binding sites in BoNT/A. a The
structure of HcA in the M-PTC (complex, green) is superimposed with an HcA-GT1b (apo,
orange) complex (PDB code: 2VU9). Key residues that interact with GT1b (purple sticks) are
shown in stick representation. Syt-II (ribbon in purple) is modeled based on HcB—Syt-II complex
(PDB code: 2NM1). b The structures in panel a are shown in the context of the M-PTC with
NTNHA-A in a surface representation (gray)

The conformational changes of BoNT/A in the M-PTC are caused mostly by
rotation of Hc, with the LC-Hy moiety as the base, via a linker composed of
residues Leu845-Thr876 in BoNT/A. In the free BoNT/A, this linker contains an
o-helix (GIn860-Lys871) and two 3;g-helices (Leu853-Lys855 and Ile873—
Thr876) and is structurally conserved in the free BoNT/B. However, the linker
adopts a different structure in the complex form, comprising an o-helix (Leu863—
[1e874) and two 3jp-helices (Leu853-Lys855 and Asp858-GIn860) (Fig. 3e).
Interestingly, the equivalent linker in BoNT/E (Leu819-Ser850) has no rigid
secondary structure, which could explain the flexible domain organization of
BoNT/E revealed by the electron microcopy and crystal structures (Fischer et al.
2008; Kumaran et al. 2009).

Mutagenesis studies suggested that the correct reorientation of Hc is crucial for
effective Hy-mediated translocation (Gu et al. 2012). It was speculated that the
flexible Hy—Hc linker may play a role in coordinating Hc-mediated receptor
binding and Hy-mediated translocation, given that the membrane-anchored
receptors impose some geometric restrictions on the position of H¢ with respect to
the membrane surface (Jin et al. 2006), and the long helical Hy needs to strate-
gically orientate on the membrane to achieve efficient translocation of LC to the
cytosol (Baldwin et al. 2007; Kumaran et al. 2009; Montal 2010). This is con-
sistent with the hypothesis that the more rapid translocation of LC to the cytosol
observed with BoNT/E than with BoNT/A is due to the more flexible BoONT/E-like
linker that allows an “easier” reorientation of Hc to achieve the optimal confor-
mation for translocation (Fischer et al. 2008; Keller et al. 2004; Kumaran et al.
2009; Wang et al. 2008).
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Mechanistically, Hc-mediated receptor binding is the earliest step during
neuron invasion, and likely one of the most crucial, because damage to Hc will
jeopardize the enrichment of BoNT/A on the neuron membrane (Montecucco
1986). Structural modeling shows that the ganglioside-binding pocket in Hc¢ is
mostly unchanged upon binding to NTNHA (Fig. 4) (Stenmark et al. 2008). The
potential binding site for the protein receptor, predicted to be homologous to the
Syt-binding site in BoNT/B (Jin et al. 2006), is also exposed on the molecular
surface of the M-PTC (Fig. 4). It is thus reasonable to predict that BoNT/A will
still be capable of binding its dual receptors in the context of the M-PTC.

4 Dynamic Association of the M-PTC
4.1 BoNT/A and NTNHA-A Interactions

The molecular handshake of BoNT/Ai and NTNHA-A buries an unusually large
solvent-accessible area (~ 3,200 A% per molecule), resulting in a tightly bound
complex at pH 6.0. The binding is predominantly driven by enthalpy
(K4 = 30.8 nM, AH = —17.6 kcal mol™", and AS = —24.8 cal mol~' K™'). It is
interesting to note that most of the intra-complex interactions are mediated by Hc,
which forms extensive interfaces with all three domains of NTNHA-A. The unique
M-PTC architecture is consistent with a comprehensive antibody mapping study,
which showed that all epitopes on BoONT/A that are masked in the PTC are mapped
to Hc, whereas epitopes in LC are all exposed in the PTC (Chen et al. 1997).

To investigate the interactions of BoNT/A within the M-PTC, we took
advantage of the recombinant expression system to perform a systematic domain
truncation study. We found that the binding behavior of the full-length BoNT/A
could largely be replicated by the isolated Hc, which binds to NTNHA-A with a
high affinity at pH 6.0 (Kq = 48.3 nM, AH = —12.3 kcal mol™', and AS = —
8.0 cal mol ™! K_l) but not at pH 7.5. Consistent with this, a truncated BoNT/A
lacking H¢ no longer binds NTNHA-A. Somewhat surprisingly, contributions to
the association of the complex are not distributed evenly across the large inter-
acting interface. A single point mutation (e.g. Hc-K1000A) could significantly
decrease the binding affinity of BoNT/A for NTNHA-A by up to 7-fold and Hc-
K1000A/K1039A/K1121A virtually disrupted the M-PTC (Gu et al. 2012). Thus,
there may be “hot spots” within the intra-complex interactions that are crucial to
maintain a stable M-PTC.

The clamp-like binding of H- by NTNHA-A is reminiscent of a diverse array of
protein chaperones (Stirling et al. 2006). However, NTNHA-A differs from the
conventional role of chaperones, which facilitate protein folding, by providing
large and multivalent binding surfaces for BONT/A to shield it from the hostile gut
environment. Interestingly, it has been reported that Hc of the free BoNT is more
susceptible to proteolytic cleavage than are the LC and Hy domains, suggesting
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that protection of Hc is likely critical (Chen et al. 1997; Shone et al. 1985). Future
studies should be guided by the structure of the M-PTC to determine how, or if, the
apparent “biased” protection toward Hc has evolved as an optimal strategy to
protect BoNT/A.

4.2 pH-Dependent Association of the PTC

One of the most fascinating features of the M-PTC is that BoONT/A can be released
from the fully armored complex by a simple pH change. It was reasoned that the
pH-dependent assembly of the M-PTC may be regulated by specific residues
(referred to as pH sensors) that adopt pH-dependent conformational changes.
Attempting to identify pH sensors in a 300 kDa protein complex is a daunting task.
Fortunately, the structure of the M-PTC has prompted to focus on Hc¢, which is
responsible for most of the intra-complex interactions and maintains the pH-
sensing feature observed in the full-length BoNT/A.

Which residues could serve as pH sensors? Titratable residues in the acidic
environment are histidine (His), glutamate (Glu), and aspartate (Asp), which have
typical side chain pK, values (where K, is the acid dissociation constant) around
6.1, 4.3, and 3.9, respectively. Protonation of these residues has been reported to
be involved in low pH-sensing in the pH-gated urea channel, chloride channel,
histidine kinases, and viral membrane fusion proteins (Mueller et al. 2008; Perez
and Groisman 2007; Stroffekova et al. 1998; Weeks and Sachs 2001).

Using structure-based mutagenesis and in vitro binding assays, Glu982 and
Aspl1037 of BoNT/A were identified as two key residues that mediate the pH-
dependent binding between BoNT/A and NTNHA-A. A surface electrostatic
potential analysis showed that Glu982 and Aspl1037 are located in a generally
positively charged surface in He, whereas the opposing NTNHA surface is neg-
atively charged. Thus, the negative charge of the deprotonated Glu982 and
Aspl1037 would potentially weaken the local complementary electrostatic inter-
actions in a pH-dependent manner.

The pK, describes the tendency of a titratable residue to give up a proton. For
internal ionizable groups in proteins in different microenvironments, their pKa
values and charged states could be substantially different from their intrinsic
values (Pace et al. 2009). Based on the crystal structures, the pK, of Glu982 and
Aspl1037 were calculated to increase to neutral or mild alkaline pH when in the
complex form compared to the free BONT/A (Li et al. 2005). Clearly, the assembly
of the M-PTC is a finely tuned dynamic process. It can be hypothesized that when
the BONT/A and NTNHA-A approach each other to form the transient complex,
the pK, of Glu982 and Asp1037 of BoNT/A will gradually increase, partly because
of the desolvation effect when they are buried in the complex. In an acidic
environment, pH sensors, including Glu982 and Aspl1037 of BoNT/A, will be
protonated and subsequently stabilize complex assembly. In contrast, the pH
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sensors will be deprotonated in neutral or alkaline environments, resulting in
repulsive charge interactions that destabilize the transient complex.

It is worth noting that we are just beginning to understand the pH-sensing
mechanism underlying M-PTC assembly. Other pH-sensing components in addition
to Glu982 and Asp1037 must exist in BoONT/A. Strong evidence for this has come
from the thermodynamic studies on the mutated Hc--E982A, which is able to bind
NTNHA-A at pH 7.5. Nevertheless, a significant loss of enthalpy (AH ~
6.3 kcal mol ") was observed for binding at pH 7.5 compared to that at pH 6.0. This
suggests that the network of protein—protein interactions between Hc and NTNHA-
A and solvation of the H¢ surface, contributed by the combined surface pH-sensing
elements, are different at pH 7.5 and pH 6.0. To add another layer of complexity, the
key residues in BoNT/A that mediate BoNT-NTNHA interactions, including
Glu982 and Asp1037, are not conserved in other BoNT serotypes. The structure of
BoNT/A M-PTC should provide a framework for future studies to fully dissect the
comprehensive pH-sensing mechanism across different serotypes.

5 HA Proteins
5.1 The Structure of the HA Proteins

The HA proteins account for up to 60 % of the molecular mass of PTC, but we
have a poor understanding of their role in the pathogenesis of BoNTs. The crystal
structures of the isolated HAs have been reported for selected serotypes, including
HA-17 (BoNT/D), HA-33 (BoNT/A, C, and D), and HA-70 (BoNT/C) (Arndt et al.
2005; Hasegawa et al. 2007; Inoue et al. 2003; Nakamura et al. 2009; Nakamura
et al. 2008). However, it is largely unknown how the HAs assemble with each
other and subsequently with BoNT and NTNHA.

HA-70 of BoNT/C consists of two domains, HA-70a and HA-70b, which are
proteolytically cleaved from the full-length HA-70. The HA-70a is a single
domain fragment with three a-helices and eight -strands. The HA-70b subcom-
ponent consists of three subdomains (I, II, and III). Domain I of HA-70b is very
similar to HA-70a. Domains II and III adopt a similar jelly roll-like f-sandwich
structure (Nakamura et al. 2009). Intriguingly, HA-70 forms a three-bladed pro-
peller-like trimer in crystals, with a pore located at the center of the trimer (Fig. 5).
The pore, estimated to be 33 A in length and 21 A in diameter, is a compact
cylindrical f-barrel composed of 12 fS-strands from HA-70a and the domain I of
HA-70b (Nakamura et al. 2009).

HA-33 has a dumbbell-like shape, composed of two f5-trefoil domains linked by
an a-helix (Fig. 5). The f-trefoil fold is a common structural module found in
many proteins, including many lectins, where it acts as an oligosaccharide-binding
unit. The f-trefoil domains of HA-33 from BoNT/A, C, and D are highly similar.
However, the domains are capable of twisting against each other via the helical
linker, suggesting significant inter-domain conformational plasticity (Arndt et al.
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Fig. 5 A model of the assembly of the PTC. The structures are shown in a cartoon
representation: HA-17 (salmon, BoNT/D, PDB code 2E4M), HA-33 (green, BoNT/D, PDB code
2E4M), HA-70 (cyan/yellow/gray, BoNT/C, PDB code 2ZS6), BoNT (gold, BoNT/A1, PDB code
3V0A), and NTNHA (blue, BoONT/A1, PDB code 3V0A)

2005; Hasegawa et al. 2007; Inoue et al. 2003). HA-17 seems to tightly associate
with HA-33, forming a complex that remains bound even in the presence of high
concentration of guanidine hydrochloride (Kouguchi et al. 2002). The crystal
structure shows that HA-17 of BoNT/D also adopts a f-trefoil fold, with each HA-
17 associating with two HA-33 molecules by binding to their N-terminal f3-trefoil
domains (Hasegawa et al. 2007).

Several different structural models of the fully assembled PTC have been
proposed (Hasegawa et al. 2007; Inoue et al. 1996; Kouguchi et al. 2002; Lietzow
et al. 2008; Mutoh et al. 2003; Suzuki et al. 2005). The discrepancies among the
models are largely due to the lack of systematic biochemical and biophysical
characterization of HAs in solution. For example, we do not yet know if the
trimeric HA-70 or the HA-17/33 complex that were observed in crystal structures
represent the physiologically relevant conformations in solution. Furthermore,
future studies should address whether and how HA-17/33 interacts with HA-70,
and how BoNT and/or NTNHA may interact with the HA proteins (Fig. 5).
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5.2 HAs Mediate Toxin—Host Interactions

HA proteins appear to play an important role in absorption of PTC by interacting
with oligosaccharides on intestinal epithelial cells (Fujinaga et al. 1997; Fujinaga
et al. 2004; Inoue et al. 2001; Kojima et al. 2005; Nakamura et al. 2007) (also see
chapter Uptake of Botulinum Neurotoxin in the Intestine). One N-acetylneuram-
inic acid (Neu5Ac) binding site has been reported in HA-70b of BoNT/C, which is
located in a cleft formed by domains II and III (Nakamura et al. 2009). The HA-
70-Neu5Ac interaction was not well-defined in the reported crystal structure,
likely due to the low binding affinity of NeuSAc to HA-70. Improved crystal
structures are reported recently, which show that HA-70 of BoNT/C can recognize
both «2,3- and «2,6-sialylated oligosaccharides, and that most of the HA-sugar
interactions are contributed by Neu5SAc (Yamashita et al. 2012). A binding assay
of HA-70 of BoNT/C against o2,3-sialyllactosamine- or ¢2,6-sialyllactosamine-
conjugated BSA suggests that it might have a higher affinity for «2,3-sialylated
oligosaccharide (Yamashita et al. 2012). However, the crystal structures show that
02,6-sialyllactosamine forms more hydrogen bonds with HA-70 compared with
o2,3-sialyllactosamine.

HA-33 of BoNT/C has been reported to have three binding sites that could
interact with several sugars, including Neu5Ac, galactose (Gal), and N-acetylga-
lactosamine (GalNAc) (Nakamura et al. 2008). This finding is largely derived
from crystal-soaking experiments, where HA-33 crystals were soaked in high-
concentration sugar solutions prior to collection of diffraction data for structure
determination. It is worth noting that all three sugars examined in this study bind
differently to the two identical HA-33 molecules in an asymmetric unit in the
crystal, suggesting there may be crystallographic artifacts. Furthermore, incon-
sistent results have been reported regarding the GalNAc-binding site(s) in HA-33
of BoNT/C (Nakamura et al. 2008; Nakamura et al. 2011). Thus, the physiological
role of HA-33—sugar interactions awaits clarification in future studies.

One of the most exciting recent breakthroughs is the discovery that E-cadherin
(E-cad), an epithelial cell surface adhesion molecule, is a host receptor for HA
proteins. It was suggested that HA proteins directly bind to and disrupt E-cad-
mediated cell-to-cell adhesion, thus facilitating the absorption of BoNT through
the intestinal epithelium via a paracellular route (Ito et al. 2011; Matsumura et al.
2008; Sugawara et al. 2010; Fujinaga et al. 2012). Consistent with this hypothesis,
the interaction is highly specific: HAs bind only to E-cad and not to N-cad or VE-
cad (Sugawara et al. 2010). Furthermore, the HA-E-cad interaction is serotype-
and species-specific. For example, the HAs of BoNT/A or B efficiently bind to
human, bovine, or mouse E-cad, but not to chicken E-cad; whereas the HA of
BoNT/C does not recognize human E-cad (Sugawara et al. 2010). These obser-
vations correlate well with the epidemiology of botulism. For instance, birds are
more resistant to oral intoxication of BoNT/A (Notermans et al. 1980) and there
are few reports of human botulism caused by BoNT/C (Coffield et al. 1997).
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Collectively, these observations suggest that the host susceptibility to botulism
is likely determined in part by the interplay between HA proteins and host
receptors in the GI tract. Future studies should focus on dissecting the poorly
understood HA-mediated interplay between toxin and host, including the identity
of the host carbohydrate and protein receptors. A better understanding of the
molecular mechanisms controlling these steps will facilitate the development of
novel strategies to block the early stages of oral intoxication by preventing BoNT
entry into the general circulation.

6 Conclusions

We have observed an unprecedented growth in our knowledge of the structure and
function of botulinum neurotoxin progenitor complexes, due in large part to
worldwide collaborations among scientists from different fields with complemen-
tary expertise. Among the crucial findings, the first crystal structure of the minimal
progenitor toxin complex of BONT/A has been reported recently (Gu et al. 2012),
which has rationalized a large set of genetic and biochemical observations.

BoNT/A and NTNHA-A form an interlocked handshake-like complex, which
lends both proteins extraordinary stability against low pH and digestive proteases.
Interestingly, the NTNHA-A has low sequence identity to BoNT/A but adopts a
similar architecture. Despite this, NTNHA-A is devoid of the characteristic struc-
tural features of BoNT/A that are crucial to its biological functions (e.g., endo-
peptidase activity, host receptor binding). The M-PTC structure also helps to
pinpoint several pH-sensing residues that are key players in balancing the seemingly
contradictory needs of BONT/A and NTNHA-A: strong binding for protection in the
gut and timely release upon gaining entry to the general circulation.

The fascinating mode of BoNT/A protection and assembly should also facilitate
mechanistic studies on other BONT serotypes and other bacterial toxins. However,
many questions remain to be addressed. How does the M-PTC assemble with the
HA proteins? Does the ~500 kDa HA complex further protect BoONT/A against
low pH and proteases? How does the HA complex interact with host receptors and
facilitate translocation across the epithelium? How does the PTC disassemble upon
reaching the relative safety of the bloodstream? The answers to these questions
await rigorous structural and functional analyses in the future.

On another front, a better understanding of the protection and transportation
functions of the PTC may help to identify the Achilles’ heel of this complex and
expedite the design of novel approaches to counteract BoNT intoxication. This
could be accomplished, for example, by small molecules that promote premature
disassembly and destruction of the PTC in the GI tract, or which disrupt HA-
mediated toxin—host recognition in the small intestine to prevent BoNT entry into
the circulation. Such preventive countermeasures for oral BoNT intoxication will
be crucial in situations such as during an outbreak of botulism, and could be a
strong deterrent against the use of BoNT as a bioterrorism weapon.
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Finally, the unique features of the complex involved in BoNT protection,
absorption, and dynamic assembly suggest that PTC-based vehicles could be engi-
neered to shield proteinaceous drugs from GI destruction and thus allow their oral
administration. Furthermore, retargeted BoNT with altered cell tropism could be
constructed that would allow tissue- and organ-specific drug delivery. If successful,
this would be an enormous step forward in the development of therapeutic biologics.
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human botulism; both result from the absorption of botulinum neurotoxin (BoNT)
from the digestive tract into the circulation. BoNT is a large protein toxin
(approximately 150 kDa), but it is able to pass through the epithelial barrier in the
digestive tract. Recent cellular and molecular biology studies have begun to
unravel the mechanisms by which this large protein toxin crosses the intestinal
epithelial barrier. This review provides an overview of current knowledge relating
to the absorption of botulinum toxins (BoNT and BoNT complex) from the gas-
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1 Introduction

Botulinum neurotoxin (BoNT) (serotypes A—-G, BoNT/A-G, MW ~ 150 kDa) is
produced by several strains of the anaerobic spore-forming bacteria Clostridium
botulinum, C. butyricum, and C. baratii. The toxin causes botulism, a severe
neurological disease characterized by flaccid paralysis (reviewed in Schiavo et al.
2000). Among the seven BoNT serotypes, types A, B, E, and F are associated with
botulism in both humans and animals, but BONT/C and D primarily cause disease
in domestic animals. Type G-producing organisms have been isolated from soil,
and were later reported to be present in several necropsy specimens of humans
(Sonnabend et al. 1981, 1987; reviewed in Poulain et al. 2008). Foodborne and
intestinal botulism are the primary forms of botulism affecting humans (Fox et al.
2005). In the former disease, ingestion of BoNT-contaminated food causes botu-
lism, whereas in the latter, BoNT-producing clostridia colonize the intestinal
lumen of infants (infant botulism) or rarely adults, leading to paralysis. In these
conditions, intoxication becomes apparent only if BoNT is absorbed from the
digestive tract, enters the systemic circulation, and reaches peripheral nerves
(Schiavo et al. 2000).

BoNT-producing clostridia always produce BoNT as a complex consisting of
BoNT and non-toxic proteins (non-toxic neurotoxin-associated proteins, NAP)
(Sakaguchi 1982; Minton 1995; Collins and East 1998; Oguma et al. 1999; Poulain
et al. 2008) (Fig. 1). NAPs include a non-toxic non-hemagglutinin protein
(NTNHA) and a hemagglutinin (HA) component. The HA component is composed
of three different proteins; HA1 (33 kDa), HA2 (17 kDa), and HA3 (70 kDa).
Depending on the strain, the bacterium produces one, two or all of the three main
forms of the BoNT complex: 12S toxin (M toxin/M-PTC), 16S toxin (L toxin/L-
PTC), and 19S toxin (LL toxin/LL-PTC) (Sakaguchi 1982; Oguma et al. 1999).
128 toxin is composed of a BoNT and an NTNHA. 16S toxin is composed of a
BoNT, an NTNHA and an HA component. 19S toxin has the same components as
16S toxin, and is presumed to be a dimer of two 16S toxins linked by one of the
HA proteins, HA1. BoNT dissociates from NAP under slightly alkaline conditions
(pH > ~ 7-8, depending on the toxin serotype) (reviewed in Sakaguchi 1982). In
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Fig. 1 Schematic structure of botulinum neurotoxin (BoNT) complexes. Upper panel Three
major forms of BoNT complexes, 12S toxin (M toxin), 16S toxin (L toxin), and 19S toxin (LL
toxin), are presented (reviewed in Sakaguchi 1982; Oguma et al. 1999; Poulain et al. 2008). 12S
toxin is composed of a BoNT and a non-toxic non-HA (NTNHA). 16S toxin is composed of a
BoNT, an NTNHA and a HA component. 19S toxin has the same components as 16S toxin, and is
presumed to be a dimer of two 16S toxins linked by one of the HA proteins, HA1. The HA
component has three different proteins; HA1, HA2, and HA3. In some strains, HA3 is cleaved
into HA3a and 3b. Dashed line denotes the proteolytic cleavage site. Lower panel BONT/Al is
produced by C. botulinum in three forms: 12, 16, and 19S toxins. BONT/B, C, and D are produced
in two forms: 12S and 16S. BoNT/A2, A3, E, and F are produced as 12S. BoNT/G complex is
produced as 16S, but there is a lack of HA1 gene in the BoONT/G-cluster of genes (Bhandari et al.
1997). + presence of the complex forms; — not present

this review, we cannot precisely refer to BoNT or the BONT complex (i.e., BONT
plus NAP), we will generally refer to the toxin as “botulinum toxin”.

When BoNT is incorporated into complexes, it exhibits greater oral toxicity
than uncomplexed BoNT (reviewed in Sakaguchi 1982). This implies that the
BoNT complex has the ability to evade the mucosal barrier system in the digestive
tract. On the other hand, the gastrointestinal tract has evolved multiple barriers that
protect the host from harmful external elements (reviewed in Turner 2009). The
gastrointestinal tract is lined with a continuous monolayer of epithelial cells that
restrict the passage of potentially harmful molecules from the luminal surface into
the surrounding tissues. On the luminal side of enterocytes, a layer of membrane-
anchored glycoproteins (filamentous brush border glycocalyx, FBBG), in con-
junction with an exterior hydrated gel layer formed by mucins, limit the access of
macromolecules to the epithelial surface. In addition, the lumen of the small
intestine contains membrane-bound proteases (brush border proteases) and many
proteolytic enzymes that are secreted by the pancreas and enterocytes (reviewed in
Woodley 1994). BoNT must overcome these barriers in order to access the sys-
temic circulation. Although the molecular mechanisms by which BoNT crosses
these barriers are not completely understood, recent studies have significantly
advanced our understanding of the strategies exploited by BoNT and BoNT
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complex in order to surmount these barriers. Here, we describe recent advances in
our understanding of the transport pathway used by this toxin to exit the gut lumen,
cross the intestinal epithelial barrier, and enter the systemic circulation.

2 Site of Uptake of BoNT and BoNT Complex
in the Digestive Tract

BoNT can be absorbed from a mucosal surface or a skin lesion, but not from the
intact skin (Arnon et al. 2001). In patients with foodborne or intestinal botulism,
toxins are absorbed across the digestive tract. The site of toxin absorption in the
digestive tract has been studied previously, using gastrointestinal tract isolated by
ligature, in various species of animals (mainly laboratory animals such as rabbits,
guinea pigs, and rats). Although the toxin can be absorbed across the epithelial
barrier in all areas of the alimentary canal, including the buccal cavity, stomach,
and colon, the upper small intestine is considered to be the most important site of
absorption (reviewed in Bonventre 1979; Sakaguchi 1982). In the cases of rabbits
exposed to type A botulinum toxin, and rats exposed to type B botulinum toxin,
absorbed toxin directly enters the lymphatics (reviewed in Bonventre 1979; Sak-
aguchi 1982). Consequently, orally ingested toxin reaches the circulatory system
via the thoracic lymph duct, rather than the hepatic portal system. BoNT/B
complexes do not dissociate in the digestive tract (Sugii et al. 1977a); instead, in a
study using the rat ligated duodenum loop assay, toxin complexes were absorbed
intact from the intestine into the lymphatics (Sugii et al. 1977b). In this system,
dissociation occurs immediately after BoNT complexes are absorbed into the
lymphatics (Sugii et al. 1977a) (reviewed in Sakaguchi 1982).

In infant botulism, the large intestine (cecum, transverse colon, and recto-
sigmoid colon), where anaerobic conditions allow vegetation of C. botulinum
spores, is the site of C. botulinum colonization and toxin production (Mills and
Arnon 1987). Furthermore, infant botulism differs from food-borne botulism by its
slow and chronic development (Fenicia and Anniballi 2009). This protracted form
of the disease may develop when small, sub-lethal doses of BoNT are absorbed
over several days. Nevertheless, in some cases, patients’ feces contain high levels
of BoNT (Paton et al. 1982, 1983). These data, which were obtained from
invaluable clinical cases, can be interpreted to mean that the large intestine, where
C. botulinum spores germinate and toxin is produced, is less efficient as a toxin
absorption site than the small intestine.

There are significant differences in the abilities of toxins of various serotypes to
pass through the digestive tract in various host species, as indicated by oral/i.v.
LDs, ratios (Smith 1988). Further accumulation of in vivo experiments using a
combination of highly susceptible hosts and multiple toxin serotypes will provide
more precise information regarding the absorption sites of the botulinum toxin and
transport mechanism into the circulation.
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3 Non-toxic Proteins Protect BoNT from Gastrointestinal
Degradation

When BoNT is experimentally isolated from BoNT complexes and orally admin-
istered to mice, it only induces slight toxicity. However, this oral toxicity increases
incrementally as BoNT associates with NAP (reviewed in Sakaguchi 1982). In
mouse, among the six toxin serotypes (A—F), the oral toxicity of type B toxin exhibits
the most pronounced changes in association with NAP; type B 16S toxin is
approximately 700 times more potent than 128 toxin, and 128 toxin is approximately
20 times more potent than BoNT/B (Ohishi et al. 1977; Sakaguchi 1982). Although
the mechanism(s) that contribute to the increased oral toxicity of the BONT com-
plexes is not fully understood, it is known that both NTNHA and HA protect BONT
against the low pH and proteases present in the digestive tract (Sakaguchi 1982).
Based on a recently reported X-ray crystal structure of type A 12S toxin, remarkable
progress has been made in our understanding of the molecular basis by which
NTNHA confers resistance to low pH and proteolysis within the gastrointestinal tract
(Gu et al. 2012); (Hill and Smith 2012). In that report, Gu et al. showed that NTNHA
has a structure highly similar to that of BoNT, and that NTNHA in 128 toxin provides
large and multivalent binding interfaces that shield the sensitive 50 kDa Hc-frag-
ment of BoNT from proteolysis. They also identified a putative HA binding site,
“nloop”, which is present in nLC of NTNHA remote from the BONT-NTNHA
interface. A structure model for the 16S toxin of BONT/D, obtained by the combi-
nation of transmission electron microscopy and X-ray crystallography, also indicates
that HA is localized on the opposite side of the BONT-NTNHA interface, and does
not completely insulate the BoNT (Hasegawa et al. 2007). Thus, the protective
function of HA may not be sufficient to explain the mechanisms by which HA reduces
the oral median lethal dose (LDsg) of 16S BoNT/B by ~ 700-fold relative to 12S
toxin. This phenomenon could be explained, at least partially, by HA-mediated
binding and transcytosis of BONT (Sect. 4.2) and/or HA-mediated disruption of the
epithelial barrier (Sect. 4.3).

4 Mechanisms Involved in BoNT Invasion Across
the Intestinal Epithelial Barrier

In recent years, several laboratories have described the interaction of BoNT and
BoNT complex with the epithelial barrier using in vitro model systems to simulate
the intestinal epithelial barrier. A large body of research has shown that BoONT/A
and BoNT/B bind to human intestinal epithelial monolayers (Caco-2 and T84) and
undergo transcytosis from the apical to the basolateral side (Maksymowych and
Simpson 1998, 2004; Ahsan et al. 2005; Couesnon et al. 2008, 2009, 2012;
Matsumura et al. 2008). It has also become clear that HA proteins tether BoNT to
the apical surface of the intestinal epithelial monolayer via their lectin activities,
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Fig. 2 Proposed model for the penetration of BoNT complexes across the intestinal
epithelial barrier. [Step 1] The HC/Hc-fragment of BoNT mediates its binding and transcytosis
(Arrows in green, “Route i”) (Maksymowych and Simpson 1998, 2004; Ahsan et al. 2005;
Couesnon et al. 2008, 2009, 2012; Matsumura et al. 2008). Within the BoNT complex, HA also
mediates the binding and transcytosis of luminal BoONT complexes across the epithelium, without
disrupting the epithelial barrier (arrows in yellow, “Route ii”) (Matsumura et al. 2008). [Step 2]
After translocation to the basolateral surface, HA disrupts the epithelial barrier (Matsumura et al.
2008; Jin et al. 2009). Type A and B HA proteins bind E-cadherin and disrupt the intercellular
barrier without causing cytotoxic effects in epithelial cells of susceptible hosts (Sugawara et al.
2010). Type C HA may disrupt barrier function by exerting cytotoxic effects on the epithelial
cells of susceptible animals (Jin et al. 2009). [Step 3] Large quantities of BoONT complex pass
across the damaged epithelial intercellular barrier, and BoNT accumulates on the serosal side
(arrows in light green, “Route iii”) (Matsumura et al. 2008). Adapted from (Fujinaga 2010)

which presumably leads to transcytosis of BoNT across the monolayer (Fujinaga
et al. 1997; Niwa et al. 2007; Arimitsu et al. 2008; Matsumura et al. 2008).
Furthermore, HA proteins disrupt the epithelial barrier function (Matsumura et al.
2008; Jin et al. 2009); E-cadherin is the target molecule of type B HA (a complex
of HA1/HA2/HA3, HA component of type B 16S toxin) (Sugawara et al. 2010;
Sugawara and Fujinaga 2011). In light of these studies, we are currently in a
position to speculate that any or all of the identified routes for passing through the
epithelial barrier in in vitro models is involved in the mechanisms by which the
BoNT crosses the gut epithelium in vivo on the road to pathogenesis. Based on
these findings, we propose that the botulinum toxin traverses the intestinal epi-
thelial barrier in three steps (Fig. 2). In Step 1, a small amount of luminal BoNT,
either alone (Route i) (Maksymowych and Simpson 1998; Maksymowych and
Simpson 2004; Ahsan et al. 2005; Couesnon et al. 2008, 2009, 2012; Matsumura
et al. 2008) or in BoNT complexes (Route ii) (Matsumura et al. 2008), undergoes
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transcytosis across the epithelium without disrupting the epithelial intercellular
barrier. Once on the basolateral surface, the HA moiety of the 16S toxin mediates
disruption of the intercellular barrier (Step 2) (Matsumura et al. 2008; Jin et al.
2009; Sugawara et al. 2010). Finally, in Step 3, the absence of an intact inter-
cellular barrier allows paracellular passage of large amounts of BoONT complexes
and/or BoNT alone (Route iii) (Matsumura et al. 2008). The following sections
describe each of these three routes in detail.

4.1 HcMediated Transcytosis of BoNT (Route i)

In the late 1990s, the Simpson lab performed pioneering investigations of the
interaction between BoNT and the intestinal epithelial barrier. Those authors
showed that BoONT/A and B bind to polarized human intestinal epithelial cell lines
(Caco-2 and T84) and undergo transcytosis from the apical to the basolateral side
(Maksymowych and Simpson 1998). However, the estimated rate of transport of
BoNT/A (specifically, iodinated BoNT/A) through the epithelial barrier is at the
low end of the range for other intact proteins (Maksymowych and Simpson 1998).
Subsequently, it was shown that the heavy chain (HC) and the 50 kDa Hc-frag-
ment of BONT/A mediates toxin binding to intestinal cell lines (Maksymowych
and Simpson 2004; Couesnon et al. 2008; Couesnon et al. 2009), and that gan-
glioside (GD1b and GT1b) and SV2C (or SV2C-related protein) expressed on the
membranes of these cells are involved in the process of transcytosis (Couesnon
et al. 2008). Moreover, the Popoff group demonstrated that a mouse intestinal
crypt-like cell line (m-ICc12), which expresses higher levels of SV2C (or SV2C-
related protein) than Caco-2, exhibits greater binding and 10-fold higher trans-
cytosis rate of BoONT/A (Couesnon et al. 2008). The transcytosis rate for biolog-
ically active BoNT/A in m-ICcl2 was estimated to be ~1 % within 2 h
(Couesnon et al. 2008). Although the entire transcytosis pathway followed by
BoNT/A has not yet been clearly defined, it was recently reported that BONT/A Hc
is taken up by Caco-2 and m-ICcl2 cells via a Cdc42-dependent and clathrin-
independent pathway, and reaches an early endosomal compartment (Couesnon
et al. 2009). More recently, the Popoff group showed that BoNT/A Hc is prefer-
entially taken up by a subset of neuroendocrine intestinal crypt cells; those authors
proposed that these neuroendocrine intestinal crypt cells are the entry site of the
BoNT/A across the intestinal barrier (Couesnon et al. 2012).

4.2 HA-Mediated Binding and Transcytosis of BoNT (Route ii)

The carbohydrate-binding activity of HA mediates the agglutination of red blood
cells. Although the BoNT complex has been known for 60 years to possess hem-
agglutination activity (Lamanna 1948), the significance of this activity in the
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pathogenesis of botulism remained unknown until more recently. In the late 1990s,
Fujinaga et al. reported that type C 16S toxin, but neither 12S toxin nor BoNT alone,
binds to carbohydrates expressed by guinea pig intestinal epithelium (Fujinaga
et al. 1997), suggesting that HA facilitates adhesion of 16S toxin to the intestinal
epithelium and may, following uptake of BoNT, contribute to the high oral toxicity of
the 16S toxin. Subsequently, HAs from other serotypes of the botulinum toxin
complex were shown to bind to intestinal epithelial cells [type A (Fujinaga et al.
2000; Kojima et al. 2005), type D (Niwa et al. 2007), type B (Arimitsu et al. 2008)].
Type C and type D HA in the BoNT complex facilitate the passage of the BoONT
across the intestinal epithelial barrier models using human or rat derived cell lines
(Niwa et al. 2007, 2010; Inui et al. 2010; Ito et al. 2011). Furthermore, type C 16S
toxin, but not the 12S toxin or BoNT alone, induces internalization of the toxin
complex and transport of BoNT into the Golgi in the human colon carcinoma cell line
HT-29 (Nishikawa et al. 2004; Uotsu et al. 2006). Additionally, HA as constituent of
the BoNT/B complex, as well as the recombinant HA (a complex of HA1/HA2/
HA3), is transported from the apical side to the basolateral side via transcytosis
(Matsumura et al. 2008; Sugawara et al. 2010). These data lead us to surmise that HA
binding to cell-expressed carbohydrates induces the transport of BoNT across the
intestinal epithelial barrier via transcytosis.

4.3 HA-Mediated Disruption of Epithelial Barrier (Route iii)

Recently, we found that type B HA disrupts the intestinal epithelial barrier by
acting on the basolateral membrane (Matsumura et al. 2008). Type B HA disrupts
the localization of tight and adherens junction proteins (e.g., occludin, ZO-1, f-
catenin, and E-cadherin) at cell-to-cell boundaries, without affecting the viability
of cultured epithelial cells. We also showed that ~ 10-fold more BoNT/B crosses a
Caco-2 monolayer when the cells are treated with 16S toxin, compared with cells
treated with purified BoNT or 1285 toxin over a 24 h time course (Matsumura et al.
2008). Furthermore, we showed that HA facilitates the paracellular transport of
macromolecules, including 128 toxin, in an in vivo loop assay in mouse. Both type
A and type B HA proteins exhibit similar barrier-disrupting activity on epithelial
monolayers derived from several species, including human, but type C HA lacks
this activity with respect to human cell lines such as Caco-2 and T84 (Table 1) (Jin
et al. 2009). However, type C HA disrupts the epithelial barrier in cultured cells
derived from other species, including rat, but these effects are the result of HA-
mediated cytotoxicity, and thus fundamentally differ from the mechanism of
epithelial disruption caused by type A and B HAs (Jin et al. 2009) (Sugawara and
Fujinaga, “unpublished data™). At this time, the effects of type C HA-induced
epithelial barrier disruption have only been examined using cell lines in vitro; in
vivo studies using susceptible animals are required in order to validate its path-
ological role.
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Table 1 Effects of type A, B, and C 16S toxin complexes on epithelial monolayers and cells

Caco-2 T84 MDCKI ACL-15 RCN-9
apical basal apical basal apical basal
Barrier disruption
type A* + ++ + + + ++ ND ND
type B + ++ - + - ++ ND ND
type C - - - - - + ND ND
Cytotoxicity
type A* - - - + +
type B - - - - -
type C + — + + +

Barrier disruption

++ 50 % decrease in TER after 12 h incubation was induced by <5 nM of toxin complex
+ 50 % decrease in TER after 12 h incubation was induced by <300 nM of toxin complex
+ 20 % decrease in TER after 24 h incubation was induced by <300 nM of toxin complex
— decrease in TER was not induced within 24 h by 300 nM of toxin complex

Cytotoxicity (non-polarised cells)

+ WST-8 reduction was decreased to <50 % by 300 nM of toxin complex

+ WST-8 reduction was decreased to <80 % by 300 nM of toxin complex

— no decrease in WST-8 reduction was induced by 300 nM of toxin complex

ND not determined

* type A: A mixture of 16S toxin and 19S toxin

Reprinted with permission from Jin et al. (2009)

More recently, we determined that epithelial cadherin (E-cadherin) is a target of
type B HA (Fig. 3) (Sugawara et al. 2010; Sugawara and Fujinaga 2011). E-
cadherin is a canonical member of the cadherin superfamily of adhesion mole-
cules, and mediates calcium-dependent cell-to-cell adhesion (Takeichi 1991). In
epithelial cells, E-cadherin is present at adherens junctions, and is essential for the
function of tight junctions (Citi 1993). Type B HA directly binds to E-cadherin,
and disrupts E-cadherin-mediated cell-to-cell adhesion (Sugawara et al. 2010).
All three HA subunits are required for full binding to E-cadherin, although a
complex consisting of only HA2 and HA3 exhibits weak binding activity. The
carbohydrate-binding activity of type B HA is not required for this interaction.
Type B HA binds to human, bovine, and mouse E-cadherins, but not the rat or
chicken homologs. Additionally, type B HA does not interact with other members
of the classic cadherin family, such as N- and VE-cadherin. Residue 20 of E-
cadherin is critically involved in its interaction with type B HA (Fig. 4a); this
residue is located in the distal extracellular cadherin domain (EC1) near the
cadherin trans-dimer interface (Boggon et al. 2002). Therefore, it is conceivable
that type B HA binding to E-cadherin sterically hinders E-cadherin trans-dimer
formation. Anatomically, this presents a conundrum because E-cadherin is found
exclusively on the basolateral surface of epithelial cells, whereas orally ingested
HA in the BoNT complex is initially localized on the apical surface. Consistent
with this, we showed in an in vitro epithelial model that the HA target site is on the
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Fig. 3 Schematic representation of the mechanism of action of type B HA (Sugawara et al.
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basolateral compartment by transcytosis. Translocated HA interacts with the extracellular domain
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basolateral surface, requiring HA to be transported from the apical to the baso-
lateral surface in order to co-localize with E-cadherin. Finally, we showed that
transcytosis mediates the transport of HA, at least in vitro [Fig. 3,( Matsumura
et al. 2008; Sugawara et al. 2010), also see Sect. 4.2].

E-cadherin binding by HA is species specific, and the observed species speci-
ficity correlates with the epidemiology of botulism (Sugawara et al. 2010). For
example, type B HA does not interact with chicken E-cadherin, consistent with the
rarity of avian botulism caused by BoNT/B. Furthermore, in an experimental
setting, birds are resistant to the BoNT/B complex, especially when administered
orally and also upon intravenous administration (Gross and Smith 1971; Noter-
mans et al. 1980). Additionally, the ability of BONT/A and B complexes to interact
with human E-cadherin, and the inability of BoNT/C complex to do so, correlates
with the frequency of botulism caused by these types in humans (i.e., types A and
B are much more common than type C) (Sugawara et al. 2010). These differences
are not solely due to the differential ability of HA to bind E-cadherin. Chickens
and rats are not typically susceptible to type B botulinum toxin, and their orthologs
of VAMP-1 (also known as synaptobrevin-1), one of the intracellular substrates for
BoNT/B, are resistant to BoNT-mediated cleavage due to a single amino acid
change (Q78V) at the position P1 (Fig. 4b, Patarnello et al. 1993). Patarnello et al.
proposed that this amino acid change at the site of BoONT’s catalytic action in these
different species is an example of convergent molecular evolution driven by
BoNT. Additionally, both of these species have an identical amino acid substi-
tution at residue 20 of E-cadherin (Sugawara et al. 2010). Thus, rats and chickens
have evolved two distinct mechanisms to evade intoxication by type B botulinum
toxin. Taken together, these findings suggest that the HA-E-cadherin interaction is
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E-cadherin to VAMP1 to
20 type B HA (X) BoNT/B cleavage
Human 17: FPKNLVQ: 23 78:QF
Bovine 17: FPKSLVQ: 23 + 78:QF +
Mouse 17: FPKNLVQ: 23 78:QF
Rat 17:FPQRLVQ: 23 } _ 78:VF
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Fig. 4 E-cadherin binding of type B HA. a Topology of E-cadherin in trans (juxtaposed cell)
interaction and the binding site for type B HA is shown. Left panel Schematic representation of E-
cadherin in a trans-dimer interaction, deduced from X-ray crystal structure studies (Boggon et al.
2002; Haussinger et al. 2004). Right panel 3D structure of the EC1 domain of E-cadherin (from
1Q1P.PDB). Residue 20 of E-cadherin, which is critically important to its interaction with HA, is
shown in red (Sugawara et al. 2010). Residues that make direct contact with E-cadherin in the
context of homodimer formation are shown in orange (Boggon et al. 2002). b Amino acid
sequences of the E-cadherin region that contains the critical site for type B HA binding, and of
the neuronal VAMP-1 region that contains the site of proteolytic cleavage of BoNT/B. Sequences
derived from human, bovine, mouse, rat, and chicken are shown (Patarnello et al. 1993; Sugawara
et al. 2010)

an important factor in the pathogenesis of food-borne botulism. Additional studies
using genetically modified animals expressing HA-resistant isoforms of E-cad-
herin are required in order to test these hypotheses.

5 Conclusion

In the past few years, we have made significant progress in understanding the
interaction of botulinum toxin with the intestinal epithelial barrier. Accumulating
evidence suggests that BoNT can be itself undergo transcytosis, and that the
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interaction of BONT/A Hc¢ with cellular ligands including gangliosides (GD1b and
GT1b series) and SV2 (or SV2-related protein), which are the neuronal ligands for
the BoNT/A, facilitates this process (Maksymowych and Simpson 1998, 2004;
Maksymowych et al. 1999; Ahsan et al. 2005; Couesnon et al. 2008, 2009, 2012;
Matsumura et al. 2008). In addition, HA proteins present in BoNT complexes
disrupt epithelial barrier function (Matsumura et al. 2008; Jin et al. 2009);
E-cadherin is the target molecule of type B HA (Sugawara et al. 2010). Further-
more, the interaction of HA with E-cadherin varies with HA serotype and host
species. Similarly, different serotypes of BoNT recognize different molecules on
the surface of neuronal cells (reviewed in Binz and Rummel 2009). Taken toge-
ther, these findings suggest that the individual botulinum toxin serotypes exploit
diverse molecular mechanisms in order to cross the intestinal barrier of susceptible
animals. Moreover, it remains possible that other pathways are involved in bot-
ulinum toxin absorption. For example, 12S toxins (M-PTCs) of BoNT/A2, A3, E,
and F, which are not assembled with HAs, may use novel mechanisms in order to
enhance their intestinal absorption. Interestingly, C. botulinum strains A2 ~ A4,
A(B), E, and F possess the orf X gene-cluster, which contains open reading frames
(ORFs) of unknown function, instead of the ha gene-cluster (Jacobson et al. 2008).
The role of orf X cluster proteins (ORFX1, ORFX2, ORFX3, and P47) in the oral
toxicity of the BoNTs should be examined.

Different host species are exposed to different BONT-producing clostridia based
on their environmental niches and geographical distribution; both hosts and toxins
have evolved to reflect these differences. Further in vivo and in vitro studies using
appropriate host species are required in order to fully understand the strategies that
have evolved to promote (and prevent) toxin absorption. These studies will pro-
vide important insights into the molecular mechanisms underlying food borne and
intestinal botulism, and they may promote the development of novel methods for
therapeutically modulating the integrity of the intestinal epithelial barrier.
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Double Receptor Anchorage of Botulinum
Neurotoxins Accounts for their Exquisite
Neurospecificity

Andreas Rummel

Abstract The high potency of the botulinum neurotoxins (BoNT) and tetanus
neurotoxin (TeNT) is mainly due to their neurospecific binding which is mediated
by the interaction with two receptor components. TeNT and all BoNT bind first to
complex polysialo-gangliosides abundantly present on the outer leaflet of neuronal
membranes. The ganglioside binding occurs in BoNT/A, B, E, F and G via a
conserved ganglioside binding pocket within the most carboxyl-terminal 25 kDa
domain Hoe whereas TeNT, BoNT/C and D display two different ganglioside
binding sites within their Hcc-domain. Subsequently, upon exocytosis the intra-
luminal domains of synaptic vesicle proteins are exposed and can be accessed by
the surface accumulated neurotoxins. BONT/B and G bind with their Hcc-domain
to a 20-mer membrane juxtaposed segment of the intraluminal domain of syn-
aptotagmin-I and -II, respectively. BONT/A and E employ the intraluminal domain
4 of the synaptic vesicle glycoprotein 2 (SV2) as protein receptor. Whereas the
50 kDa cell binding domain Hc of BoNT/A interacts with all three SV2 isoforms,
BoNT/E H¢ only binds SV2A and SV2B. Also, BoNT/D, F, and TeNT employ
SV2 for binding and uptake. Thereafter, the synaptic vesicle is recycled and the
anchored neurotoxin is endocytosed. Acidification of the vesicle lumen triggers
membrane insertion of the translocation domain followed by pore formation and
finally translocation of the enzymatically active light chain to its site of action
leading to block of neurotransmitter release.
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Abbreviations
BoNT
BoNT/X
BoNT/XY

Cer

CNT

NMJ

Gal

GBS

Glc

GPI

GT1b, GD1b, GDla, GM1, GM3, GT2
HC/X

A. Rummel

botulinum neurotoxin

serotype X of BoNT, X = A-G
subtype Y of serotype BoNT/X, Y = 1-
8

ceramide

clostridial neurotoxins

neuromuscular junction

p-galactose

ganglioside binding site

f-glucose

glycosylphosphatidylinositol

sialo ganglioside

heavy chain of BoNT serotype X/TeNT

HeX 50 kDa cell binding fragment of BoNT/
TeNT

Hce 25 kDa C-terminal domain of the Hc

Hen 25 kDa N-terminal domain of the Hc

HyX 50 kDa translocation domain of BoNT/
TeNT

Lac lactose

LacCer lactose-ceramide

LC/X light chain, catalytic domain of BoNT
serotype X/TeNT

MS mass spectrometry

NAcGal N-acetyl-f3-galactosamine

NAcNeu N-acetylneuraminic acid, sialic acid,
Sia

SNAP-25 synaptosomal associated protein of 25
kDa

SNARE soluble N-ethylmaleimide-sensitive
factor attachment protein receptor

Sv2 synaptic vesicle glycoprotein 2

Syt-X Isoform X of synaptotagmin, X = [-XV

syntaxin-X Isoform X of syntaxin, X = 1-19

TeNT tetanus neurotoxin

VAMP-2 synaptobrevin-2
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1 Introduction

Tetanus neurotoxin (TeNT) and the seven botulinum neurotoxin serotypes (BoNT/
A-G) exert an extreme toxicity (i.p. <l ng/kg bodyweight) which is caused by
their high neuronal specificity, an efficient uptake in clathrin-coated vesicles
(Bercsenyi et el. 2012) and subsequent delivery of a Zn**-endoprotease into the
neuronal cytosol (Fischer 2012), where the metalloprotease specifically cleaves
one member of the SNARE proteins (Binz 2012; Ahnert-Hilger et al. 2012)
resulting in blockade of neurotransmitter release for a long duration (Shoemaker
and Oyler 2012).

BoNT bind highly specific to non-myelinated areas of cholinergic motor nerve
terminals (Dolly et al. 1984). Like for cholera toxin, gangliosides, complex
polysialic acid containing glycolipids, play an important role in binding of TeNT
and BoNT. However, a protease sensitive interaction of TeNT and BoNT with
neuronal membranes led to the dual receptor hypothesis which postulates an
interaction with gangliosides and a proteinaceous receptor (Montecucco 1986).
Subsequently, the individual type of gangliosides and the mode of interaction as
well as the nature of the proteinaceous receptors have been characterised
extensively.

2 Complex Polysialo Gangliosides Accumulate BoNT
on the Neuronal Membrane

TeNT, sharing a 35 % amino acid identity with BONT (Niemann et al. 1994), was
first identified to bind gangliosides (ganglion + glycoside), glycosphingolipids
that are found particularly in the outer leaflet of neuronal cell membranes (van
Heyningen 1958, 1959; van Heyningen and Miller 1961).

Polysialo-gangliosides consist of a ceramide part (Cer) which is incorporated in
the membrane and a carbohydrate portion (Fig. la, b). The Cer is built up by
sphingosine connecting a fatty acid chain and an alkyl chain to the carbohydrate
part. The first carbohydrate is a f-glucose (Glc) linked 1,4 to f-galactose (Gal).
This lactose-ceramide (LacCer) is the starting material for synthesis of complex
polysialo-gangliosides like GT1b (nomenclature according to (Svennerholm
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Fig. 1 a Schematic representation of the carbohydrate building blocks and the biosynthetic
pathway of complex polysialo-gangliosides. The enzymes GM3-synthetase (GM3S), GD3-
synthetase (GD3S) and N-acetylgalactosamine-transferase (NAcGalT) are involved in ganglio-
side biosynthesis. Their encoding genes are deleted in the respective knock-out mice leading to an
altered ganglioside expression pattern. b Chemical structure of polysialo-ganglioside GT1b.
¢ TeNT and BoNT show reduced neurotoxicity when applied to phrenic nerve hemidiaphragm
preparations obtained from GD3S or combined GD3S/NAcGalT knock-out mice. These mice
only express GM3, GM2, GM1 and GDla, or GM3-only, respectively (n = 3-7, mean + SD)
(Rummel et al. 2007; Rummel et al. 2009; Strotmeier et al. 2010)

1994), Fig. 1a). GM3-synthetase attaches the first sialic acid (o-N-acetylneuram-
inic acid, NAcNeu) 2,3 to the Gal yielding GM3. The GD3-synthetase (GD3S)
elongates the NAcNeu-branch by fusing a second o-NAcNeu 2,8 to the first
NAcNeu resulting in the ganglioside GD3. Furthermore, the NAcGal-transferase
(NAcGalT) extends the LacCer by connecting first f-N-acetylgalactosamine
(NAcGAI) 1,4 and then adding Gal 1,3 leading to GM2 and GM, respectively, the
latter being the receptor for cholera toxin (Holmgren et al. 1980).

The knowledge of ganglioside biosynthesis allowed the genetic approach to
create mice lacking complex polysialo-gangliosides. This is achieved by deleting
the genes St8sial and B4galntl encoding NAcGalT and GD3S, respectively
(Fig. 1a). NAcGalT-deficient mice only express LacCer, GM3 and GD3 and
displayed resistance against treatment with TeNT as well as BoNT/A, B, D and G
in time-to-death experiments (Peng et al. 2011; Kitamura et al. 1999; Dong et al.
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2007). Furthermore, nerve stimulation-evoked endplate potentials at isolated
neuromuscular junctions derived from NAcGalT-deficient mice remained unal-
tered upon incubation with BONT/A (Bullens et al. 2002). In addition, binding and
entry of the seven BoNT serotypes was reduced in cultured hippocampal neurons
of NAcGalT-deficient mice, but could be rescued by adding exogenous bovine
brain ganglioside mix (Peng et al. 2011; Dong et al. 2007, 2008). On the other
hand, GD3S knock-out mice expressing only LacCer and the a-series gangliosides
GM3, GM2, GMI1 and GD1a were resistant to TeNT in the time-to-death assay,
but kept their sensitivity towards BoNT/A, B and E (Kitamura et al. 2005) which
indicates that the disialyl moiety of GT1b plays a minor role in binding of BoNT/
A, B and E. Isolating the phrenic nerve hemidiaphragm of such knock-out mice for
an ex vivo assay (mouse phrenic nerve (MPN) assay) allows the precise quanti-
tation of the individual BoNT-ganglioside dependence at their site of action, the
motor nerve terminals. Hereto the hemidiaphragms of mice lacking NAcGalT and/
or GD3S were intoxicated with TeNT and BoNT/A-G [Fig. 1c; (Rummel et al.
2007, 2009; Strotmeier et al. 2010)]. The lack of the disialyl group in GD3S-/-
tissue hardly affected the action of BONT/A, E, F and G, whereas the potency of
BoNT/B, C, D and especially TeNT was interfered. A conclusive combination of
both gene knock-outs resulted in GM3-only mice which displayed high resistance
towards all seven BoNT serotypes and especially TeNT indicating the importance
of the terminal NAcGal-Gal-NAcNeu moiety being present in GD1la and GT1b as
well as the disialyl group of GD1b and GT1b.

Biochemical approaches at the cellular level like removal of sialic acid residues
by neuraminidase treatment of cultured cells isolated from spinal cord (Bigalke
et al. 1986) and adrenergic chromaffin cells (Marxen et al. 1989) demonstrated a
reduced potency of BoNT/A and TeNT (Critchley et al. 1986). Furthermore,
binding of BoNT/C to neuroblastoma cell lines as well as rat brain synaptosomes
was diminished upon neuraminidase treatment (Tsukamoto et al. 2005; Yokosawa
et al. 1989), all indicating interactions between sialic acid moieties and BoNT/A, C
and TeNT. Conversely, bovine chromaffin cells lacking complex polysialo-gan-
gliosides were rendered sensitive to TeNT and BoNT/A by pretreatment with
gangliosides (Marxen and Bigalke 1989; Marxen et al. 1991). In addition, a
monoclonal antibody to GT1b antagonised the action of BoNT/A on rat superior
cervical ganglions (Kozaki et al. 1998). The inhibition of ganglioside biosynthesis
with fumonisin in primary spinal cord neurons or with D,L-threo-1-phenyl-2-
hexadecanoylamino-3-morpholino-propanol in the mouse neuroblastoma cell line
Neuro-2a resulted in insensitivity towards TeNT and BoNT/A, respectively
(Williamson et al. 1999; Yowler et al. 2002).

After it became clear that gangliosides act as acceptor it was demonstrated that
preincubation of BoNT/A, B, D or E with gangliosides, especially GT1b resulted
in their detoxification (Simpson and Rapport 1971a, b). Extensive studies char-
acterised the ganglioside specificity of BoNT and TeNT first in overlay binding
assays employing ganglioside mixtures separated by thin layer chromatography. It
was demonstrated that BoNT/A, B, C, E and F bind to GT1b, GD1b and GDla
with varying affinities (Tsukamoto et al. 2005; Kozaki et al. 1987; Takamizawa
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et al. 1986; Kamata et al. 1986; Ochanda et al. 1986; Kitamura et al. 1980). BoONT/
A, B, and E adhered to GT1b better than to GD1a and much less to GM1 at low
ionic strength, and as the ionic strength increased to physiological conditions, less
binding was observed (Schengrund et al. 1991). However, employing surface
plasmon resonance, BoNT/A bound to GT1b when the ionic strength was
increased from 0.06 to 0.16 M with a similar Ky (~1()_7 M) for each ionic
strength (Yowler and Schengrund 2004). Furthermore, MALDI-TOF mass spec-
troscopy demonstrated binding of isolated GT1b to the cell binding domain of
BoNT/A, B, D and TeNT (Strotmeier et al. 2010; Rummel et al. 2003, 2004a). Use
of immobilised, isolated, individual gangliosides on polystyrene surfaces of
microtiter plates complemented the understanding of ganglioside preference.
TeNT prefers the b-series gangliosides GT1b, GD1b and GQ1b (Rummel et al.
2003; Chen et al. 2008; Angstrom et al. 1994). Isolated GT1b also binds BoNT/A,
B and with higher affinity BoNT/G (Rummel et al. 2004a; Schmitt et al. 2010),
whereas BoNT/F interacts predominantly with GDla and GT1b but hardly with
GD1b or GMI1 (Fu et al. 2009). GDla is bound best by BoNT/F, followed by
BoNT/E and A (Benson et al. 2011) thereby supporting the GD3S-knock-out mice
data (Fig. 1c). In contrast, BoNT/C is efficiently immobilised by GDI1b and to a
lesser extent by GT1b and GD1a while the closely related mosaic serotype BoNT/
DC binds preferentially GM1 and much weaker GD1a but hardly GT1b and GD1b
(Karalewitz et al. 2010). BoNT/D displays a ganglioside preference similar to
TeNT by interacting with GT1b, GDIb and GD2 pinpointing the absolute
requirement for a disialyl moiety (Kroken et al. 2011).

Combining the data derived from ganglioside-deficient mice and biochemical
assays, BoNT/A, E, F and G display a preference for the terminal NAcGal-Gal-
NAcNeu moiety being present in GD1a and GT1b, whereas BoNT/B, C, D and
TeNT require the disialyl motif found in GD1b, GT1b and GQ1b. In conclusion,
abundant complex polysialo-gangliosides such as GDla, GDI1b and GT1b are
essential to specifically accumulate all BONT serotypes and TeNT on the surface
of neuronal cells as the first step of intoxication.

3 The Four Domain Structure of TeNT and BoNT

TeNT and BoNT are initially synthesised as ~a 150 kDa single chain protein,
which is subsequently cleaved by specific bacterial or host proteases. The resulting
~ 50 kDa light chain (LC) and ~ 100 kDa heavy chain (HC) remain attached via a
single disulphide bond and non-covalent interactions mediated by an HC-derived
peptide loop wrapping around the LC within the substrate cleft. The LC represent
the active components which operate as zinc endoproteases with strict substrate
specificities. Their apo structures have all been determined [reviewed in (Brunger
and Rummel 2009)]. The structural differences among the LC are mostly limited to
solvent-exposed loops and potential substrate interaction sites. The LC are non-
toxic molecules but become highly poisonous agents when linked to the HC which
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Fig. 2 a Amino acid sequence identities among BoNT and TeNT Hc-fragments (lower left) and
Hcc-domains (upper right). Identity values of aligned sequences were calculated using ClustalW.
To date, structural information available covering the Hc-fragment are shown in the right column.
b Superimposition of the Hc-fragment crystal structures of TeNT and of all seven BoNT
serotypes. Syt-II (grey ribbon) bound to HeB (dark blue ribbon, 2NM1.pdb) was superimposed
with HcA (red ribbon) in complex with GT1b (ball & stick, 2UV9.pdb), HcC (dark green) in
complex with sialic acid (ball & stick, 3R4S.pdb), HceD (light green) in complex with sialic acid
(ball & stick, 30BT.pdb), HcE (pink, 3FFZ.pdb), HcF (orange, 3FQU.pdb), HcG (light blue,
2VXR.pdb) and HcT in complex with GT2 (yellow ribbon, 3HMY .pdb)

ensures that the catalytic LC reach their site of action, the cytosol of neuronal
target cells. Hereto, the HC comprise two functional subunits, a ~50 kDa largely
a—helical domain at the N-terminus, called Hy, and at the C-terminus a ~ 50 kDa
fragment, Hc, in which the two ~25 kDa domains Hcy and Hee can be confined
(Fig. 2b). Comparison of amino acid sequences of the Hcc-domains of the seven
serotypes and the two mosaic BoONT/CD and DC, which were evolved by mutual
exchange of their cell binding domain Hc¢ of the closely related serotypes BoNT/C
and D (Moriishi et al. 1996) (Hill and Smith 2012; Fig. 2a), revealed only 24 %
identity on average, whereas the Hcn-domains displayed 34 % identity which
corresponds to the overall identity of the full-length BoNT and TeNT. Highest
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sequence identities within Hcc of different serotypes are found for BONT/E and F
with 46 % and BoNT/B and G with 42 %, respectively, whereas the Hcc of the
BoNT/C & D group share the lowest identity with the other serotypes (<20 %;
Fig. 2a). Nevertheless, the ff—trefoil architecture of the Hec domain consisting of
12 conserved 5-mer clusters allows a high sequence divergence while maintaining
similar core structures (Ginalski et al. 2000). Structural comparison among the
Hc-fragments of BONT/A [2VU9.pdb (Stenmark et al. 2008)], B [2NM1.pdb (Jin
et al. 2006)], C [3R4S.pdb (Strotmeier et al. 2011)], D [30BT.pdb (Strotmeier
et al. 2010)], E [3FFZ.pdb (Kumaran et al. 2009)], F [3FUQ.pdb (Fu et al. 2009)],
G [2VXR.pdb (Stenmark et al. 2010)] and TeNT [3HMY.pdb (Chen et al. 2009);
Fig. 2a] showed that there is a varying twist between Hcy and Hec culminating in
HcC by about 17.2° (Fig. 2b). Nevertheless, separate pair-wise structure com-
parisons of all eight Hen- and Hec-domains demonstrated that the structures are
conserved within each domain. In spite of the conserved core structure, large
structural differences are found in many surface-exposed loops. Five of such areas
reside in Hcey and nine loops in the Hoc-domain (Fig. 2b). These variations are
likely to account for the differences in receptor recognition.

The function of the lectin-like jelly role Hcy—domain of He that connects Hy
and Hcc is still unresolved. Whereas the Hoy—domain of TeNT does not bind to rat
primary dorsal root ganglia cells (Figueiredo et al. 1995) and nerve growth factor
(NGF)-differentiated PC12 cells (Herreros et al. 2000a), a low affinity binding of
Hcn of BoNT/A to phosphatidylinositol monophosphate incorporated in sphin-
gomyelin-enriched microdomains of the immortalised motor neuron cell line NSC-
34 was reported (Muraro et al. 2009). An involvement of Hcy of BONT/A in the
pH-dependent triggering of the translocation step is hypothesised (Fischer et al.
2008). On the other hand, the f—trefoil domain Hcc harbours the main features
required for target cell recognition and internalisation, as demonstrated for TeNT
and several BoNTs (see below).

4 The Mode of Molecular CNT-Ganglioside Interaction

It is many years since it was shown that the specific binding to peripheral nerve
endings at the neuromuscular junction involves just the Hc-fragment (Simpson
1984a, b; Simpson 1985; Evinger and Erichsen 1986; Fishman and Carrigan 1987,
Lalli et al. 1999) and initially complex polysialo-gangliosides. In one of the early
approaches to identify the ganglioside binding site a cross-linking experiment
employing '**I-azido-GD1b and TeNT Hc-fragment led to radiolabelling of
H1293 in the proximity of a large cavity within the Hcc-domain (Shapiro et al.
1997). The neighbourhood of H1293 to the ganglioside binding pocket was con-
firmed in a mutagenesis study showing reduced in vitro binding of the TeNT H¢
mutant H1293A to isolated ganglioside GT1b (Sinha et al. 2000). The mutation of
the TeNT residue Y1290, forming the bottom of this cavity, to phenylalanine,
serine and alanine, disturbed the integrity of the local structure and therefore also
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reduced the affinity to GT1b as well as binding to synaptosomal membranes
(Sutton et al. 2001). Independently, the anticancer drug doxorubicin, an anthra-
cycline antibiotic, could be docked in silico into this pocket and was able to inhibit
the binding of the TeNT Hc-fragment to liposome-integrated GT1b (Lightstone
et al. 2000). First structural insight was revealed by co-crystallisation of the TeNT
Hc-fragment and four carbohydrate subunits of GT1b which exhibited four distinct
binding sites, including the one in the proximity of H1293 (Emsley et al. 2000).
Here, a lactose molecule interacts with the residues D1222, T1270, S1287, W1289,
Y1290 and G1300 (Fig. 3f; 1DLL.pdb). A separate site comprising R1226 as the
key residue coordinated either a molecule of NAcGal (1DOH.pdb) or sialic acid
(1DFQ.pdb). Two additional sites were identified in complexes of TeNT H¢ with
Gal or NAcGal (Emsley et al. 2000). However, the latter two sites were considered
not to function as binding pockets for polysialo-gangliosides, due to insufficient
space (Gal) for a complete ganglioside to bind or a too flexible peptide backbone
(NAcGal). Isaacs et al. refined their co-crystallisation approach by using a syn-
thetic GT1b-f oligosaccharide. Indeed, the terminal disaccharide NAcGal-Gal
bound to the lactose binding site next to H1293, while the disialic acid branch of
another GT1b-f molecule interacted with the sialic acid binding site comprising
R1226 (Fotinou et al. 2001) (Fig. 3f; 1IFV3.pdb). Independent co-crystallisation of
TeNT Hc—fragment with disialyllactose (1YYN.pdb) as well as the carbohydrate
portion of GT2 (3HMY.pdb) confirmed the binding of the disialic acid branch to
the sialic acid binding site (Chen et al. 2009; Jayaraman et al. 2005). Mutation of
residues D1222, H1271 and W1289 in the lactose binding site led to reduced
binding of TeNT Hc-fragment to GT1b in surface plasmon resonance experiments
and NGF-differentiated PC12 cells (Louch et al. 2002). The importance of the
lactose binding site for binding and entry of TeNT was conclusively demonstrated
by the application of corresponding, recombinant full-length TeNT mutants using
the MPN assay leading to a 350-fold reduction in neurotoxicity in case of the
single amino acid mutation W1289L (Rummel et al. 2003). Furthermore, these
experiments demonstrated that also the sialic acid binding site is essential for
TeNT action, since, e.g. the TeNT mutants R1226F/L possess a 70-fold reduced
activity in the MPN assay. Mass spectroscopy experiments indicated simultaneous
binding of two molecules GT1b to the TeNT Hc-fragment, but no ganglioside
mediated cross-linking was observed in size exclusion chromatography experi-
ments (Rummel et al. 2003). Based on these results, the ganglioside specificity of
the lactose and sialic acid binding sites could be biochemically refined to GM1/
GDla and GD1b/GT1b, respectively (Chen et al. 2008), thereby confirming the
above-mentioned crystallographic studies by Isaac et al. and Swaminathan et al.
Although binding of a ganglioside to the sialic acid binding pocket was shown and
it was also reported that TeNT high-affinity binding to neurons is mediated solely
by gangliosides (Chen et al. 2009), it is conceivable that subsequently either a GPI-
anchored glycoprotein (Herreros et al. 2000b, 2001; Munro et al. 2001) or sialic
acids containing synaptic vesicle glycoprotein 2 (SV2) (Yeh et al. 2010) substitute
the gangliosides because no ganglioside could be detected in TeNT containing
vesicles of motoneurons (Deinhardt et al. 2006). Also, it is still unclear whether the
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«Fig. 3 Carbohydrate binding sites in the Hoc-domain of clostridial neurotoxins. Neurotoxin
residues of binding sites are displayed as stick presentations whereas the bound carbohydrates are
displayed in ball and stick presentation. a Synthetic GT1b binds via its terminal NAcGalf3-
1Galp moiety (Gal carbon scaffold in green, NAcNeu carbon scaffold in orange) to the conserved
ganglioside binding site within the BONT/A Hcc-domain (2VU9.pdb). The hydrophobic side of
the Gal ring packs parallel against the key residue W1266 (grey stick representation) whereas the
terminal 3,2-NAcNeu sticks out of the pocket and displaces Y1117. The 8,2-NAcNeua could not
be resolved by X-ray crystallography. b Binding of sialyllactose in the conserved ganglioside
binding site within the Hcc-domain of BoNT/B (Gal carbon scaffold in green, NAcNeu carbon
scaffold in orange) (1F31.pdb). The terminal NAcNeu packs parallel against W1262 which is the
key residue of the conserved GBS motif (grey stick representation). K1192, F1194 and F1204 are
key residues for interaction with Syt-1I (orange stick representation). ¢ BONT/C H¢c lacks the
conserved ganglioside binding site but instead displays the WY-loop (W1258, Y1259) and a
unique sialic acid binding site. The coordination of NAcNeu (carbon scaffold in orange) by
Y1179 is of hydrophobic nature and an arginine like in BoNT/D and TeNT is missing
(3R4S.pdb). d BoNT/D Hcc possesses a ganglioside binding site at the homologous position but
with different amino acid configuration (D1233.Y1235...V1251.N1253; grey stick representa-
tion; 30BT.pdb). In addition, HccD displays a sialic acid binding site like in TeNT. R1239 (grey
stick representation) coordinates the carboxyl group of the NAcNeu (carbon scaffold in orange).
e Synthetic GD1a binds via its terminal NAcGalf3-1Galf moiety (Gal carbon scaffold in green,
NAcNeu carbon scaffold in orange) to the conserved ganglioside binding site within the BONT/F
Hcc-domain (3RSJ.pdb). As for BoNT/A, the terminal 3,2-NAcNeu points away from the pocket
and only interacts hydrophilically with R1111 and R1256. The hydrophobic side of the Gal ring
packs parallel against the key residue W1250 (grey stick representation). The Glc could not be
resolved by X-ray crystallography. f Binding of disialyllactose via its NAcNeuoa8-2NAcNeua
element (sialic acid carbon scaffold in orange) to the sialic acid binding site in TeNT Hcc-
domain (1YYN.pdb). R1226 (grey stick representation) mediates the main salt bridge to the
carboxyl group of the terminal NAcNeu. W1289 is the key residue of the conserved ganglioside
binding site (grey stick representation)

two ganglioside binding sites of TeNT relate to its retrograde intra-axonal trans-
port (read more in Bercsenyi et al. 2012).

The lactose binding site in TeNT is built by the peptide motif D...
H...SXWY...G (Fig. 3f; Table 1), which is conserved among BoNT/A, B, E, F
and G. This cavity displays the typical features necessary for carbohydrate inter-
action found also in other protein toxins such as ricin and cholera toxin. An
aromatic residue, preferable tryptophan or tyrosine, supplies the surface for the
hydrophobic face of the sugar ring. Polar residues like aspartate or glutamate and
serine are located opposite to interact with the sugar hydroxyl groups. These polar
interactions are supported by a histidine or in BONT/E by a lysine.

Co-crystallisation studies with BoNT/B and sialyllactose (1F31.pdb) or doxo-
rubicin (1I1E.pdb) suggested that the lactose binding site of TeNT is the gangli-
oside binding site (GBS) in BoNTs (Swaminathan and Eswaramoorthy 2000;
Eswaramoorthy et al. 2001). Detailed mutational analyses defined the contribution
of various residues within the homologous GBS of BoNT/A and B (Fig. 3a, b).
Again, the mutations of the conserved aromatic key residues, W1266 and W1262
in BoNT/A and B, respectively, to leucine led to dramatic reductions of neuro-
toxicity using the MPN assay (Rummel et al. 2004a). In contrast to TeNT, mass
spectroscopy data revealed the binding of only a single GT1b molecule to the Hc-
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fragment of BoNT/A and B (Rummel et al. 2004a). Recently, these physiological
and biochemical data were confirmed by a crystal structure of a synthetic GT1b-
oligosaccharide bound to the sole GBS of BoNT/A H¢ (Stenmark et al. 2008)
(Fig. 3a; 2UV9.pdb). Interestingly, whereas the mutational data of the conserved
GBS suggests a shared ganglioside binding mode of BoNT/A and B differing from
that of TeNT, the crystallographic results indicate that BoNT/A like TeNT
interacts predominantly with the terminal NAcGal-Gal moiety and ignores the
NAcNeu, whereas BoNT/B predominantly interacts with the NAcNeu of sialyl-
lactose. It cannot be ruled out that different crystallisation conditions and the use of
sialyllactose instead of GT1b causes these discrepancies. However, the different
sensitivity of GD3S-/- mice towards BoNT/A and B supports this observation
(Fig. 1c).

Structural data of BONT/E, BoNT/F Hc and BoNT/G H¢ displayed the presence
of a conserved GBS like in BoNT/A and B (Fu et al. 2009; Kumaran et al. 2009;
Stenmark et al. 2010), but only the mutation of W1268 in BoNT/G, W1224 in
BoNT/E and W1250 in BoNT/F, which are all part of the conserved GBS motif
E(D)...H(K)...SXWY...G, to leucine demonstrated their key role in ganglioside
interaction and biological activity (Rummel et al. 2007, 2009) (Table 1). Just
recently, a complex structure of BoNT/F Hc and GDla-oligosaccharide
(3RSJ.pdb) along with mutational analysis of the conserved GBS in BoNT/F and E
(Benson et al. 2011) confirmed previous data (Rummel et al. 2009; Fu et al. 2009).
Here, the terminal NAcGal-Gal moiety of GD1a interacts with W1250 analogously
to that of GT1b with W1266 in BoNT/A (Stenmark et al. 2008). Additionally, two
arginine residues (R1111, R1256) of BoNT/F facilitate ganglioside binding by
interacting with the terminal NAcNeu. Remarkably, replacing the imidazole ring
of H1241 (Fig. 3e), which maintains the hydrophilic interactions with the hydroxyl
groups of the Gal, by lysine improved the binding of BoNT/F H¢ to GD1la and
GM1 ~65-fold (Benson et al. 2011).

Although mutation of W1258 in BoNT/C, which aligns in the similar motif
GXWY, clearly reduced binding to gangliosides in synaptosomal membranes as
well as biological activity (Rummel et al. 2009; Tsukamoto et al. 2008), the
conserved GBS is absent in the BoNT/C H¢ structure (Karalewitz et al. 2010;
Strotmeier et al. 2011) (Figs. 2b, 3c; 3N7K.pdb, 3R4U.pdb). W1258 is part of a
long loop extending out of the core structure of HccC. Molecular dynamics
simulations indicate that this WY-loop is not a crystallographic artefact
(Strotmeier et al. 2011). However, the mode of ganglioside coordination at this
peptide remote from the HccC core structure remains unclear. Furthermore, a
second GBS within HocC was exhibited by co-crystallisation of sialic acid with
HcC (Figs. 2b, 3c; 3R4S.pdb). This pocket called Sia-1 site locates at the tip of the
Hcc-domain in the neighbourhood of the WY-loop but constitutes an autonomous
ganglioside binding pocket and displays a mode of sialic acid binding completely
different from the one observed in the sialic acid binding site of TeNT (Strotmeier
et al. 2011). The closely related Hc-fragment of BoNT/DC, displaying 75 %
amino acid sequence identity to HcC (Fig. 2a), also lacks the ganglioside binding
motif but presents an analogous WF-loop in the crystal structure (3N7L.pdb).
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Consequently, HcDC mutant W1252A completely lost binding to GM1, the pre-
ferred ganglioside of BoNT/DC, although the WF-loop backbone of the mutant
(BN7M.pdb) nicely superimposes with the HcDC wild-type structure. (Karalewitz
et al. 2010). Nevertheless, partial electron density of sialyllactose was detected at a
position homologous to the conserved GBS (3AZW .pdb). A subsequent mutational
analysis identified residues important for binding of BoONT/DC Hc to GM1 and
P19 cells, neuronally differentiated embryonal carcinoma cells, within the con-
served GBS as well as the WF-loop (Nuemket et al. 2011).

Due to high amino acid sequence divergence and the lack of crystal structures,
no GBS has been identified in BoNT/D until recently. Co-crystallisation of sialic
acid with BoNT/D H¢ (30BT.pdb) revealed a sialic acid binding site in a position
similar to the sialic acid binding site in TeNT (Strotmeier et al. 2010) (Figs. 2b,
3d). In addition, mutagenesis studies identified R1239 within the sialic acid
binding site coordinating sialic acid like R1226 in TeNT. Alanine mutation of the
neighbouring W1238 and F1240 also had a drastic impact on ganglioside binding,
whereas the HcD F1240W mutant behaved like wild-type (Strotmeier et al. 2010).
Structural data exhibited that mutation W1238A disorders the backbone thereby
also influencing R1239 (3RMY .pdb), whereas F1240 seems to be directly involved
in ganglioside binding (3RMX.pdb) (Kroken et al. 2011). Furthermore, a second
carbohydrate binding site at the location of the conserved GBS in BoNT/A, B, E,
F, G and TeNT, but completely different amino acid configuration, and a loop
which is structurally related to the WY-loop of BONT/C and putatively interacts
with the membrane were identified. But the absence of the GBS motif
ED)...H(K)...SXWY...G might explain the low affinity of BoNT/D to ganglio-
sides (Strotmeier et al. 2010). Previously, it was reported that Hc of BoNT/D and
the 94 % identical H¢ of the mosaic BONT/CD bind to phosphatidylethanolamine
(PE) in overlay assays (Tsukamoto et al. 2005). Later, Kozaki’s finding was
confirmed by precipitation of BONT/D Hc and BoNT/CD H¢ through liposome
integrated PE (Zhang et al. 2010, 2011). Interestingly, Cinnamycin, a tetracyclic
peptide antibiotic associating with PE, inhibited the binding of HcD and H-CD but
not HcC to synaptosomes in a dose-dependent manner (Tsukamoto et al. 2008).
Superior binding to PE and synaptosomes of H-CD versus HcD was ascribed to
K1118 and K1136 which are replaced by E1114 and G1132, respectively, in
BoNT/D (Tsukamoto et al. 2008; Zhang et al. 2011). Structural analysis of HcCD
(BPME.pdb) exhibits a sialic acid binding site consisting of W1242, R1243 and
F1244 homologous to that of BoNT/D.

In conclusion, BoNT/A, B, E, F and G harbour a single GBS made up of the
conserved amino acid motif E(Q)...H(K)...SXWY...G at a homologous location
within the Hcc-domain (Table 1). The lactose binding site of TeNT is highly
similar to this conserved GBS, whereas the second site complexing sialic acid is
closely related to the one in BoNT/D and BoNT/CD. The other carbohydrate
binding site in BONT/D and CD is unique with respect to its amino acid config-
uration but locates similar to the conserved GBS. BoNT/C and BoNT/DC display a
unique sialic acid site and a WY/F-loop outside their core structure; thus neither
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their amino acid configuration nor their positions are related to any other known
carbohydrate binding pocket of CNT.

5 Synaptic Vesicle Proteins are Receptors of Botulinum
Neurotoxins

As mentioned above, many evidence argued against gangliosides as the sole
receptors of clostridial neurotoxins at nerve terminals like a much higher affinity of
BoNT in vivo compared to that observed in binary interaction studies in vitro or
the marked reduction of TeNT binding to rat brain membranes upon protease
pretreatment (Lazarovici and Yavin 1986; Pierce et al. 1986). To account for these
findings, a dual-receptor-model involving two sequential binding steps was pro-
posed (Montecucco 1986) which suggests an initial low affinity accumulation of
neurotoxin by the abundant polysialo-gangliosides and a subsequent binding to the
sparsely distributed protein receptor(s). Simultaneous interaction with ganglioside
and protein receptor results in a high affinity binding and is a prerequisite for the
subsequent specific endocytotic step (Bercsenyi et al. 2012).

Nevertheless, the nature of protein receptors for BONT remained obscure for a
long time although several studies demonstrated an accelerated uptake of BoNT/A
(Black and Dolly 1986; Hughes and Whaler 1962; Simpson 1980), BoNT/C
(Rummel et al. 2009; Simpson 1982), BoNT/D (Rummel et al. 2009), BoNT/E
(Rummel et al. 2009; Lawrence et al. 2007) and BoNT/F (Rummel et al. 2009) into
the phrenic nerve prepared together with the adjacent diaphragm upon electrical
stimulation which resulted in an earlier onset of neurotransmitter blockade. Others
reported that high K* concentrations stimulating neurons lead to an accelerated
uptake of BoNT/A, B, D, E, F, G and TeNT into spinal cord and hippocampal
preparations (Peng et al. 2011; Dong et al. 2007, 2008; Fu et al. 2009; Kroken et al.
2011; Keller et al. 2004; Blum et al. 2012; Matteoli et al. 1996). As neuronal stim-
ulation causes increased rates of exo- and endocytosis of synaptic vesicles, the intra-
vesicular domains of synaptic vesicle membrane proteins are frequently extracel-
lularly exposed and thus accessible for the membrane-associated BoNT. However,
Schiavo et al. reported that uptake of TeNT into the motor nerve terminals and
cultured motoneurons is largely independent (Deinhardt et al. 2006; Schmitt et al.
1981) or only partially modulated (Simpson 1985) by synaptic activity. This
remarkable difference suggests that TeNT may use a different endocytic mechanism
in motoneurons from other neuronal types such as inhibitory interneurons and hip-
pocampal neurons which lead to a different sorting (Bercsenyi et al. 2012).

Congruously, classical biochemical separation techniques of total rat brain
protein, non-selective searches among synaptic vesicle proteins, identified the
synaptic vesicle protein synaptotagmin I (Syt-I) as the protein receptor for BoNT/
B (Nishiki et al. 1994). The two homologous synaptotagmin isoforms I and II of
this type I transmembrane protein (Perin et al. 1990; Geppert et al. 1991) are
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Fig. 4 Membrane topology of botulinum neurotoxin protein receptors and mode of BoNT/B-
Syt-II interaction. a Rat Syt-1I/Syt-I are type I membrane proteins consisting of 422/421 amino
acids. The 65/57 N-terminal amino acids are localised in the lumen of synaptic vesicles. The
cytosolic part forms two C2-domains coordinating two Ca®* (indicted by brackets; C2A; C2B).
Residues being conserved in Syt-I are shown in black, and the segment mediating binding of
BoNT/B, DC and G is indicated by a bracket. “Y” represents an N-glycosylation site, which
apparently does not contribute to binding of BoNT. b Rat SV2A/B/C represent membrane
glycoproteins of 742/683/727 amino acids with 12 putative transmembrane domains. Strictly
conserved residues are shown in black, those conserved in SV2C and either in SV2A or in SV2B
in grey. The C-terminal part (indicated by a bracket) of the large luminal domain (LD4) which
comprises 125 amino acids and up to four N-glycosylation sites (indicated by “Y”, of which sites
1-3 are conserved in SV2A and SB2B) mediates the interaction with BoNT/A and E. SH denotes
cysteine residues that may form disulphide bridges. Note that the binding of BoNT/E to SV2A
and B strictly depends on glycosylation of the third N-glycosylation site N573. ¢ Binding of the
transmembrane juxtaposed 17-mer peptide of the intraluminal domain of rat Syt-II in an o-helical
conformation (amino acids in orange ball and stick presentation) to the saddle-like site in the
distal tip of the Hcc-domain of BoNT/B (residues in grey stick presentation) (2NM1.pdb). K1192
forms an important salt bridge to E57 of rat Syt-II (dashed line). F54 corresponding to L51 in
human Syt-II is highlighted in green ball and stick presentation
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supposed to link synaptic vesicle fusion to Ca®" influx (Sudhof 2002; Chapman
2002) (Fig. 4a; Ahnert-Hilger et al. 2012). Subsequent binding studies using
recombinantly expressed Syt-I and Syt-II isoforms showed that BoNT/B exhibits a
ten-times higher affinity to Syt-II (Nishiki et al. 1996a). Stable transfection of
CHO cells with Syt-II identified the amino-terminal, intraluminal domain of Syt-II
as binding region for BONT/B (Fig. 4a) (Nishiki et al. 1996b). Deletion mutants of
Syt-II lacking the two cytosolic Ca** binding C2 domains could still act as protein
receptor of BoONT/B (Kozaki et al. 1998). The physiological role of this neuro-
toxin-Syt interaction was later demonstrated by means of loss-of-function and
gain-of-function approaches employing PC12 cells as well as BoNT neutralisation
assays in mice employing a Syt-II fragment containing the luminal and trans-
membrane domain and a ganglioside mix (Dong et al. 2003).

Shortly thereafter, Rummel et al. demonstrated that BoNT/G, whose cell
binding domain H¢ is 42 % identical to the one of BoNT/B, also interacts with
both Syt-I and Syt-II in vitro, whereas neither of the remaining BoNT serotypes
bound to Syt (Table 1). It was concluded that either Syt isoform act as protein
receptor, as preincubation of BoNT/G with the luminal domain of Syt-I or Syt-1I
drastically decreased its activity at MPN preparations (Rummel et al. 2004b). In
addition, the relatedness of their binding domains is reflected in the fact that
binding of BoNT/G also occurs at the membrane juxtaposed 20 amino acid seg-
ment of Syt-I and Syt-II (Rummel et al. 2004b). However, their binding properties
differ in one striking aspect. In contrast to BoONT/B—Syt-1I, BoNT/G exhibits in
vitro 5-fold and 10-fold lower affinities to Syt-II and Syt-I, respectively (Rummel
et al. 2007). Final confirmation for activity-dependent uptake and Syt-mediated
neuronal cell entry of BoONT/B and G was provided by mouse hippocampal Syt-I
knock-out neurons and restoration of toxin sensitivity by Syt-I/Syt-II expression in
those neurons (Dong et al. 2007).

Unexpectedly, BONT/DC whose Hc-fragment is only only 22 % and 24 %
identical to He of BoNT/B and G, respectively (Fig. 2a), precipitated Syt-I and
Syt-II from rat brain detergent extracts, although to a lesser amount than BoNT/B
(Peng et al. 2012). Furthermore, uptake of BoNT/B was inhibited by HcDC and
vice versa, but activity of its closest relative BoONT/C was not impaired. Knock-
down of Syt-I in hippocampal neurons clearly affected activity of BoNT/DC,
whereas overexpression of either Syt rescued the sensitivity towards BoNT/DC.

To identify protein receptors of the remaining BoNT serotypes synaptic vesicle
proteins were preselected on the basis that their intravesicular segments exceeded
20 amino acids in size and comprised both intravesicular segments of the tetra-
spanin proteins synaptophysin, synaptoporin, synaptogyrin-I and -III as well as the
large intravesicular domain of the SV2 isoforms A, B and C. GST-pull-down
experiments employing their luminal domains discovered the interaction between
the large luminal domain 4 (LD4) of SV2 and BoNT/A (Fig. 4b) (Dong et al.
2006; Mahrhold et al. 2006). The function of this integral membrane glycoprotein
with 12 putative transmembrane domains (Bajjalieh et al. 1993, 1992; Janz and
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Sudhof 1999; Feany et al. 1992) is likely linked to synaptic vesicles priming or
rendering primed vesicles fully Ca** responsive (Chang and Sudhof 2009; Custer
et al. 2006; Xu and Bajjalieh 2001) (Ahnert-Hilger et al. 2012). Recent studies
showed that loss of SV2 results in elevated Ca®* levels in the presynaptic terminals
and also reduces the rate of compensatory membrane retrieval after synaptic
vesicle release (Wan et al. 2010). Interestingly, it has been demonstrated that SV2
associates with Syt and may regulate the endocytosis of Syt (Yao et al. 2010;
Nowack et al. 2010). The recombinant in E. coli expressed, unglycosylated, iso-
lated LD4 of SV2C exhibits the highest affinity to BoNT/A, inhibited binding and
entry of BONT/A into hippocampal neurons and motor nerve terminals (Dong et al.
2006) and efficiently decreased BoNT/A neurotoxicity (Mahrhold et al. 2006).
Loss-of-function and gain-of-function studies in hippocampal neurons (Dong et al.
2006), RNAi experiments using wild-type PC12 and Neuro-2a cells as well as
transiently SV2 expressing PC12 and Neuro-2a knockdown cell lines verified that
all three SV2 isoforms can act as physiological receptors for BONT/A (Dong et al.
2006; Mahrhold 2008). Since all three SV2 isoforms are expressed in o-moto-
neurons (Dong et al. 2006), it is still not clear which SV2 isoform is most relevant
for the physiological uptake of BoNT/A.

Analogous studies, employing co-immunoprecipitation from rat brain extracts,
BoNT/E treatment of hippocampal neurons derived from SV2A/B knock-out mice
and rescue of toxin sensitivity by expression of SV2 isoforms in SV2A/B knock-
out hippocampal neurons revealed that the in vivo toxicity of BONT/E predomi-
nantly relies on the binding to SV2A and to lesser extent to SV2B, but not on
SV2C (Dong et al. 2008).

Barbieri et al. demonstrated that BoNT/D Hc precipitated ~ 1 % SV2A,
~10 % SV2B and 15 % Syt-II compared to BoNT/A Hc¢ from synaptic vesicle
protein lysates extracted with CHAPS and none of them from lysates extracted
with Triton X-100 (Kroken et al. 2011). In contrast, Dong et al. were able to co-
precipitate large amounts of SV2 and traces of Syt-I from rat brain lysates
extracted with Triton X-100 (Peng et al. 2011). The SV2 precipitate could
exclusively be allocated to isoform SV2B. In concordance, co-immunoprecipita-
tion of BoNT/D Hc only yielded SV2B. Interestingly, overexpression of each SV2
isoform in SV2A/B double knock-out hippocampal neurons rescued sensitivity
towards BoNT/D. In contrast to BoNT/A and E, neither the LD4 of SV2A nor
other SV2 segments were identified as BoONT/D interacting segments (Peng et al.
2011). Furthermore, TeNT is suggested to employ SV2A and SV2B at central
glutamatergic and GABAergic neurons thereby not excluding SV2C (Yeh et al.
2010) (Table 1). However, TeNT, BoNT/A, D and E utilise seemingly diverse
SV2-binding mechanisms. Whereas BoNT/A interacts with the unglycosylated
LD4 of all SV2 isoforms and N-glycosylation of N573 in SV2A only slightly
enhances its uptake rate, the other three toxins do not bind to any E. coli-derived
LD4-SV2 peptide. Biological activity of BONT/E proved to be strictly dependent
upon N—glycosylation of N573 in SV2A, the carboxyl-terminal of three conserved
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putative N—glycosylation sites in the LD4 of SV2 (Dong et al. 2008). In contrast,
any mutation of the three putative N—glycosylation sites in SV2A like N573Q has
no significant effect on the entry of BONT/D and TeNT (Peng et al. 2011; Yeh
et al. 2010). Second, the SV2-LD4 domain expressed in low density lipoprotein
receptor-based or synaptogyrin-based chimeric proteins can function as the
receptor for BoNT/A and E, but failed to mediate the entry of BoNT/D. Fur-
thermore, BoNT/D does not compete for uptake in hippocampal neurons with
BoNT/A and E (Peng et al. 2011). On the other hand, the cell binding domain H¢
of TeNT inhibits the uptake of BoNT/E and BoNT/D at MPN preparations
(Rummel et al. 2009) as well as SNAP-25 cleavage by BoNT/E in hippocampal
neurons (Yeh et al. 2010). However, it has to be noted that a direct protein—protein
interaction of SV2 and BoNT/D or TeNT remains to be shown. In conclusion, the
employment of SV2A-C by BoNT/A as well as of SV2A and B by BoNT/E is well
characterised, whereas the reported data suggest that the BONT/D-SV2 and TeNT-
SV2-binding mechanism is yet to be understood.

In addition, there is dispute about the involvement of SV2 as protein receptor
for BONT/F whose cell binding domain H¢ displays 55 % and 43 % amino acid
sequence identity with BONT/E and A, respectively. As BoNT/A and E Hc are also
38 % identical, it is imaginable that BoNT/F harnesses SV2 for cell entry, too.
Although BoNT/F uptake at cultured hippocampal neurons has been reported to
occur independently of synaptic activity (Verderio et al. 1999), increased stimu-
lation of motoneurons accelerates uptake of BONT/F (Rummel et al. 2009) indi-
cating the involvement of synaptic vesicular structures. Furthermore, BONT/A H¢
inhibits neurotoxicity of BoNT/F and BoNT/F H inhibits neurotoxicity of BoNT/
E at MPN preparations (Rummel et al. 2009) which can be explained by com-
petition for SV2. Moreover, two independent studies co-purified all three SV2
isoforms by BoNT/F H¢ from Triton X-100 solubilised synaptic vesicle lysates
(Rummel et al. 2009; Fu et al. 2009). On the other hand, cleavage of VAMP/
synaptobrevin-2 by various concentrations of BoNT/F is not impaired in SV2B
and SV2B/SV2A knock-out hippocampal neurons (Peng et al. 2011; Yeh et al.
2010). Residual SV2C present in hippocampal neurons and a different SV2
expression pattern in motoneurons might explain these discrepancies (Peng et al.
2011; Dong et al. 2006). However, an ultimate experiment employing pan SV2
knock-out motoneurons has not been conducted.

For BoNT/C, Kozaki and colleagues excluded proteins as receptor component,
because protease treatment or boiling of solubilised rat brain synaptosomes had no
effect on binding (Tsukamoto et al. 2005). These data are consistent with the
observation that BONT/C Hc failed to precipitate the synaptic vesicle proteins Syt-
I/Il and SV2A/B/C from Triton X-100 solubilised synaptic vesicle lysates
(Rummel et al. 2009; Baldwin and Barbieri 2007). In addition, cleavage of SNAP-
25 and syntaxin 1A by BoNT/C is neither impaired in SV2B and SV2B/SV2A
knock-out hippocampal neurons (Peng et al. 2011) nor increased in wild-type
hippocampal neurons upon high K* stimulation (Peng et al. 2012). However, as
mentioned above the stimulation-dependent uptake of BoNT/C at motor nerve
terminals points towards the involvement of synaptic vesicular structures (Rummel
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et al. 2009; Simpson 1982). Clearly, thorough studies are required to clarify this
issue. If entry of BONT/C turns out to depend upon proteinaceous receptors, it will
be interesting to find out whether proteins different from the synaptic vesicle
proteins Syt or SV2 act as receptors.

6 Mode of the BoNT-Protein Receptor Interaction

Since BoNT/A, B, E, F and G do not possess a second carbohydrate binding site,
the question arises, whether protein receptors such as Syt-II for BoNT/B bind in a
pocket that is homologous to the sialic acid binding site within the Hcc-domain of
TeNT or BoNT/D. The different affinities of Hc—fragment hybrids generated of
Hen— and Heoe—domains of BoNT/B strains Okra and 111 (subtypes B1 and B2;
Hill and Smith 2012), respectively, to GT1b/Syt-1I endowed liposomes point to
that direction (Thara et al. 2003).

The mode of interaction of BoNT/B with its protein receptor Syt-II has been
addressed by two parallel co-crystallisation approaches. In one study full-length
BoNT/B was co-crystallised with a 20-mer peptide that corresponded to the pro-
posed interacting segment of Syt-II (Chai et al. 2006). In the second study, a
recombinant fusion protein consisting of the Hc-fragment of BoNT/B linked via a
strep affinity tag to the complete luminal domain of Syt-II was crystallised (Jin
et al. 2006). Analysis of both crystals revealed that Syt-II involving amino acids
44-60 bound to a saddle-like crevice at the distal tip of the Hcc-domain in the
direct neighbourhood of the ganglioside binding pocket (Figs. 2b, 4c). Interest-
ingly, the in solution unstructured luminal domain of Syt-II formed an o-helix
upon binding to BoNT/B. Its interaction with the toxin relies mainly on hydro-
phobic interactions via two adjacent pockets on the surface of BoNT/B, but also
involves important salt bridges mediated by E57 of Syt-II (Fig. 4c). Yet another
parallel study starting from computer-assisted binding pocket predictions followed
by mutational analyses also identified the Syt-I and Syt-II binding sites in the
BoNT/B Hcc-domain (Rummel et al. 2007). This study also evidenced that Syt-I
and Syt-II bind to the equivalent place in BoNT/G. However, only the general
shape of the pocket and a few amino acids forming the surface of that binding area
are conserved (Stenmark et al. 2010). As determined by isothermal titration cal-
orimetry, Syt-I has at least two orders of magnitude lower affinity for BoNT/B
compared to Syt-II (Kd = 39 nM for rat Syt-II; Jin et al. 2006), though it displays
only two conservative replacements of residues at positions that were shown to be
involved in the Syt-II/BoNT/B interaction, M47 and L50 instead of F55 and 158 in
Syt-II. Individual conversion of M47 and L50 into phenylalanine and isoleucine,
respectively, increased the binding affinity of Syt-1, and the corresponding double
mutation converted Syt-I into a Syt-II-like high affinity receptor (Jin et al. 2006).
This result substantiates a conserved binding mode for both Syt isoforms in BoNT/
B. It is presently not solved whether Syt-I/Il are bound by BoNT/G in the same
configuration. Whereas the individual mutation of F47, L50, F54 or F55 of Syt-1I
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to alanine caused loss in binding of BoNT/B (Jin et al. 2006), the Syt-II mutants
F47A, L50A and F55A displayed wild-type binding to BoNT/G H¢ (Stenmark
et al. 2010). Other mutations in Syt-II showed comparable effects on binding to
BoNT/G while mutant Syt-II-E57K, which did not bind to BoNT/B, exhibited
wild-type like binding affinity in the case of BoNT/G (Rummel and Binz, man-
uscript in preparation). Replacement of BoNT/G-Q1200, the counterpart of BoNT/
B-K1192, which forms the major salt bridge with Syt-II-E57, by the equivalent
lysine residue of BONT/B did not improve binding to Syt-II, but clearly diminished
binding and neurotoxicity (Rummel et al. 2007). These findings evidenced sig-
nificantly different binding modes of Syt-I and Syt-II in the similarly located
protein receptor pocket of BONT/B and BoNT/G. Also, the interaction of BoNT/
DC with Syt-I and Syt-II differs from that of BoNT/B although the Syt-II mutants
F47A, F54A and F55A completely lost binding to both BoONT/DC and BoNT/B in
GST pull-down assays (Peng et al. 2012). But the binding constant of HcDC with
the intraluminal 20mer peptide of Syt-1I is 100-fold lower (3.0 uM) than of H-B
(Berntsson et al. 2012). Superimposition of BONT/DC H¢ and HcB-Syt-1I crystal
structures revealed that the surface in H-DC homologous to the Syt-II site in HcB
greatly differs. An alternative, only partially overlapping hydrophobic area, was
analysed. Here mutations Y1180K, 11264Q and P1182S/S1183Y reduced binding
of both Syt-I and Syt-II, whereas L1196R and L1226K selectively diminished
binding of Syt-II without affecting Syt-I binding significantly (Peng et al. 2012).
Co-crystallisation of the Syt-II peptide with H-DC revealed a novel binding site
different to the one in BoNT/B and G exhibiting M1179, N1185, V1191, L1235
and [1264 as key residues (Table 1; Berntsson et al. 2012).

As mentioned above, F54 is the key hydrophobic residue in Syt-II for mediating
binding to BoNT/B, DC and G. Analysis of Syt-II derived from different species
revealed that the corresponding residue 51 in human and chimpanzee Syt-II is a
leucine instead of phenylalanine. Introducing the corresponding mutation F54L
into Syt-II of mouse or rat origin which displays identical binding affinities to
BoNT/B resulted in complete loss of binding of BoNT/B, DC and G (Peng et al.
2012; Strotmeier et al. 2012). This loss cannot be rescued by the presence of
gangliosides and only partially compensated by the presence of Syt-I whose
corresponding residue F46 is strictly conserved in all sequenced species. Hereby
the disparity in potency of BoNT/B in humans and mice as well as the 40-fold
higher dosage of rimabotulinumtoxinB versus onabotulinumtoxinA is explained at
the molecular level. Moreover, this study also illustrates the risk of extrapolating
results of animal experiments or non-human cell line-based assays for pharma-
ceutical applications in humans. Furthermore, this fact might be the major reason
for the rareness of botulism cases caused by BoNT/G (Strotmeier et al. 2012). A
recent report classifies BONT/DC as the most potent BoNT in mice (Nakamura
et al. 2012). However, according to the lack of binding of BoNT/DC to human Syt-
II this classification will not apply to humans.

So far no SV2 binding site has been identified. However, according to the data
known, it is conceivable that BoNT/A like BoNT/B and G appears to interact with
non-glycosylated segments of its protein ligand SV2C at a site within the Hcc-
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domain similar to the Syt-II binding site in BoNT/B. The requirement of N—
glycosylation of the SV2A-LD4 for binding BoNT/E raises the question whether
the interaction occurs exclusively via the oligosaccharide chain or is a mixture of
peptidic and carbohydrate interactions with BoNT/E.

As outlined above there is multiple evidence from crystallisation and muta-
genesis studies that TeNT exhibits a second binding site for sialic acid. This sialic
acid binding site was later on also shown to accommodate the tripeptide YEW
(Jayaraman et al. 2005). It is located in the area that corresponds to the Syt binding
site of BoNT/B and G, but smaller and chemically different containing several
hydrophilic residues and a central arginine (R1226). A parallel situation was
described for BONT/D (Strotmeier et al. 2010). As both BoNT/D and TeNT were
reported to employ glycosylated SV2 (Peng et al. 2011; Yeh et al. 2010), it is
imaginable that the sialic acid binding site interacts with terminal sialic acids of
the N-glycosyl branches as well as with amino acid residues of the SV2 backbone
which would mediate the neuronal specificity. On the other hand, BoNT/E which
clearly requires N-glycosylation of SV2A and SV2B does not display such a sialic
acid binding pocket.

However, neither the exact binding affinities of the three SV2 isoforms to
BoNT/A, D, E and TeNT nor the interacting segments and residues, respectively,
of the corresponding LD4 have been determined. Moreover, the SV2 binding
pockets in the respective BONT Hc-fragments are awaiting their identification, too.

7 The BoNT Membrane Approach

Although ganglioside and protein receptor binding sites are in close proximity as
demonstrated for BoNT/B and G (Fig. 2b) they function independently and do not
require preformation of a ganglioside/protein receptor complex (Rummel et al.
2007). Moreover, mutants of BoNT/B with both the ganglioside and Syt binding
sites (individually or simultanously) deactivated, do not exhibit appreciable tox-
icity excluding any significant contributions of other cell surface molecules to
binding and entry of BoNT/B and G (Rummel et al. 2007).

The pH-dependent membrane insertion of the neurotoxins is the least under-
stood step of the intoxication process primarily because it takes place inside
vesicles within the cytosol. A recent study investigated this step by making it to
occur at the surface of neurons due to blockade of the vesicular H*-ATPase by
bafilomycin. The neurotoxin, bound to the plasma membrane in the cold, was
exposed to a warm low pH extracellular medium and the entry of the LC was
monitored by measuring its specific metalloprotease activity. In conclusion, the
anchorage via two receptors is a strict prerequisite for a productive low pH-
induced conformational change followed by membrane translocation, and TeNT,
BoNT/B, C and D change structure and interact with the membrane in the same
range of pH values as of the SV lumen pH (Pirazzini et al. 2011). In contrast,
Chapman et al. discovered that binding to GT1b enables BoNT/B to sense low pH,
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undergo a significant change in secondary structure, and transform into a hydro-
phobic oligomeric membrane protein. Imaging of the toxin on lipid bilayers using
atomic force microscopy revealed donut-shaped channel-like structures that
resemble other protein translocation assemblies (Sun et al. 2011). However,
BoNT/E translocated much more rapidly than BoNT/B and required only GT1b,
but no low pH, to oligomerise. In further contrast to BONT/B, low pH alone altered
the secondary structure of BoNT/E to some degree and resulted in its premature
inactivation (Sun et al. 2012).

The exact position of the toxin on the membrane may be important for the
subsequent endocytosis and translocation steps. Geometric restrictions are
imposed by the simultaneous adherence to the ganglioside and the protein receptor
(Jin et al. 2006). Different binding modes are conceivable. It has been suggested
that the predominant negatively charged molecular surfaces of BoNT/B Hy favour
a perpendicular orientation of the translocation domain and thus bend Syt into a
membrane tangential direction. In this scenario, four solvent-exposed lysine res-
idues conserved among Syt-I and Syt-II might interact with the phospholipid head
groups of the membrane (Jin et al. 2006). This view has recently been supported by
modelling GT1b into the Syt-II/BoNT/B complex based on its binding to the
conserved ganglioside binding pocket of BoONT/A (Stenmark et al. 2008). This
model further predicts an extended loop of BoNT/B that contains a very hydro-
phobic tip (G1246-F1249) and extends out between the ganglioside and Syt
binding pockets to be additionally involved in the interaction with the membrane.
The HcD crystal structure revealed a corresponding loop whose hydrophobic
segment F1242-Y 1246 is likely to be involved in membrane association because
its mutation leads to a clear loss in toxicity of BoNT/D. Also, the WY-loop of
BoNT/C might play such a role. Furthermore, the monoclonal antibody 4E17
binding a defined epitope at the tip of the «-helices in the Hy domain potently
neutralises BoNT/B and E indicating that this epitope plays an important role in
the intoxication mechanism (Garcia-Rodriguez et al. 2011). Recently, it was
demonstrated that the H--fragment of BoNT/A can reorientate by 180° in complex
with NTNHA and/or at pH < 6.5 (Gu et al. 2012). If the Hc-fragment is now
anchored to the membrane surface via double receptor interactions the remaining
LHy has to turn upside down upon pH drop prior to membrane insertion.

The results of future experiments have to link the known membrane anchorage
of the BoNT with the mode of membrane contact and insertion of the translocation
domain Hy to form LC translocating channels.

8 Outlook

The physiological dependence of TeNT and BoNT on gangliosides, their prefered
types as well as the mode and site of binding have been exhibited in recent years
thoroughly for all serotypes. Moreover, the majority of synaptic protein receptors
have been elucidated. A non-gangliosidic, proteinaceous receptor molecule has not
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yet been ascribed to BoNT/C and TeNT which display the highest affinity to
neuronal membranes and are taken up less dependently upon neuronal stimulation.
Whereas all Syt-I/II binding sites are identified and partially characterised in great
detail, nothing is still known for the interaction of any SV2 with BoNT/A, E and
D. The value and importance of such knowledge was recently illustrated by the
exhibition that human Syt-II is not a high affinity receptor for BoNT/B, DC and G
which can evoke serious consequences in the use of BoNT/B as therapeutic.
Furthermore, the BoNT family currently consists of 35 sero- and subtypes (vari-
ants, “native mutants”). Besides the seven well characterised serotypes the
binding properties of only four subtypes (BoNT/A2, BoNT/B2, BoNT/CD and
BoNT/DC) have been partially investigated and are already bearing unexpected
results. Hence, all BoNT variants should be characterised thoroughly in the future
to avoid dangerous surprises as well as exploit the putatively new characteristics
therapeutically.
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Abstract Axonal transport ensures long-range delivery of essential components
and signals between proximal and distal areas of the neuron, and it is crucial for
neuronal homeostasis and survival. Several pathogens and virulence factors use
this route to gain access to the central nervous system, exploiting the complex and
still poorly understood trafficking mechanisms that regulate the dynamics of their
cellular receptors. Studying the intracellular transport of neurotropic pathogens is
therefore instrumental to glean new insights into these important molecular events.
Botulinum (BoNT) and tetanus (TeNT) neurotoxins bind with high affinity to a
variety of neurons and are internalised by specialised endocytic pathways leading
to specific intracellular fates. Whereas BoNT trafficking is largely confined to the
neuromuscular junction, TeNT is internalised in signalling endosomes shared with
neurotrophins and their receptors, which are recruited to the fast axonal retrograde
transport pathway. Recently, important paradigms regarding the mechanisms by
which BoNT and TeNT interact with their cellular targets and are transported in
neurons have been challenged. In this review, we summarise new findings con-
cerning the uptake and intracellular trafficking of these neurotoxins, and discuss
their implications in terms of the physiological effects of BONT and TeNT in the
central nervous system.
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1 Introduction

Efficient mechanisms ensuring the reliable exchange of information between cells
and their environment are essential for all organisms. The outer surface of the
plasma membrane provides a platform for a wide range of receptors, which sense
extracellular signals and inform cells about changes in their surroundings. To
ensure that cells receive relevant messages and are able to assemble suitable
physiological responses, both the lipid and protein compositions of the plasma
membrane must be tightly regulated. A main player in this homeostatic control is
the process of endocytosis, in which selective components of the plasma mem-
brane are internalised in a highly regulated fashion and undergo intracellular
trafficking leading to degradation, recycling or targeting to other membrane
compartments (McMahon and Boucrot 2011). The main roles of endocytosis
include nutrient uptake, receptor-mediated signalling and the turnover of mem-
brane components and receptors (Hoeller et al. 2005). Given the key physiological
role and evolutionary conservation of these mechanisms, numerous pathogens and
virulence factors, including clostridial neurotoxins (CNT) exploit selective endo-
cytic routes to gain access to host cells. Despite the plethora of different endocytic
cargoes, surprisingly little information is available regarding the molecular
mechanisms regulating the recruitment of ligand-receptor complexes to specific
carriers, their internalisation and transport and their ultimate fate. In light of this,
infectious agents represent invaluable tools shaped by millions of years of evo-
lution to study the molecular determinants of these membrane trafficking pathways
(Schiavo and van der Goot 2001).

The most extensively studied type of endocytosis is clathrin-mediated endocy-
tosis (CME). The list of proteins involved in the regulation of CME has been con-
tinuously growing, and as a result, a detailed view of the molecular mechanisms
controlling its progression is now available (McMahon and Boucrot 2011). Mech-
anistically, CME occurs via four main steps, the first of which is the nucleation of
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clathrin at specific membrane sites. This process is initiated by accessory and adaptor
proteins, such as adaptor protein 2 (AP2) and epsins (Henne et al. 2010; Jackson et al.
2010; Qualmann et al. 2011; Taylor et al. 2011). Following the recruitment of
membrane curvature-inducing proteins, clathrin-coated pits (CCPs) are formed.
Once the budding is completed, clathrin-coated vesicles (CCV) are clipped off the
membrane by dynamin, a GTPase involved in membrane remodelling (Harper et al.
2011; Ferguson and De Camilli 2012), and the clathrin basket is removed by cyto-
plasmic factors to form an uncoated vesicle (Bocking et al. 2011). Interestingly,
CME was shown to be the main, but not the only route taken by CNT to get access to
their target cells (Deinhardt et al. 2006a; Montal 2010).

2 Clostridial Neurotoxins are Multi-Domain Proteins

The CNT family comprises tetanus toxin (TeNT) and several related botulinum
neurotoxins (BoNT, serotypes A to G; Swaminathan 2011). TeNT and BoNT are
synthesised as single chain proteins of 150 kDa, which are cleaved by endogenous
or tissue proteases, resulting in a 50 kDa light chain (LC) and a 100 kDa heavy chain
(HC) linked via a disulphide bridge. The carboxy-terminal half of the HC is
responsible for the binding of CNT to the neuronal surface, whilst the amino-
terminal half is involved in the translocation of the LC through the endosomal
membrane (Montal 2010). The LC contains the active site of the neurotoxin and
displays a very specific metalloprotease activity (Schiavo et al. 2000). To date, the
synaptic SNARE (soluble NSF attachment protein receptor) proteins syntaxin-1,
SNAP-25 (synaptosomal-associated protein of 25 kDa) and VAMP-1-2 (vesicle-
associated membrane protein) (termed also synaptobrevin-1 and -2) are the only
identified substrates of TeNT and BONT (McMahon et al. 1993; Schiavo et al. 2000),
in addition to VAMP-3, syntaxin-2 and syntaxin-3. Cleavage of these synaptic
SNARE proteins yields the persistent blockade of neurotransmitter release in
intoxicated neurons (Schiavo et al. 1992; Blasi et al. 1993a, b; Schiavo et al. 1993a,
b; Yamasaki et al. 1994).

CNT share their core structural characteristics (Fig. 1), cleave the same class of
intracellular substrates and are taken up by the same neurons (Schiavo et al. 2000).
However, once endocytosed, TeNT and BoNT are sorted to different membrane
trafficking pathways (Fig. 1). BoNT mainly target the neuromuscular junction
(NMJ) in vivo, and only a minor fraction of the toxin is transported back to the cell
body of the motor neuron (Restani et al. 2012a). In contrast, TeNT efficiently reaches
the inhibitory interneurons located in the spinal cord (Fig. 1). This distinct intra-
cellular trafficking leads to a different symptomatology of the pathologies caused by
BoNT and TeNT. Botulism, which is caused by BoNT, leads to flaccid paralysis,
whilst tetanus is characterised by a sustained spastic paralysis. It remains to be seen
whether or not this difference in sorting is due to specific receptor complexes for
TeNT and BoNT, which would target them to distinct endocytic compartments, or to
the recruitment of different sorting factors after internalisation.



Elusive Compass of Clostridial Neurotoxins 95

inhibitory
interneuron

clostridial
neurotoxins

ysos_omal_‘____

transfer NRAJ/

batulinum neurotoxin (BalNT)

|1l clostridial neurotoxin receptors

cyloplasmic dynein
% % -
&= microtubules .\! ’t:”
e polysialoganghosides i‘ tf
© tetanus toxin (TeNT)

Fig. 1 Trafficking of botulinum and tetanus neurotoxins in neurons. Top. The three-domain
structure of BoNT/A (Lacy et al. 1998), which is shared with the other CNT, is characterized by a
50 kDa LC containing the active site (shaded, on the right) and a 100 kDa HC responsible for
membrane translocation (HN; shaded, centre) and binding to the neuronal surface (HC; unshaded,
on the leff). CNT fragments can be expressed as recombinant proteins bearing specific short
domains that allow their labelling with fluorophores (tag) and other functional groups (Deinhardt
et al. 2006b). Due to its binding and sorting characteristics and its lack of toxicity, fluorescent
HCs can be used instead of the full length CNT to study binding, transport and transcytosis.
Middle. Schematic representation of CNT trafficking in a spinal cord motor neuron. TeNT (light
blue) and BoNT (red) specifically bind to neuronal membranes via receptor complex(es) formed
by polysialogangliosides (black dots) and synaptic proteins (blue and red bars). CNT are then
internalised and sorted into different intracellular compartments. Whilst BONT remain mainly
localised to the NMJ, where they enter the synaptic vesicle recycling pathway, TeNT undergoes
fast axonal retrograde transport exploiting MT as tracks (grey) and cytoplasmic dynein as a main
molecular motor (red). Once it has reached the soma, TeNT is trancytosed into inhibitory
interneurons, where the LC reaches the cytoplasm and blocks neurotransmitter release. Bottom.
Mouse NMJ after intramuscular administration of HCT (red). HCT is internalised and transported
into the motor neuron shaft. The motor endplate has been counterstained with az-bungarotoxin

(green)
3 Binding of Clostridial Neurotoxins to the Cell Surface

Complex gangliosides were shown to serve as receptors for CNT. TeNT binds to
GTl1b and GD1b, whereas BoNT bind to GT1b and GD1a (Habermann and Dreyer
1986; Schengrund et al. 1991; Yowler and Schengrund 2004). The affinity of CNT
to immobilised polysialogangliosides is in the high nanomolar range, whilst these
neurotoxins bind to synaptosomes and neurons with a much higher affinity, making
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their interactions with neuronal membrane almost irreversible (Habermann and
Dreyer 1986). The addition of exogenous polysialogangliosides to non-neuronal
cells, such as undifferentiated rat pheochromocytoma (PC12), renders them sen-
sitive to TeNT or BoNT/A (Marxen and Bigalke 1989; Marxen et al. 1990). In
agreement with this finding, neuraminidase treatment makes cells insensitive to
CNT by removing sialic acid residues from the plasma membrane (Bigalke et al.
1986; Marxen and Bigalke 1989). These results, together with the partial insen-
sitivity to CNT of mice lacking complex gangliosides (Kitamura et al. 1999, 2005;
Rummel et al. 2009), indicate that these lipids are essential components of
CNT receptor complexes. On the other hand, the relatively low affinity of poly-
sialogangliosides for TeNT and BoNT and the major inhibitory effect on binding
caused by pre-treatment of neurons with extracellular proteases, strongly suggests
the existence of a dual protein and lipid receptor for CNT (Montecucco 1986).
According to the dual receptor hypothesis (Montecucco 1986; Rummel et al.
2007), polysialogangliosides either favour the recruitment of TeNT and BoNT to
specific areas of the plasma membrane enriched in protein receptors, or maintain
these toxins in a preferred conformation for the receptor to bind.

The molecular identification of the protein receptors for CNT posed a challenge
to the field. Both binding and internalisation of BONT were shown to be activity-
dependent (Black and Dolly 1986; Keller et al. 2004; Baldwin and Barbieri 2007)
suggesting that synaptic vesicle proteins might be involved in BoNT binding and
uptake. The intraluminal leaflet of the synaptic vesicle membrane becomes tran-
siently exposed to the extracellular medium upon fusion of synaptic vesicles with
the active zone during synaptic stimulation, potentially allowing the intravesicular
domains of synaptic vesicle proteins to interact with the binding domain of CNT
and act as their protein receptors. Pioneering work from Kozaki’s group has
demonstrated that BoNT/B binds simultaneously to polysialogangliosides and
synaptotagmin-I (Syt-I), the main calcium sensor for synaptic vesicle fusion, and
the closely related isoform synaptotagmin-II (Syt-II), with ten times higher affinity
than polysialogangliosides alone (Ochanda et al. 1986; Nishiki et al. 1994; 1996a).
However, direct evidence that the luminal domain of both Syt-I and Syt-II binds
BoNT/B and mediates the internalisation of the toxin was provided only a decade
later (Dong et al. 2003, 2007). Hippocampal neurons lacking Syt-I are insensitive
to both BoONT/B and BoNT/G, but can be rendered sensitive by overexpression of
Syt-I or -II (Dong et al. 2007). Similarly, the cytoplasm of PC12 and Chinese
hamster ovary (CHO) cells became accessible to BoNT/B upon the surface
expression of the intraluminal domain of Syt-I/II (Nishiki et al. 1996b; Pirazzini
et al. 2011). However, Syt are not universal protein receptors for BoNT, as only
BoNT/B, BoNT/G and the mosaic toxin BoNT/DC bind to Syt-I/Il (Rummel et al.
2004, 2007; Peng et al. 2012). Based on the hypothesis that the luminal portion of
synaptic vesicle proteins may serve as protein receptor of the remaining BoNT
serotypes, two groups independently demonstrated that synaptic vesicle glyco-
protein 2 (SV2) acts as a protein receptor for BONT/A (Dong et al. 2006; Mahrhold
et al. 2006) and several other serotypes, such as BoNT/E (Dong et al. 2008),
BoNT/F (Rummel et al. 2009) and BoNT/D (Peng et al. 2011).
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Fig. 2 Uptake of TeNT and BoNTs in cultured motor neurons. Synaptic vesicle exo/endocytosis
accounts for the majority of endocytic events at the presynaptic terminal and may involve
multiple clathrin-dependent step(s). Several BoNTs exploit this pathway for their internalization
into neurons by binding to the luminal domain of specific vesicle proteins, such as SV2 and Syt-1/
II. High affinity interaction to these proteins requires polysialogangliosides and may be regulated
by lipid microdomains. Once internalised into the synaptic vesicle lumen, acidification driven by
the vATPase triggers the translocation of LC into the nerve terminal cytoplasm that leads to the
cleavage of SNARE proteins essential for membrane fusion. This process determines the long-
lasting inhibition of neurotransmitter release at the NMJ (local effects). At very high doses, TeNT
enters this pathway and induces a flaccid paralysis similar to that caused by BoNT. In contrast, at
physiological doses TeNT exploits a pathway requiring lipid microdomains and the clathrin
machinery that is largely independent of synaptic vesicle exo/endocytosis. At the NMJ, TeNT
binds to a lipid-protein receptor complex containing polysialogangliosides such as GD1b, and is
then laterally sorted into clathrin-coated vesicles. During this sorting event, GD1b is excluded
from the toxin receptor complex (Deinhardt et al. 2006a). Internalisation of TeNT is dependent
on dynamin, AP-2 and AP180, but does not require epsinl. Once internalised, TeNT is targeted to
a stationary (or oscillating) early sorting compartment positive for the small GTPase Rab5, to
which other endocytic routes may converge. Some of these routes may be responsible for the
entry of specific BoNT serotypes (e.g. BONT/A) to sorting endosomes, their targeting to the
axonal retrograde transport pathway and their transport together with TeNT and neurotrophin
receptor to the soma of motor neurons (long-range effects). Fast retrograde transport of these
organelles requires Rab7 activity. Question marks indicate molecular events that have not been
conclusively demonstrated to date and DN stands for dominant-negative mutants

Whilst it became clear that synaptic vesicle proteins play a role in the binding
and uptake of BoNT, independent lines of evidence suggested that at least a
fraction of these neurotoxins are internalised in an activity-independent fashion
(Verderio et al. 1999; Restani et al. 2012a). These findings strongly suggest that a
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proportion of BoNT is not internalised via synaptic vesicle recycling and may have
additional receptors and/or additional routes of entry at nerve terminals (Fig. 2).
Furthermore, BoNT/C has been shown to bind to both polysialogangliosides and
phospholipids (Tsukamoto et al. 2005, 2008; Kroken et al. 2011; Strotmeier et al.
2011; Zhang and Varnum 2012), suggesting that this serotype has a unique binding
modality to neuronal membranes.

The search for the protein receptor of TeNT has posed an even bigger challenge
than the identification of BoNT receptors. Whilst TeNT entry into hippocampal
neurons is stimulation-dependent (Matteoli et al. 1996; Blum et al. 2012), its inter-
nalisation into the NMJ and cultured motor neurons is largely independent (Schmitt
et al. 1981; Deinhardt et al. 2006a) or only partially modulated (Simpson 1985) by
synaptic activity. This remarkable difference suggests that TeNT may use a different
endocytic mechanism to be sorted in motor neurons from other neuronal types that
are blocked by this neurotoxin, such as inhibitory interneurons and hippocampal
neurons (Fig. 2). This unique intracellular sorting may couple TeNT to the retro-
grade transport route in motor neurons in contrast to BoNT, which are preferably
sorted to recycling synaptic vesicles at the NMJ. Early evidence suggested that TeNT
interacts with Thy-1, a glycosylphosphatidylinositol (GPI)-anchored glycoprotein,
in PC12 cells (Schiavo et al. 1991; Herreros et al. 2000). Interestingly, one or more
GPI-anchored proteins are involved in TeNT binding and intracellular activity, since
treatment of PC12 cells or neurons with a phosphatidylinositol-specific phospholi-
pase C prevents the TeNT-induced cleavage of VAMP-2 (Herreros et al. 2001;
Munro et al. 2001). Disruption of the integrity of membrane microdomains, which is
essential for GPI-anchored protein clustering, also prevented VAMP-2 cleavage by
TeNT (Herreros et al. 2001; Munro et al. 2001). However, Thy-1 is unlikely to be the
only protein receptor for TeNT since mice lacking Thy-1 are only slightly less
sensitive to TeNT intoxication than wild-type controls (Herreros et al. 2001). SV2
was also shown to bind TeNT in central neurons (Yeh et al. 2010). However, this
latter interaction has been recently disputed (Blum et al. 2012) and no evidence is
presently available validating this mechanism in motor neurons or inhibitory inter-
neurons. Last, but not least, the possibility that the interaction of TeNT with neuronal
and non-neuronal cells is mediated by the binding of polysialogangliosides to two
distinct sites of its binding domain (HcT) has been proposed (Fotinou et al. 2001;
Rummel et al. 2003; Chen et al. 2008, 2009). Interestingly, immobilised glycolipid
complexes have been shown to display higher affinity to H-T (Rinaldi et al. 2009),
suggesting that ganglioside cis interactions may have important modulatory roles in
the initial binding of TeNT to the neuronal membrane.

4 Clostridial Neurotoxin Endocytosis

Once CNT are bound to their surface receptors, a complex cascade of protein—
protein and protein—lipid interactions trigger the recruitment of clathrin and
adaptor proteins to the inner leaflet of the plasma membrane, which marks the
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onset of the endocytic process (Fig. 2). Although BoNT and TeNT are mainly
internalised by distinct pathways (synaptic vesicle recycling and synaptic vesi-
cle-independent clathrin-dependent endocytosis, respectively) (Deinhardt et al.
2006a; Montal 2010; Blum et al. 2012), several aspects of these mechanisms are
shared at the molecular level. One of the early events of these processes is the
recruitment of specific clathrin adaptors, which leads to the accumulation of
effector proteins altering membrane curvature at endocytic sites. A major
determinant of this process is the enrichment of specific lipids, such as phos-
phatidylinositol(4,5)bisphosphate (PtdIns(4,5)P,), at these sites. This event is
likely to precede membrane curvature initiation as most of the accessory pro-
teins, such as AP2, bind to this lipid (Haucke 2005). Several factors mediating
membrane curvature possess a bin—amphiphysin-rvs (BAR) domain (Qualmann
et al. 2011), which enables them to initiate and maintain membrane curvature,
whilst other proteins lacking the BAR domain, such as epsins, shape membranes
by inserting an amphipathic helix into the inner leaflet of the lipid bilayer,
making it more accessible to clathrin (Ford et al. 2002; Hinrichsen et al. 2006).
Deinhardt et al. have shown that the internalisation of TeNT relies on the
canonical clathrin adaptors AP2 and AP180, but is independent of epsinl, since
the overexpression of an epsinl mutant unable to bind PtdIns(4,5)P, did not
affect the internalisation of the toxin, whilst completely abolished transferrin
uptake (Deinhardt et al. 2006a). Epsinl was shown to target ubiquitinated
receptors to the late endosomal/lysosomal pathway (Le Roy and Wrana 2005),
suggesting that TeNT follows an intracellular trafficking route bypassing this
sorting step. Accordingly, TeNT is known to access an atypical endosomal
compartment in motor neurons, which is not acidified (Lalli et al. 2003a; Bo-
hnert and Schiavo 2005). Thus, this epsinl-independent endocytic route may
prevent the membrane insertion of HC and the subsequent translocation of
the active LC into the cytoplasm, a process that is triggered by low pH, allowing
the delivery of TeNT to axonal retrograde carriers in an intact form (Fig. 2). At
the same time, this specific sorting avoids the targeting of TeNT to lysosomes
and its degradation. As to which other membrane curvature protein(s) might act
as a replacement of epsinl remains unknown.

Following the recruitment of clathrin adaptors, a clathrin basket is formed
around the pit and a new CCV is ready to be born. The last step in the biogenesis
of CCV is the recruitment of a member of the dynamin family, a large GTPase,
which upon GTP hydrolysis, drives the fission of the CCV from the plasma
membrane. Crucially, the uptake of both TeNT and BoNT/A is disrupted in the
presence of dynamin inhibitors (Deinhardt et al. 2006a; Harper et al. 2011) or by
overexpression of dynamin mutants (Deinhardt et al. 2006a) (Fig. 2). Electron
microscopy studies have confirmed that CNT are taken up into CCV (Black and
Dolly 1986; Deinhardt et al. 2006a), which undergo uncoating in the synaptic
cytoplasm.
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5 Fate Decision in the Trafficking of Clostridial Neurotoxins

Although several binding and endocytic determinants are shared by BoNT and
TeNT, the intracellular fate of these neurotoxins is largely distinct. In motor
neurons, TeNT is internalised together with neurotrophin receptors and their
ligands into transport endosomes (Fig. 2), which are characterised by near-neutral
pH and low degradative potential (Bohnert and Schiavo 2005), and are delivered to
the cell body. Upon arrival in the soma, TeNT is sorted to a transcytotic route and
gains access to inhibitory interneurons (Schiavo et al. 2000). In contrast, BoNT are
mostly taken up in synaptic vesicles and remain confined at distal synapses, such
as the NMJ. During reloading with neurotransmitters, the pH drop in the lumen of
synaptic vesicles determines the insertion of BoNT into the lipid bilayer
(Montecucco et al. 1986, 1989) which triggers the translocation of the LC into the
cytoplasm, where the disulphide bond is reduced and it can specifically cleave the
synaptic targets (Koriazova and Montal 2003; Fischer and Montal 2007; Fischer
et al. 2008; Montal 2010). However, recent evidence suggests that BoNT/A is also
retrogradely transported in several neuronal types, including hippocampal, tectal
and motor neurons (Antonucci et al. 2008; Restani et al. 2012a) and undergoes
transcytosis in the visual system (Restani et al. 2011, 2012b), mimicking at least in
part the behaviour of TeNT.

For its long-range transport, TeNT exploits a highly specialised trafficking
pathway shaped by strong evolutionary pressure. Eukaryotic cells are characterised
by a highly compartmentalised organisation and efficient communication between
different cellular areas is required to ensure cellular homeostasis. Transport over long
distances reaches its higher specialisation in neurons, where dendritic and axonal
compartments are in dynamic equilibrium via a network of highly regulated transport
routes powered by molecular motors (Hirokawa et al. 2010; Soo etal. 2011; Winckler
and Yap 2011). Eukaryotic cells, including neurons, rely on three superfamilies of
motor proteins: kinesins and dyneins transport their cargoes on microtubules (MT),
whereas myosins are F-actin-dependent (Stiess and Bradke 2011). MT and actin
microfilaments extend longitudinally within neurons, with MT mainly present in
axons and dendrites and actin microfilaments enriched at synaptic regions (Hirokawa
et al. 2010). Both cytoskeletal elements are characterised by a highly polarised
architecture. The plus, fast-growing end of MT is directed towards the periphery in
axons and distal dendrites, whereas the barbed, growing end of actin microfilaments
points to the plasma membrane in pre- and post-synaptic regions. Fast axonal and
dendritic transport is mainly MT-dependent and relies on kinesins and cytoplasmic
dynein for the distribution within different neuronal regions of a variety of cargoes,
which include organelles, proteins and RNAs (Hirokawa et al. 2010). Moreover,
modulation of axonal transport by varying the concentration and/or activity of
individual motors constitutes a reliable size-sensing mechanism in vitro and in vivo
(Rishal et al. 2012). In axons, fast axonal transport occurs both in the anterograde
(from cell body towards the periphery) and retrograde (from axonal tips to cell body)
directions by means of kinesins and cytoplasmic dynein, respectively (Vale et al.
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1985; Hirokawa et al. 2010). Myosins also participate in axonal transport in the
proximity of the synaptic regions or in areas where the distribution of MT is less
uniform (Langford 2002; Lalli et al. 2003b).

6 Axonal Transport of Tetanus Neurotoxin

Kinetic analysis of axonal transport assessed in primary motor neuron cultures using
either HcT or the directly labelled full-length neurotoxin revealed a complex speed
profile, which can be deconvolved in a trimodal Gaussian distribution with peaks at 1,
1.5 and 2.1 pm/s, well within the range of fast axonal transport (Lalli and Schiavo
2002; Hafezparast et al. 2003). Two different types of pleiomorphic organelles
responsible for the axonal retrograde transport of TeNT were identified: vesiculo-
tubular structures, that show a continuous retrograde movement and account for the
faster transport component, and round vesicles characterised by a more discontin-
uous and slower retrograde transport (Lalli et al. 2003a). In vivo characterisation of
HcT transport in the sciatic nerve or in sensory neurons confirmed this trimodal speed
distribution (Bilsland et al. 2010) (Fig. 4). Strikingly, the average velocities
observed in vivo were higher than those observed in vitro (Bilsland et al. 2010). This
is likely to be due to the extensive axon myelination occurring in motor neurons in the
sciatic nerve, which is known to stabilise MT, and/or differences between embryonic
(in vitro) and adult (in vivo) motor neurons (Bilsland et al. 2010). In addition to a
major role of kinesins, cytoplasmic dynein and MT, the retrograde transport of TeNT
also relies on myosin Va, an actin-associated motor protein. Whilst the fastest
component of the transport is accomplished almost totally by cytoplasmic dynein and
requires kinesins at equilibrium, the intermediate component is dependent on myosin
Va, as demonstrated by the transport impairments observed in myosin Va-null motor
neuron cultures (Lalli et al. 2003b). The requirement of both actin microfilaments
and MT for fast axonal transport is in line with the tight association occurring
between these two cytoskeletal elements seen by ultrastructural analysis (Bearer and
Reese 1999). Furthermore, it has been proposed that the recruitment of myosins, in
addition to cytoplasmic dynein, allows neurons to assure a continuous retrograde
movement of organelles also during transitions between different MT (Langford
2002; Lalli et al. 2003b).

7 Tetanus Toxin Shares Transport Compartments
with Neurotrophins and Their Receptors

Many different external stimuli rely on axonal retrograde transport for reliable and
fast signalling from distal synapses to the cell body. Activated receptor complexes
are sorted to transport organelles, called signalling endosomes (Fig. 3), that
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Fig. 3 Schematic representation of a TeNT-positive signalling endosome. TeNT and its binding
fragment HcT exploit the retrograde transport machinery used by physiological cargoes, such as
neurotrophins (light blue), for their entry into the CNS. Once internalised together with its still
unknown receptor(s) (green), HcT enters signalling endosomes containing Trks, ];)75NTR and their
interacting protein Kidins220/ARMS (kinase-D-interacting substrate of 220 kDa/ankyrin-rich
membrane spanning; green). The progression and fast axonal transport of these signalling
endosomes are dependent on the sequential recruitment of the two small GTPases Rab5 (blue) and
Rab7 (green). Fast axonal retrograde transport of these signalling organelles relies on the MT-
dependent motor cytoplasmic dynein (blue) and its associated complex dynactin (grey). Signalling
endosomes contain several plasma membrane proteins, such as coxsackie- and adenovirus receptor
(CAR, dark red), which are known to bind viruses. As such, these organelles are exploited by several
viruses, such as CAV2 and poliovirus, to access the CNS. Additional components and cargoes of
these axonal carriers are listed on the right. An electron microscopy image of a signalling endosome
containing HcT (empty arrows) is shown on the top. Scale bar, 200 nm

undergo fast axonal transport together with their adaptors and downstream
signalling molecules, thus overcoming the limitations of signal transduction
mechanisms based uniquely on diffusion (Howe 2005). Neurotrophins (NT) and
their receptors, tropomyosin receptor kinase (Trk) and p75 neurotrophin receptor
(p75™™), are among the best known examples of such retrogradely transported
signalling complexes (Schecterson and Bothwell 2010). NT interact with Trks and
p75™™R at distal sites and these activated receptor complexes are transported
towards the nucleus, where they promote gene expression events controlling dif-
ferentiation and survival in most types of neurons (Butowt and von Bartheld 2003;
Winckler and Yap 2011). It has recently been shown that TeNT exploits the
organelles used by NT receptor complexes for its journey from nerve terminals to
the soma. Experiments performed in primary spinal cord motor neurons using
fluorescently labelled HcT showed that TeNT shares retrograde carriers with NGF
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and p75NTR (Lalli and Schiavo 2002). A common route for TeNT and neurotrophin
receptors was further demonstrated by showing the presence in the same trans-
ported endosome of Hc-T, brain-derived neurotrophic factor (BDNF), p75N™ and
TrkB (Deinhardt et al. 2006b). This is a general mechanism, since it has been
shown both in primary motor and dorsal root ganglia (DRG) neurons. Progression
towards the cell body is dependent on Rab5 and Rab7, two small GTPases with
multiple roles in the endocytic pathway (Deinhardt et al. 2006b) (Fig. 3). Rab5 and
Rab7 act in a sequential manner: Rab5 is involved in the initial steps of the
internalisation process, whereas Rab7 is required for fast progression along axons
(Deinhardt et al. 2006a; Salinas et al. 2009). This unanticipated relationship
between the trafficking of TeNT and NT is further supported by independent lines
of evidence. BDNF was shown to increase the efficiency and kinetic of inter-
nalisation of HcT at the murine NMJ in a dose-dependent manner (Roux et al.
2006). Other neurotrophins, such as NT4, have similar effects on the localisation
and internalisation of TeNT but are less potent than BDNF (Roux et al. 2006). The
functional interaction between TeNT and NT is bidirectional, since both TeNT and
HcT activate TrkA and its downstream effectors extracellular signal-regulated
kinase 1/2 (ERK1/2) and phospholipase C y1 (PLCy1) in a dose-dependent manner
(Gil et al. 2000; Gil et al. 2001, 2003).

8 Shared Pathways with Pathogens

Neurotoxins, such as TeNT and to a lesser extent BoNT, are not the only exogenous
molecules gaining access to the CNS by exploiting the axonal retrograde transport
pathway. Many viruses, which are endocytosed by clathrin-dependent and -inde-
pendent mechanisms, rely on controlled acidification steps for their uncoating and
cytoplasmic entry (Salinas et al. 2010). Once released in the cytoplasm, these
virions are transported to the nucleus by binding directly motor proteins, such as
cytoplasmic dynein (Greber and Way 2006; Salinas et al. 2010). However, other
neurotrophic viruses, such as canine adenovirus 2 (CAV2), are retrogradely
transported together with their receptors, in TeNT-positive carriers containing
p75NTR (Salinas et al. 2009) (Fig. 3). Poliovirus (PV) is another example of a
neurotrophic virus that undergoes retrograde transport in a TeNT-positive com-
partment in primary motor neurons (Ohka et al. 2009). Interestingly, the kinetics of
these organelles seems to be controlled by the PV receptor, probably via its ability
to bind directly cytoplasmic dynein (Ohka et al. 2009). Other viruses resemble
TeNT dynamics in terms of their intracellular sorting and axonal trafficking.
Accordingly, the first phase of influenza virus transport is largely MT-dependent
with speed ranging between 1 and 4 pm/s and a pH of its carriers approaching
neutrality (Lakadamyali et al. 2003). The sequential involvement of Rab5 and Rab7
is a key feature of the sorting and retrograde transport of this virus as well as of
HIV (Vidricaire and Tremblay 2005), influenza virus H3N2 (Sieczkarski and
Whittaker 2003) and simian virus 40 (SV40) (Vonderheit and Helenius 2005).
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Similar to TeNT, SV40 and polyoma virus bind to neuronal receptors associated
with lipid rafts and are internalised by a cholesterol- and glycosphingolipid-
dependent mechanism (Smith et al. 2003). Although not essential for its infectivity,
p75™™® contributes to the binding, internalisation and axonal transport of rabies
virus and its subsequent transcytosis to second-order neurons (Ugolini 1995;
Tuffereau et al. 2007). In addition to viruses, amyloid beta (Af}), prion protein (PrP)
and toxic protein aggregates have been found to be associated with axonal carriers
and affect axonal transport. In particular, Af, which has been implicated in
Alzheimer’s disease, was found to directly interact with p75™'~ (Yaar et al. 1997)
and to impair axonal retrograde transport of BDNF in primary neurons (Poon et al.
2011). Similarly, a toxic PrP peptide has been shown to induce cell death via direct
activation of p75™ ™R signalling (Della-Bianca et al. 2001), whereas the full-length
protein undergoes fast axonal transport both in peripheral and central neurons
(Borchelt et al. 1994; Encalada et al. 2011). Altogether, these findings suggest that
the axonal retrograde transport route is a main gateway for the entry and spread into
the CNS of pathological agents and virulence factors.

9 Botulinum Neurotoxins and Their Long-Range Transport
Mechanisms

BoNT activity is mainly restricted to distal synapses, a feature that is exploited in
the many therapeutic applications of BoNT (Schiavo et al. 2000; Hackett and Kam
2007). In spite of the overwhelming evidence supporting this peripheral mecha-
nism of action, several reports suggest that BONT might also have central effects in
humans and animal models. More than 50 years ago, the case of a patient affected
by botulism showing clear CNS effects was reported (Polley et al. 1965). Initially,
these central effects of BoNT were explained by synaptic plasticity changes
occurring between the central and the peripheral neuron of the network, after the
latter had been silenced by BoNT intoxication. However, the suggestion of a
possible, direct, central action of BoNT arose from experiments performed by
Wiegand and colleagues who detected a rise in radioactivity in the ventral horn of
the spinal cord after injection of radiolabelled BoNT/A in the cat gastrocnemius
muscle, both ipsilaterally and contralaterally to the site of administration (Wiegand
et al. 1976). Further evidence of axonal retrograde transport of BoNT/A and
BoNT/B was found in mouse muscle diaphragm after intraperitoneal administra-
tion or incubation in vitro with radiolabelled neurotoxins. Although internalisation
occurred with different efficiency for BoNT/A and B, both toxins were found in the
axoplasm of myelinated axons within vacuolar-like structures, thus suggesting the
entry of BoNT in a specific endocytic pathway (Black and Dolly 1986). Direct
evidence supporting the hypothesis that BONT/A is retrogradely transported in an
active form and undergoes transcytosis in second-order neurons was provided by
the detection of BoNT/A-cleaved SNAP-25 in cholinergic synapses in rat retina
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after injection of the neurotoxin in the superior colliculus (SC) (Antonucci et al.
2008). No BoNT/A-cleaved SNAP-25 was detected in synapses of the retina when
this neurotoxin was injected in SC after MT depolymerisation, thus ruling out
diffusion-based spreading mechanisms. Supporting evidence for a long-range
action was also obtained by detecting changes in the activity of CAl pyramidal
neurons after injection of BoNT/A into the contralateral hippocampus (Antonucci
et al. 2008).

Interestingly, transport (and transcytosis) of catalytically active BoNT/A occurs
not only in the retrograde direction, but also anterogradely. This unexpected
property of BoNT/A has been demonstrated by detecting the presence of neuro-
toxin-cleaved SNAP-25 in the SC after BoNT/A injection in the contralateral
retina (Restani et al. 2011).

Interestingly, different BoNT serotypes display distinct long-range effects in
vivo. Conversely to BoONT/A, BoNT/E seems unable to alter the activity of CAl
neurons after injection in the contralateral hippocampus (Antonucci et al. 2008), in
spite of overwhelming evidence demonstrating its silencing activity upon ipsilat-
eral injection (Costantin et al. 2005). This result suggests distinct sorting pathways
and/or distal kinetics for different BoONT serotypes (Antonucci et al. 2008; Caleo
and Schiavo 2009). This conclusion seems to be supported by overt differences in
the rate of SNAP-25 cleavage induced by BoNT/A and BoNT/E in sympathetic
neurons cultured in Campenot chambers (Lawrence et al. 2012). After distal
application of these neurotoxins, BoNT/A-cleaved SNAP-25 was readily detect-
able in cell bodies, whilst the BONT/E truncated form of this synaptic protein was
only slightly detectable in the somas, despite a much higher quantity of BoNT/E
being used in this experiment (Lawrence et al. 2012). The documented short-lived
enzymatic activity of BoNT/E was suggested to be responsible for this lack of
detection (Lawrence et al. 2012).

However, direct evidence supporting a differential rate of transport of BoNT/
A and BoNTY/E is still lacking. Experiments recently performed in our laboratory
filled this gap by analysing the kinetic properties of the axonal transport of these
serotypes once internalised in primary spinal cord motor neurons (Restani et al.
2012a). Full-length BoNT/A and BoNT/E, or their atoxic binding fragments
undergo axonal retrograde transport in non-acidic organelles with speed profiles
matching fast MT-dependent transport and largely overlapping with TeNT-
positive carriers in living motor neurons (Restani et al. 2012a). Our analysis
suggests that a lower transport efficiency of BoNT/E compared to BoNT/A may
contribute to the differential in vivo effects of these two serotypes (Caleo and
Schiavo 2009). Whilst BoNT/A undergoes fast and continuous retrograde
transport, BoNT/E-positive organelles show a discontinuous movement towards
the cell body, characterised by a higher frequency of pauses and short periods of
anterograde transport (Restani et al. 2012a). Altogether, these results demonstrate
that BoNT undergo axonal retrograde transport in neurons both in vitro and in
vivo.
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Fig. 4 Innovative strategies to monitor axonal transport in vitro and in vivo. Left panel.
Microfluidic chambers allow the physical separation of distal axons and synapses (botfom) from
cell bodies (fop) in a variety of neuronal cultures, including motor neurons. HcT (red), added only
to the axonal side, is transported towards the cell bodies located in the top compartment. The two
compartments are separated by small microgrooves (10 pm width), which allow the passage of
axons, but not of cell bodies. These compartments are also microfluidically separated, a feature
that impedes the passive diffusion of ligands and drugs between the two sides of the device.
Motor neurons are stained for f-tubulin (blue). Scale bar, 500 pwm. Right panel. Axonal transport
of HcT can be monitored in the intact sciatic nerve. After intramuscular injection in the mouse
hindlimb, fluorescent HcT (red) was found within axons of the sciatic nerve (top), which have
been stained for choline acetyl transferase (ChAT, green), a motor neuron marker, and myelin
(blue). This technique allows a quantitative kinetic analysis of axonal transport of HcT in vivo
(Bilsland et al. 2010). Still images from a confocal movie show an HcT-positive endosome
undergoing fast axonal retrograde transport (arrowheads). The cell body is out of view on the left.
Scale bar, 5 pm

10 Future Perspectives

In spite of the wealth of data presently available, there are important aspects of the
interaction of BONT with the neuronal membrane that deserve further investiga-
tions. Among these the role of different isoforms of SV2 and Syt in the binding of
BoNT to distinct neuronal subtypes is presently unclear. Similarly, very little is
known about the role of specific posttranslational modifications on the affinity of
SV2 and Syt to BoNT and on their intracellular trafficking. It is also unclear
whether phospholipids and polysialogangliosides are sufficient to mediate high
affinity binding and internalisation of BoNT/C and other serotypes in neurons.
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Strikingly, the protein receptor(s) of TeNT at the NMJ is still unknown,
although SV2 seems to play a role in TeNT binding to interneurons (Yeh et al.
2010). Previous data suggest that GPI-anchored proteins play a role in TeNT
intoxication (Herreros et al. 2001; Munro et al. 2001), but it is unclear whether
their contribution is direct or mediated through changes in the clustering of
polysialogangliosides on the synaptic plasma membrane. Future experiments are
necessary to elucidate the nature of this high affinity TeNT receptor complex and
its putative role in axonal retrograde transport and intracellular sorting.

The quantitative analysis of the retrograde transport of different BoNT is still in
its infancy. To date, little is known about the molecular mechanisms controlling
this process, its modulators and additional cargoes sharing the same transport
organelles. As significant differences between the axonal transport of BoNT/A and
BoNT/E have recently been detected (Lawrence et al. 2012; Restani et al. 2012a),
the CNT field is now facing the exciting prospect of better understanding the
molecular determinants of this differential neuronal trafficking, and the relation-
ship between the 3D structure of these serotypes and their intracellular fate.
Furthermore, additional studies are necessary to assess whether other serotypes
might be transported as well. Novel in vitro approaches, such as compartmenta-
lized motor neuron cultures in microfluidic devices (Fig. 4) will be instrumental
for the analysis of the axonal transport of these neurotoxins and the definition of
the cellular machinery controlling their trafficking.

Last but not least, the molecular mechanism of transcytosis of TeNT from
motor neurons into interneurons is still poorly characterised, as well as the path-
way followed by BoNT/A for its transneuronal migration in the visual system
(Restani et al. 2011, 2012b).

These studies will not only enable a better characterisation of the CNT at
molecular level, but they will also shed light on fundamental processes essential
for neuronal homeostasis and survival, providing new potential strategies for the
delivery of therapeutics to the CNS.
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Synchronized Chaperone Function
of Botulinum Neurotoxin Domains
Mediates Light Chain Translocation
into Neurons

Audrey Fischer

Abstract Clostridium botulinum neurotoxin (BoNT) is a multidomain protein in
which the individual modules work in synchronized cooperative action in order to
enter into neurons and inhibit synaptic transmission. The di-chain protein is made up
of the ~50 kD light chain and the ~ 100 kD heavy chain. The HC can be further
subdivided into the N-terminal translocation domain (Hy) and the C-terminal
Receptor Binding Domain (Hc). BONT entry into neurons requires the toxin to utilize
the host cell’s endocytosis pathway where it exploits the acidic environment of the
endosome. Within the endosome the Hc triggers the Hy to change conformation from
a soluble protein to a membrane inserted protein-conducting channel in precise timing
with LC refolding. The LC must partially unfold to a translocation competent con-
formation in order to be translocated by the Hy channel in an N to C terminal direction.
Upon completion of translocation, the LC is released from the HC and allowed to
interact with its substrate SNARE protein. This article discusses the individual
functions of each module as well as the mechanisms by which each domain serves as a
chaperone for the others, working in concert to achieve productive intoxication.
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Hc Receptor binding domain

Hce 25 kDa C-terminal subdomain of the H¢

Hen 25 kDa N-terminal subdomain of the Hc

Hy Translocation domain

Hyibert Beltless translocation domain

LC Light chain

LHy LC 4+ Hy

PA Protective antigen

P, Probability of the channel to remain in the open state

SNAP-25 Synaptosomal-associated protein of 25 kDa
SNARE Soluble NSF attachment protein receptor

Ty Half-time for a single growing conductance event
TeNT Tetanus neurotoxin

TSDN Toosendanin
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1 Introduction

Botulinum neurotoxin (BoNT) inhibits synaptic exocytosis in peripheral cholinergic
synapses causing the neuroparalytic illness botulism. Clostridium botulinum is a
spore forming obligate anaerobic bacterium whose cells secrete seven BoNTs
isoforms known as BoNT/A-G (Schiavo et al. 2000). All isoforms together with the
related tetanus neurotoxin (TeNT) secreted by Clostridium tetani, are Zn**-endo-
proteases that block synaptic exocytosis by cleaving soluble NSF attachment protein
receptor (SNARE ) proteins (Schiavo et al. 2000; Blasi et al. 1993; Jahn et al. 2003;
Schiavo et al. 1992; Weber et al. 1998). Assembly of the SNARE core complex is a
key step preceding fusion of synaptic vesicles with the neuronal plasma membrane
(Schiavo et al. 2000; Jahn et al. 2003; Jackson and Chapman 2006).

All BoNT isoforms are synthesized as a single polypeptide chain with a
molecular mass of ~ 150 kDa before being cleaved either by clostridial or host
cell proteases into two polypeptide chains. The mature di-chain holotoxin is
maintained in complex by a disulfide bridge and comprises a 50 kDa light chain
(LC) protease and a 100 kDa heavy chain (HC) (Fig. 1). The HC consists of the
translocation domain (Hy) (the N-terminal half) and the receptor-binding domain
(Hc) (the C-terminal half) (Schiavo et al. 2000; Swaminathan and Eswaramoorthy
2000; Lacy and Stevens 1999; Lacy et al. 1998).

BoNT enter neurons by receptor-mediated endocytosis, initiated by the interac-
tions between the BONT H¢ and a ganglioside and protein receptor duo (Yowler et al.
2002; Tsukamoto et al. 2005; Nishiki et al. 1996; Ginalski et al. 2000; Rummel et al.
2004; Dong et al. 2006; Mahrhold et al. 2006; Peng et al. 2011). Exposure of the
BoNT-receptor complex to the acidic environment of endosomes induces a con-
formational change whereby the HC inserts into the endosomal bilayer membrane
(Schiavo et al. 2000; Gambale and Montal 1988; Finkelstein 1990). Under these
conditions, the HC forms a protein-conducting channel that translocates the LC
protease into the cytosol (Fischer and Montal 2007; Koriazova and Montal 2003).
Upon release into the cytosol the LC traffics to its substrate SNARE protein.

The LC and the H¢ crystal structures have been solved and their functions
clearly defined (Breidenbach and Brunger 2004; Arndt et al. 2006; Arndt et al.
2005; Agarwal et al. 2004; Agarwal et al. 2005; Chai et al. 20006; Segelke et al.
2004; Hanson and Stevens 2000; Swaminathan and Eswaramoorthy 2000;
Stenmark et al. 2008; Jin et al. 2007); however, the central unit of the holotoxin is
less well understood. The recent crystal structures of the BONT Hc interacting with
its ganglioside and protein receptors via its C-terminal half Hcc raises queries
regarding the purpose of the N-terminal half of the Hc (Chai et al. 2006; Swami-
nathan and Eswaramoorthy 2000; Stenmark et al. 2008; Jin et al. 2007). Potentially
the N-terminal motif of the H¢, called Hcy could serve a function in priming the Hy
to an insertion competent orientation with respect to the membrane (Gu et al. 2012).
Although several studies have attempted to offer insight into the conformation of
the Hy within the membrane, the structure of the membrane inserted, protein
translocating channel has yet to be resolved. The elongated, unstructured belt
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Fig. 1 Schematic of BoNT cellular intoxication at pre-synaptic membrane of neuronal cell. / BoNT
holotoxin (N-terminal catalytic domain (LC, gold) connected to the C-terminal HC, composed of the
Hy (cyan) and He (blue), by a belt (purple ribbon), and an inter-chain disulfide bridge (green)) binds to
dual receptors on plasma membrane stimulating receptor-mediated uptake. 2 BoNT shuttles to early
endosome where vATPase acidification of the vesicle lumen stimulates membrane insertion and HC
channel formation as well as LC structural rearrangement to a translocation competent conformation.
3 Partially unfolded LC translocates through the HC channel before release and refolding within the
cytosol. For BONT/A in particular, the LC traffics back to the plasma membrane 4 where it cleaves its
substrate SNARE protein, SNAP-25. 5 Cleavage of any component of the SNARE complex aborts
synaptic vesicle fusion with the plasma membrane, precluding release of neurotransmitters and
cellular signaling. The BoN'T/A holotoxin image was rendered on YASARA (http://www.yasara.org)
using the Protein Data Bank I.D. 3BTA (Lacy et al. 1998)

region of the Hy is another domain with an elusive function; potentially acting as a
pseudo-substrate/chaperone for the LC during the majority of the intoxication
process (Brunger et al. 2007). Understanding the structure as well as the individual
and cooperative functions of each BoONT module may lead to design of effective
inhibitors of botulism as well as novel protein-based, therapeutic delivery systems.

2 Endosomal Entry

Productive BoNT intoxication requires the toxin to exploit the host cellular
machinery in order to mediate entry into sensitive neurons (Fig. 1); (Rummel 2012).
BoNT and the closely related TeNT bind to protein and ganglioside receptors
localized at the nerve terminal (Dolly et al. 1984). BoNT has been demonstrated to
bind complex polysialogangliosides as initial cellular contacts [reviewed in
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(Rummel et al. 2009)]. The protein co-receptors are unique to each serotype of toxin;
however they are all part of the synaptic signaling machinery. As such these
receptors are primarily localized within synaptic vesicles, residing briefly on the
plasma membrane. Depolarization of the synaptic membrane stimulates synaptic
vesicle fusion with the plasma membrane, thereby exposing the luminal domains to
the extracellular surface and promoting BoNT dual-receptor binding (Dong et al.
2003; Habermann et al. 1980; Hughes and Whaler 1962; Simpson 1980).

Receptor binding stimulates BoNT cellular uptake into clathrin-coated synaptic
vesicles (Harper et al. 2011; Petro et al. 2006; Sudhof 2004). This step has been
demonstrated to require energy as intoxication can be inhibited by incubating
sensitive cells at low temperatures or pretreating them with sodium azide or
dinitrophenol (Dolly et al. 1984). Once internalized, BoNT is shuttled to vesicles
destined for the endosome/lysosome pathway (Dong et al. 2006; Harper et al.
2011; Black and Dolly 1986; Couesnon et al. 2009; Fu et al. 2009). These vesicles
mature to early endosomes where acidification of the endosomal environment is
mediated by the H*-vATPase pump. Acidification of the endosomal environment
promotes the translocation step of intoxication as demonstrated by bafilomycin
inhibition. Bafilomycin Al, a specific inhibitor of the H"-vATPase, has been
demonstrated to efficiently inhibit BONT intoxication in multiple cell-based assays
(Lawrence et al. 2007; Ruthel et al. 2011; Simpson et al. 1993).

3 HC Channel Formation

While the individual BoNT serotypes bind unique neuronal targets, they share a
similar mechanism of protease translocation from the endosome to the cytosol.
The Hc domain is responsible for targeting each serotype to its corresponding
neuron; however, the Hy domain performs the protease translocation function
following entry into an early endosomal compartment. This is achieved by the
formation of a protein conducting channel by the HC that translocates the protease
domain from the acidic endosome into the neutral cytosol.

3.1 HC Channel Characteristics

Channel activity of the toxin molecules is monitored by electrophysiological
measurements; the passage of ions through a protein pore within a lipid bilayer in
response to an applied voltage is measured as current. The lipid bilayer used for
these types of experiments can be formed from either of two standard methods,
artificial bilayers or patch clamp. Artificial bilayers are formed from a predeter-
mined mixture of purified lipids while patch clamp recordings utilize a small piece
of the plasma membrane from a neuronal cell. Neuronal membranes contain all the
cofactors necessary for optimal binding; however, they contain endogenous ion
channels that can complicate isolation of the toxin ion channel activity.
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Fig. 2 BoNT/A HC channel characteristics monitored in excised patches of Neuro 2A cells
(Fischer and Montal 2007; Fischer and Montal 2006). a applied voltage ramp cycling between — 100
and +100 mV (top panel) stimulates BONT/A HC channel activity measured as current resulting
from Na* ion conductance through the channel lumen (lower panel). Note the occurrence of two
discrete channels undergoing bursts of activity with a single channel conductance of 65 pS.
Downward deflection indicates channel opening at negative voltage while upward inflection
indicates channel opening at positive voltage. b High gain and fast time resolution of single channel
recording measured at —100 mV. Transitions between the closed (C), sub-conductance (S),
and open states (O) are clearly resolved. The channel opens to a main conductance of 65 pS
and exhibits a sub-conductance of 10 pS upon entry and exit from a burst of channel activity

The HC of BoNT and TeNT form ion channels in lipid bilayers (Gambale and
Montal 1988; Finkelstein 1990; Blaustein et al. 1987; Donovan and Middlebrook
1986; Hoch et al. 1985; Menestrina et al. 1989; Rauch et al. 1990). Membrane
insertion and channel formation are elicited by maintaining a pH and redox gra-
dient across the membrane, as illustrated in Fig. 2. The cis compartment of the
apparatus mimics the endosome of a neuron with an acidic, oxidized environment
while the trans compartment emulates the neutral pH, reduced environment of the
cytosol. The HC is supplemented to the cis compartment, and the channel activity
is monitored several minutes later.

HC channel activity exhibits characteristics similar to other bacterial toxins. The
channels are cation specific, exhibiting a single channel conductance (y) of 65 pS
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when both the cis and frans compartment are supplemented with 200 mM NaCl
(Fischer and Montal 2007; Fischer and Montal 2006; Fischer and Montal 2007).
Between variable periods of quiescence the channel enters a bursting activity state.
Entry into and exit from a bursting activity state is mediated by a transition between
the closed state and a subconductance state of y ~ 10 pS (Fischer and Montal 2006).
The channel then rapidly transitions between the subconductance and open states.
Lipid composition regulates channel kinetics; residency within the open and closed
states is significantly faster in neuronal membranes, <1 ms, than lipid bilayers,
>5 ms (Koriazova and Montal 2003; Fischer and Montal 2006). Voltage dependence
can also be manipulated in lipid bilayers by altering the ratio of neutral/charged lipids
as demonstrated in studies with TeNT (Gambale and Montal 1988; Rauch et al.
1990). Within neurons, the channels are voltage-dependent, opening only at negative
membrane potentials (Fischer and Montal 2006). In contrast, the endosomal vesicle
maintains a positive membrane potential (Koivusalo et al. 2011). Evaluated together,
these data suggest that the HC channel remains primarily closed within the endo-
some; ion conduction is minimized within this transitory compartment. LC trans-
location is therefore conducted without disruption of endocytic pathway, a feature
that allows the LC to enter cells virtually undetected.

3.2 HC Channel Structure

The resolved crystal structures for BONT A, B, and E visualize an intact di-chain
toxin molecule soluble within aqueous solution (Lacy et al. 1998; Swaminathan
and Eswaramoorthy 2000; Kumaran et al. 2009). However, the structure of the HC
in its functionally active form as a channel inserted into the membrane has yet to
be solved. Circular dichroism studies of the BoNT/A holotoxin, HC and LC
molecules revealed ~20 % o-helical and ~40 % f-pleated sheet content for all
three molecules (Singh et al. 1990; Singh and DasGupta 1989). The secondary
structure of the holotoxin and HC do not undergo significant secondary structure
changes upon acidification (Koriazova and Montal 2003; Fu et al. 2002).
Acidic pH alone may not be sufficient to stimulate conformational changes to an
active channel state. BONT/B bound to ganglioside co-receptor GT1b underwent
significant loss of helicity following acidification (Sun et al. 2011), and Electron
Paramagnetic Resonance (EPR) studies of BONT/A indicated a dynamic structure
of the toxin within proteoliposomes (Mushrush et al. 2011). Conformational
changes associated with channel formation therefore depend upon several factors:
acidification, receptor binding, and possibly lipid association.

Evaluation of the available BoNT crystal structures reveals the core motif of
the Hy to be a series of elongated a-helices ~ 100 A in length. Several studies
have explored the channel activity of peptides predicted to be transmembrane
sequences of the channel; these studies demonstrated that peptides from amino
acid region 659—681 of BoNT/A and 670-692 of TeNT form cation selective
channels in lipid bilayers (Oblatt-Montal et al. 1995; Montal et al. 1992) (Fig. 3).
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Fig. 3 BoNT HC sub-domains exhibit ion channel activity. Channel activity of the HC, Hy and
Hn.peir were measured at —100 mV applied voltage from excised patches of Neuro 2A cells
(Fischer et al. 2008; Fischer et al. 2012). Channel opening is indicated by a downward deflection;
C and O denote the closed and open states within a burst. Hyper has been indicated with
highlighted regions corresponding to predicted transmembrane regions. The peptide from region
659-681 that forms cation selective channels in lipid bilayers has been colored red (Oblatt-
Montal et al. 1995; Montal et al. 1992), and the regions within residues 805-835 resistant to
protease digestion following membrane insertion have been colored magenta (Mushrush et al.
2011). Other BoNT domain color conventions hold from Fig. 1

Molecular modeling of these channels revealed an amphipathic o-helical struc-
ture formed from tetramers. In contrast, a recent study by Mushrush et al. (2011)
revealed two segments within the region 805-835 to be resistant to protease
digestion following membrane insertion (Fig. 3). While these functional studies
indicate several sections of the Hy are capable of membrane insertion and
channel formation, further structural analysis of the protein translocating channel
remains a critical challenge.

The oligomeric state of the HC channel is yet to be clearly defined. Chemical
cross-linking studies with several serotypes indicate that the holotoxin can adopt
several oligomeric states, monomer, dimer, and trimer (Ledoux et al. 1994).
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EPR and Atomic Force Microscopy (AFM) studies of the toxin inserted into
proteoliposomes further support the oligomeric model (Sun et al. 2011; Mushrush
etal. 2011). The AFM studies visualized BoNT/B as a monomer at neutral pH that
transitioned to a donut-shaped trimer upon GT1b binding and acidification. These
data indicate that, like anthrax and diphtheria toxin, the protein translocating
channel of clostridial neurotoxins form oligomers within the membrane.

4 Beltless Hy Represents the Minimal Channel Forming Unit

The crystal structures of BoNT holotoxins revealed the modular nature of each
domain, promoting investigation into the minimal domain required to elicit ion
channel activity. Evaluation of the Hy structure reveals two modules, an
unstructured loop region (residues 450-544) and a set of elongated alpha helices
(residues 545-870). The unstructured loop has been termed the belt region as it
consists of two loops, one of which wraps tightly around the middle of the LC
protease and the other runs parallel to the Hy alpha helices between the Hy and the
LC. Physiochemical studies of using the Hy belt truncated at various positions
revealed that the belt region perturbed membrane interaction at neutral pH; acidic
pH altered the electrostatic interactions to allow efficient Hy membrane interaction
and membrane insertion (Galloux et al. 2008). The belt may function as a pH
trigger to promote Hy channel formation only under acidic pH.

The isolated Hy and the beltless Hy (Hpn.peir) have been shown to elicit ion
channels in excised patches of Neuro 2A cells (Fischer et al. 2008; Fischer et al.
2012) (Fig. 3). Under conditions which simulate the endosomal membrane of a
neuron, the Hy and Hy e formed ion channels with latency similar to HC. The
characteristics of these ion channels were indistinguishable from that monitored
for the HC, namely 7, residency within the open, closed, and subconductance
states, and voltage-dependent probability to open.

The Hnpel; serves as the minimal ion channel forming unit. The capacity of the
Hpperr to translocate LC from the endosome to the cytosol is yet to be investigated.
This is mainly resulting from the fact that within the holotoxin the belt region, and
the inter-chain disulfide contained within, links the LC to the HC channel.
Removal of the belt region requires novel linkage design for the LC cargo and the
Hpn.pere channel. In contrast to functional analysis, structural investigation of the
Hpiper: should be more amenable than the HC or Hy. CD studies with the Hy_peyt
indicate that, similar to the holotoxin and HC, minimal secondary structure
rearrangements occur upon acidification (Fischer et al. 2012). Evaluation of Hy
and Hy.pe interactions with the membrane revealed minimal secondary and
tertiary structure changes (Galloux et al. 2008). NMR or crystal structure analysis
of the Hy.pe; inserted into lipid bicelles may be the most promising method for
visualizing the toxin channel in its active state.
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5 Role of the H¢ in LC Translocation

5.1 Role of the Hc in Channel Formation

Removal of the Hc from the BoNT holotoxin releases the pH dependence of
channel formation. HC channel activity is pH dependent; no membrane insertion
or channel activity was monitored in Neuro 2A cells or lipid bilayers in which both
the cis and trans compartments were maintained at neutral pH (Koriazova and
Montal 2003; Fischer et al. 2008). In contrast, channel activity was monitored by
patch clamp for several truncation mutants of the holotoxin over a range of acidic
to neutral pH. Purified recombinant LHy (LC + Hy), Hn, and Hyopepe elicited
channel activity in Neuro 2A cells when the cis compartment solution was held at
pH 5, 6 or 7 (Fischer et al. 2008; Fischer et al. 2012). Ion channel activity
characteristics did not vary significantly with pH; single channel conductance was
determined to be pH gradient independent, remaining constant at y ~ 65 pS.
Bursting channel activity with transitions between the closed, subconductance and
open states were unaffected by varying cis compartment pH. In contrast, latency of
onset of channel activity was increased with neutral pH. Acidic pH promotes but is
not required for membrane insertion and channel formation; thus removal of the
Hc released the pH dependence of channel formation.

5.2 H¢ Functions as Synchronicity Switch

The receptor binding domain of BoNT ensures efficient intoxication by four unique
mechanisms. BoNT is secreted from the clostridium bacteria in complex with a
gastro-protective non-toxic non-hemagglutinin (NTNHA) protein (Gu et al. 2012).
The Hc domain is encapsulated by the three domains of the NTNHA, thereby
mediating the NTNHA protection. BoNT requires the H¢ to reach the peripheral
nervous system. BoNT holotoxin Hc binds receptors on the mucosal surface of gut
epithelial cells to mediate transcytosis to the basolateral side of the epithelial cell
(Maksymowych et al. 1999; Maksymowych and Simpson 1998, 2004); (Fujinaga
et al. 2012). Once released to the circulation BoNT, holotoxin reaches cholinergic
nerve cells and a second round of cell entry occurs into sensitive neurons. During cell
binding and internalization the Hc restricts the Hy from membrane insertion until
residence within the acidic environment of the endosome. Without the Hc present,
the Hy readily inserts into the plasma membrane of neuronal cells. The LC remains
folded in the neutral pH environment outside the cell, incapable of translocating
through the proposed ~ 15 A pore of the Hy channel. Under these conditions, the LC
remains a globular protein tethered to its carrier on the cell surface by the disulfide
linkage. In this manner the H¢ serves to chaperone the LC and Hy, ensuring that
partial unfolding of the LC is concurrent with Hy e, channel formation thereby
promoting productive LC translocation. Anthrax toxin utilizes a similar regulation
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method during its cellular intoxication. The receptor binding domain of anthrax
toxin, Protective Antigen (PA), mediates the pH threshold for membrane insertion
through binding of cellular receptors, TEM8 and CMG2 (Rainey et al. 2005). The
receptor binding domain of PA readily binds to the receptors on the plasma mem-
brane, and following receptor-mediated endocytosis, selectively releases binding of
TEMS at near neutral pH and CMG2 at pH 6. Receptor-binding restricts structural
changes within the heptameric PA prepore that are required for membrane insertion;
toxin-receptor interaction under acidic pH promotes pore formation and initiation of
cargo protein translocation (Rainey et al. 2005; Pilpa et al. 2011).

6 HC Translocation of the LC Across Endosomal Membrane
6.1 Holotoxin Channel Activity Distinct From HC

In contrast to the steady-state ion channel activity monitored for HC channels, the
activity monitored for the intact holotoxin undergoes dynamic shifts in ion
conductance. For both proteins, channel activity requires the pH gradient prevalent
across endosomes; however, holotoxin activity requires an additional gradient of
redox potential also native to the endosome (Koriazova and Montal 2003).
A family of currents recorded from BoNT/A holotoxin channels at the indicated
voltages and time points is illustrated in Fig. 4 (Fischer and Montal 2007). The
time course of change of y after insertion of BoNT/A holotoxin into the membrane
displays a series of discrete transient intermediate conductance states. At the onset
of channel activity, small, discrete events with a y ~ 14 pS are clearly discerned.
Progressively, y undergoes a continuous increase until reaching a stable value of
68 pS, a conductance at which they remain for the duration of the experiment. The
half-time for a single growing conductance event (T;,,) estimated from these
measurements is ~ 150 s. These results are divergent from channel activity of
isolated HC where the y ~ 65 pS is constant during the entire channel activity
recording period. This invariant HC channel y is characteristic of holotoxin
channels after completion of a single growing conductance event.

6.2 Interpretation of Growing Conductance
Event as LC Translocation

The intermediate conductance states have been interpreted as reporters of discrete
transient steps during the translocation of the LC across the membrane (Fischer
and Montal 2007). During protease translocation, the protein-conducting channel
progressively conducts more Na® ions around the polypeptide chain before
entering an exclusively ion-conductive state. The presence of the LC within the
channel lumen obstructs Na* ion passage; LC localization within the channel is
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Fig. 4 BoNT LC translocation through the HC channel undergoes a series of discrete
intermediates (Fischer and Montal 2007). (a) Schematic representation of (b) high-gain and
fast-time resolution of BoNT/A single channel currents recorded at —100 mV in excised patches
of Neuro 2A cells supplemented with the pH and redox gradient native to the endosomal
membrane (grey bar). j initial absence of channel currents prior to exposure to BoNT/A.
Subsequent recordings represent the average time course of change of channel conductance and
permissive intermediate states. k represents an entry event monitored at the onset of channel
activity, | indicates the series of transfer steps monitored as the partially unfolded LC translocates
through the channel, and m indicates an exit event monitored immediately prior to the
unoccluded channel state n. BONT domain color conventions hold from Fig. 1

therefore detected as block of Na* ion conductance. The intermediate conduc-
tances may correspond to transient protein—protein interactions between the LC
and the HC. This notion is consistent with the results of the analysis of the
probability of channel residence in the open state (P,) as a function of conductance
for the holotoxin: the low conductance states have a lower P, compared to the
unoccluded holotoxin and HC.

Within the LC occluded state, the frequency of occurrence of the lowest con-
ductance intermediates is higher, as determined by their individual occupancy
times. The low conductance states exhibit the longest occupancy time, consistent
with an entry event in which the energetic barrier associated with the unfolding of
the LC must be overcome in order to initiate translocation. Conductance values
between 25 pS <7y < 50 pS have shorter lifetimes, in accordance with the
occurrence of a sequence of permissible intermediate conformations, with relative
fast access to the final conductance intermediate measured at y ~ 55 pS. This
higher y intermediate is longer lived, presumably associated with LC refolding at
the exit from the channel before its final dissociation from the HC. Thus, a single
LC translocation involves an entry event, a series of transfer steps, and an exit
event. A single growing conductance event is monitored under these conditions
rather than a series of occluded and unoccluded states. These data support several
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models. The channel may be formed from a holotoxin monomer that effectively
translocates a single LC. Alternatively, the channel may be formed from an oli-
gomer whose individual LC molecules interact with the entry to the channel lumen
such that they are primed to follow each other through the channel. This model is
supported by cargo translocation monitored for anthrax toxin in which three cargo
proteins bind to a single heptameric channel (Basilio et al. 2011). Simultaneous
single molecule fluorescence and ion channel measurements may reveal the
functionally active state of the protein-conducting channel.

6.3 LC Gates HC Channel Within Endosome

A notable feature of the BONT channel, both for BONT/A and E, is that it is closed at
positive voltages under conditions in which the orientation and the magnitude of the
pH gradient, as well as the polarity and magnitude of the membrane potential
compare fairly well with those prevailing across the endosomal membrane: pH 5.3
and positive potential on the compartment containing the BoNT and pH 7.0 and
negative potential on the opposite compartment. This suggests that the BONT HC
channel would be closed in the endosome until it is gated by the LC to initiate its
translocation across the membrane into the cytosol. After completion of LC trans-
location, the channel would also be closed, thereby precluding the passive dissi-
pation of the ionic electrochemical gradients present across endosomal membranes.

6.4 Alternative Models for Protein Translocation

The model summarized above supports the notion that the succession of discrete
intermediate states detected reflects permissive stages during LC translocation.
However, a number of alternative models exist; among these, two scenarios are
worth considering. First, it is plausible to envision the oligomeric channel entity
undergoing self-assembly within the membrane. The intermediate states function
as reporters of the oligomerization process: assembly of monomers into the
developing channel progressively increases the conductance until it achieves the
most stable oligomer. That the isolated HC (1) displays a unique, characteristic y
as early as detection can be resolved and (2) no intermediates are discerned
indicates that this molecular entity is assembled immediately after membrane
insertion. Together with the fact that conductance intermediates in BONT/A and E
holotoxin are only transient and lead to an end-point stable entity with single
channel conductance and voltage-dependence features equivalent to those
displayed by the HC argue against a post-membrane insertion assembly model.
Furthermore, oligomerization models implicitly dictate that the LC controls the
assembly: the LC would inhibit the oligomerization of the HC, and after its release
the channel activity would be similar to that of isolated HC. If this were the case
then one would expect to measure a growing conductance profile for isolated HC
channels, albeit faster than for holotoxin; this result was never observed.
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A different class of models considers that a disruption of the membrane may
be generated by the interaction of the holotoxin protein with the membrane lipid
bilayer. Again, the equivalency of the channel properties of isolated HC and
holotoxins A and E after completion of LC translocation in terms of single
channel conductance and voltage dependence are inconsistent with an irregular
core breakdown of the membrane. The regularity and discreteness of y for each
of the intermediates resolved is opposite to the erratic, irregular, and spike-like
current fluctuations which are typical of bilayer dielectric core disturbances
produced, for example, by detergents, denatured proteins, or charged peptide-
lipid interactions.

7 Recovery of Enzymatically Active LC Upon Completion
of Translocation

7.1 LC Translocation Across Plasma Membrane

While electrophysiology studies directly visualize ion channel activity of BoNT,
cell-based assays allow for investigation of ion channel and enzymatic activity of
this class of multidomain toxins. Membrane insertion, channel formation, and
recovery of enzymatic activity following cargo translocation have been demon-
strated on the plasma membrane of cells. Initially this was demonstrated in vero
cells with diphtheria toxin (Sandvig and Olsnes 1980; Draper and Simon 1980).
The toxin was allowed to bind to cells under cold temperature which promoted
binding without endocytosis. Warming to 37 °C with concurrent acidification of
the extracellular solution induced membrane insertion and cargo translocation as
measured by S labeled toxin uptake, **Na* influx, and cytotoxicity (Sandvig and
Olsnes 1980; Draper and Simon 1980; Falnes et al. 1992). Membrane penetration
by anthrax and clostridium difficile toxin B channel domains was demonstrated
using 86Rb™ release (Milne and Collier 1993; Barth et al. 2001). Recently,
pH-mediated plasma membrane translocation was demonstrated for BoNT and
TeNT using cerebellar granular neurons and PC12 cells (Pirazzini et al. 2011).

7.2 In Vitro Enzyme Activity Following Translocation Across
Lipid Bilayers

While channel block has been the mainstay methodology for demonstrating BoNT,
anthrax and diphtheria toxin cargo binding, translocation and release from the
carrier protein translocating channel, recovery of an enzymatically active cargo
protein following translocation across the bilayer to the frans compartment is a
critical step that has proven difficult to quantitatively measure. BoNT is the only
one of this class of AB toxins for which recovery of enzymatic activity has been
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monitored following translocation across lipid bilayers (Koriazova and Montal
2003). For this study, BoNT/A holotoxin was supplemented to the cis compart-
ment of an artificial lipid bilayer, and following recording of macroscopic channel
insertion and block, the frans compartment was assayed for SNAP-25 cleavage
activity by ELISA. As a control, isolated LC was shown not to diffuse across the
membrane. LC enzymatic activity was monitored only when the intact holotoxin
was added to the cis compartment under conditions that simulated the pH and
redox gradient prevalent across the endosome.

8 Requirements for Productive LC Translocation
8.1 LC Unfolding is Required for Productive Translocation

While the holotoxin and HC maintain a stable folded state under acidic pH, the LC
undergoes significant tertiary and secondary structure rearrangements. CD studies
have demonstrated that the LC reversibly shifts from a primarily o-helical struc-
ture to a largely f-sheet and f-turn structure when the pH was lowered from 7 to 5
or 4 (Koriazova and Montal 2003; Fu et al. 2002). The severity of helicity loss is
also salt dependent; presence of physiological salt concentrations promoted more
significant decrease in helicity. Further studies by the Singh lab indicate that the
LC may adopt a molten globule-like structure under acidic pH, allowing for
tertiary structure rearrangement without further loss of secondary structure (Li and
Singh 2000). The results demonstrating acidic pH induced LC secondary structure
refolding and tertiary structure flexibility are consistent with the model of the LC
adopting a translocation competent conformation during transit through the HC
channel with subsequent refolding to an enzymatically active conformation upon
entry to the cytosol.

The underlying protein—protein interactions between BoNT/A LC and HC
during translocation have been examined through the use of a pH resistant, stably
folded, LC-specific binding protein. Fab fragments of a BoONT/A LC neutralizing
antibody are ideal for these studies as they contain a single binding domain that
binds an LC structural epitope with picomolar affinity (Levy et al. 2007). Removal
of the constant region and separation of the two binding domains from each other
generates a homogeneous mixture of 1:1 Fab fragment: holotoxin complex that can
be evaluated in the Neuro 2A patch single molecule translocation assay.
Pre-incubation of the Fab with BoNT/A holotoxin at pH 7 prior to the translocation
assay radically transformed the pattern of channel activity, whereas no effect was
monitored for that of the HC channel (Fischer and Montal 2007). Fab binding to
the LC allowed channel formation and early translocation intermediates to be
monitored; however, unoccluded HC channel activity was never monitored. Thus
the Fab locked the channel and the LC in an irreversibly incomplete translocating
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conformation by maintaining the LC in folded conformation incompatible with
translocation through the channel lumen.

Removal of the H¢ allows for investigation of the role of pH on LC translo-
cation. Patch clamp of Neuro 2A cells with recombinant BoNT/A LHy over a
range of pH gradient values demonstrated the necessity of LC refolding to
productive LC translocation (Fischer et al. 2008). Under endosomal conditions,
LHy channel activity was similar to holotoxin; a series of multiple discrete tran-
sient intermediate conductances were visualized prior to the unoccluded state.
Productive translocation by LHy across Neuro-2A membranes was confirmed by a
cellular intoxication assay which measured SNAP-25 cleavage by western blot
(Fischer et al. 2008); however, drastically reduced toxicity was monitored in vivo
(Chaddock et al. 2002). LHy exhibited similar growing 7 patterns at pH 6 cis/pH 7
trans, although the T/, measured from the average time course of change of y after
insertion was increased from that of pH 5 cis conditions by ~60 s. The longer
time required to complete LC translocation may be attributed to the LC confor-
mation at pH 6; under these conditions, the LC may require more time/energy to
achieve a translocation compatible conformation. Consistent with this model were
the results for LHy channel activity elicited at symmetric neutral pH; channel
activity initiated and maintained at the unoccluded state of 64 pS. The confor-
mation of the LC at pH 7 is therefore incompatible for translocation through the
~15 A pore of the Hy channel.

8.2 Precisely Timed Separation of LC From HC is Required
to Complete Productive Translocation

The role of the disulfide bridge during translocation has been examined by modu-
lating the redox gradient during LC translocation across patch clamped neuronal
membranes (Fischer and Montal 2007). In the absence of a reducing environment in
the trans (cytosol) compartment, BONT/A holotoxin channels were arrested in an
intermediate conductance state. Without disulfide bridge reduction, the LC
remained locked within the HC channel, unable to escape and refold within the
cytosol. In contrast, prereduction of holotoxin before addition to the membrane
resulted in HC-like channels without intermediates associated with LC transloca-
tion; the LC lost association and did not undergo translocation across the membrane.
Thus the disulfide bridge is required for initiation of productive translocation. The
specific step at which reduction must occur in order to complete LC translocation
was investigated by reducing the disulfide at each of the permissible growing con-
ductance states monitored during a single LC translocation event in Neuro 2A
membranes. Addition of -mercaptoethanol, a membrane permeable reductant, at
either the entry (~ 15 pS), transfer (~20-50 pS), or exit step (~55 pS) of LC
translocation precluded entrance to the unoccluded HC channel state. These results
indicate that the disulfide bridge must remain intact on the cis (endosomal) side of
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the bilayer until the last stage of LC translocation; entry of the disulfide bridge into
the reducing environment of the cytosol serves as the final step required for pro-
ductive release. The disulfide bridge is, therefore, a crucial determinant of the BONT
toxicity, and it appears to serve a crucial role in cargo translocation.

8.3 LC Must be Proteolytically Cleaved From HC

Strains of C. botulinum secreting single-chain forms of BONT/B, E, and F holotoxin
belong to group II non-protoelytic C. botulinum (Hill and Smith 2012); these toxins
have significantly reduced synaptic silencing activity as the LC must be proteolyt-
ically cleaved from the HC in order to be activated. The BoNT/E producing C.
botulinum strains are universally non-proteolytic—trypsin is commonly used to
activate BONT/E prior to enzymatic assays of cleavage of its substrate, SNAP-25
(Sathyamoorthy and DasGupta 1985). As such, BoNT/E holotoxin represents an
ideal system to investigate the role of inter-chain linkage on LC translocation. Single
molecule patch clamp experiments in Neuro 2A cells under conditions which
emulate the pH and redox gradients across endosomes using uncleaved BoNT/E
holotoxin resulted in channels that persisted in a low conductance intermediate state
(Fischer and Montal 2007). In contrast, experiments in which trypsin was supple-
mented to the trans compartment immediately following the onset of low conduc-
tance channel activity resulted in a transition through a succession of discrete
transient intermediate conductance states before entering the unoccluded HC
channel state of 65 pS (Fischer and Montal 2007). The intermediate conductance
states monitored closely approximate most of the entry, transfer, and exit steps
displayed by BoNT/A during translocation. The findings with single-chain BoNT/E
therefore demonstrate that productive completion of LC translocation requires
physical separation of the LC from the HC channel by both reduction of the disulfide
bridge and cleavage of the scissile bond.

9 Chemical Inhibition of HC Channel as Potential Therapy
for Botulism

The Hy channel represents a novel and attractive target for inhibition of BoNT
neurotoxicity. Therapeutic research has primarily aimed at inhibition of the Hc and
LC through small molecules, antibodies, and lectins; however, these efforts have
been frustrated by the variations between serotypes and subtypes. Unique serotype
specificity is imparted by the Hc and LC activity, which arises from interactions with
host cellular proteins. The fact that each serotype has unique enzymatic substrates
and cellular binding partners necessitates the use of a cocktail of inhibitory com-
pounds in order to derive neutralization across the board. In contrast, the high
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sequence similarity of the Hy across multiple serotypes may allow for a single
molecule to inhibit several serotypes. By design the Hy functions to chaperone
cargo, serving as a universal carrier of partially unfolded polypeptide chains com-
posed of a wide variety of sequences (Bade et al. 2004).

Two studies have discovered small molecules that inhibit BONT/A channel
activity with similar effects on the other serotypes (Fischer et al. 2008, 2009).
Chlorpromazine and lidocaine derivative QX222, which block nicotinic acetyl-
choline receptors, exhibit inhibitory activity upon BoNT/A channels with pM
potency (Fischer et al. 2008). These compounds significantly reduce the frequency
of channel openings; stabilization of the closed channel state is a critical char-
acteristic of channel blockers (Hille 2001). Blocking the HC channel aborts
translocation of the protease and subsequently abrogates its toxicity. Additionally,
this class of compounds may prove therapeutic against the synaptic silencing that
is symptomatic of botulism.

Another class of antibotulismic compounds was recently discovered to derive
its protection from a unique set of interactions with BoNT. Toosendanin (TSDN),
a Chinese herb, has been demonstrated to protect mice, rats, and monkeys from
BoNT/A, B, and E (Shi and Li 2007); however, the mechanism of protection was
not known. Biophysical studies showed that TSDN directly affects BONT channel
formation through inhibition of oligomerization (Sun et al. 2011). TSDN has also
been shown to exhibit bi-modal activity upon the HC channel, serving to stabilize
the open channel state of the isolated HC as well as stabilizing an intermediate
state of LC translocation in the occluded HC (Fischer et al. 2009). While uM
concentrations of TSDN are required to modulate the unoccluded HC channel
activity, LC translocation is effectively abrogated in Neuro-2A cells by ~5 nM for
both BoNT/A and E. Derivatives of TSDN offer improved sensitivity with reduced
cellular toxicity. One can readily envision further combinatorial development of a
selective antibotulismic prophylactic compound.

10 Productive Intoxication Requires Progression
of Inter-domain Chaperone Activity

Investigation of the mechanism of LC translocation through the HC channel has
revealed the synchronicity of the individual BoNT domains. While each component
has a unique activity that functions individually, the tight interplay between them
compels each one to serve as a chaperone for the others at critical steps in the
intoxication process. The Hc association with its ganglioside receptor promotes Hy
channel formation through oligomerization (Sun et al. 2011). Following receptor-
mediated endocytosis, the Hc ensures Hy channel formation occurs in synchrony
with LC adoption of a translocation competent conformation (Sun et al. 2011;
Fischer et al. 2008). The LC preserves the HC by maintaining it in a soluble
conformation at neutral pH until residence within the acidic endosome where the
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LC serves to chaperone the HC again. Within the endosome, the LC functions as a
trigger, gating the Hy channel in order to initiate its own translocation (Fischer and
Montal 2007). The Hy belt protects the LC from premature cleavage of non-specific
substrates until the LC is colocalized with its specific SNARE substrate within the
cytosol (Brunger et al. 2007). Although the belt is not a necessary component of the
HC channel, it may facilitate LC refolding to a translocation competent confor-
mation that would otherwise not be achieved by the isolated LC upon residence
within the acidic compartment of the endosome. This model is supported by the
requirement for an intact disulfide bridge between the belt and the LC until com-
pletion of LC translocation (Fischer and Montal 2007). Finally, the Hy protects the
LC from misfolding and disassociating within the acidic environment of the
endosome, chaperones the LC from the endosome to the cytosol, and releases an
enzymatically active LC to the substrate SNARE proteins (Koriazova and Montal
2003). While it is clear that each domain can function in isolation, the elegance of
cellular intoxication is only achieved by the synchronized cooperative interaction
of a binding domain, pseudo-substrate, channel, and protease.
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Clostridial Neurotoxin Light Chains:
Devices for SNARE Cleavage Mediated
Blockade of Neurotransmission

Thomas Binz

Abstract Seven serologically distinct botulinum neurotoxins and tetanus neuro-
toxin which cause the diseases botulism and tetanus constitute the clostridial
neurotoxin family. Like many other bacterial protein toxins they exhibit a modular
structure. One domain mediates highly specific binding to target cells and endo-
cytosis, while the second translocates the third, a catalytic domain across the
endosomal membrane to the target cell cytosol. In case of Clostridial neurotoxins
(CNT), the latter acts as extremely specific Zn>*-dependent metalloproteinase. The
various serotypes proteolyze each one particular peptide bond in one of the three
SNARE proteins, which are the core of the membrane fusion apparatus for syn-
aptic vesicles. SNARE cleavage causes the blockade of neurotransmitter release.
This chapter details the molecular basis for the highly selective substrate recog-
nition and cleavage mechanism of CNT.
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LC/X light chain, catalytic domain of BoNT serotype X/TeNT
NSF N-ethylmaleimide-sensitive factor
SNAP soluble NSF adapter protein

SNAP-25 synaptosomal associated protein of 25 kDa

SNAP-23 23 kDa homolog of SNAP-25

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein
receptor

syntaxin-X Isoform X of syntaxin, X = 1-19

TI-VAMP tetanus neurotoxin insensitive VAMP

TeNT tetanus neurotoxin

VAMP vesicle-associated membrane protein
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1 Introduction

Clostridial neurotoxins (CNT), tetanus toxin (TeNT) and the seven botulinum
neurotoxins (BoNT/A-G) are produced as ~ 150 kDa single chain proteins by
Clostridium botulinum and some other bacteria of the genus Clostridium. Sub-
sequent cleavage by specific clostridial or host proteases converts the toxin into the
fully active di-chain form. This consists of an N-terminal ~ 50 kDa light chain
(LC) and a C-terminal ~ 100 kDa heavy chain (HC). Both remain linked via a
single disulfide bond formed between two cysteines at the C-terminus of the LC
and the N-terminus of the HC. The HC comprises two subunits, a largely a—helical
domain of ~50 kDa at the N-terminus, referred as Hy domain, and a ~50 kDa
fragment at the C-terminus, referred as H¢ (Schiavo et al. 2000).

CNTs are considered to be the most hazardous natural substances known. The
50 % lethal doses for susceptible mammals including human are in the range of
one nanogram per kg of body weight (Gill 1982). This is due to the toxins’
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selectivity for neuronal tissue and enzymatic activity toward the neurotransmitter
release apparatus (Schiavo et al. 2000).

The HC has the task to enable the catalytic LC to reach its intracellular sub-
strate and accomplishes that via a three-step mechanism. After CNT have gained
access to the host nervous system at cholinergic motor nerve terminals, H¢
mediates in the first step binding of the toxin to complex gangliosides. In order that
the toxin can enter the neuron, the toxin has to associate with a second receptor.
Present data suggest that those are generally synaptic vesicle resident proteins
(Rummel 2012). Association with both receptors initiates the second step, endo-
cytosis via the synaptic vesicle recycling pathway. In the course of vesicle
transport the toxins become exposed to an acidic environment which initiates the
third step. Acidification triggers membrane insertion of Hy to form a cation
selective channel (Fischer 2012). This probably coincides with partial unfolding of
the LC, allowing its entry into and transit through the Hy channel followed by its
refolding in the cytosol (Fischer and Montal 2007; Koriazova and Montal 2003).
Reduction of the disulfide bridge finally releases the LC from the HC. In contrast
to BoNTs, TeNT is directed to the transcytosis route in the course of endocytosis.
As a consequence, the mechanism leading to LC delivery to the cytosol, proceeds
only at the inhibitory interneuron in the spinal cord (Schiavo et al. 2012).

Once in the cytosol the LCs exert their proteolytic activity. This is directed
against those SNARE:S that fuel the fusion of neurotransmitter laden vesicles with
the presynaptic membrane. The proteolytic mechanism of the LCs is the subject of
the following sections. Substrate cleavage by BoNT and TeNT blocks neuro-
transmitter release, but due to different sites of action leads to opposite clinical
symptoms. BoNTs cause flaccid paralysis, which can result in respiratory failure
and death, whereas TeNT leads to spastic paralysis (Schiavo et al. 2000). Although
representing life-threatening toxins, BoNTs have become widely used therapeutics
for the treatment of a variety of neurological disorders with still increasing
numbers of indications (Davletov et al. 2005) (Bigalke 2012). Precise insights into
the LCs’ substrate cleavage mechanisms combined with directed modifications
may contribute to expand the area of BoNT applications in the future.

2 SNAREs are the Intracellular Substrates of Clostridial
Neurotoxin Light Chains

The intracellular mode of action of CNTs remained unsettled until the early 1990s.
A major contribution toward its elucidation became the identification of the Zn>*
binding motif, His-Glu-X-X-His, in the primary sequence of TeNT (Jongeneel
et al. 1989) and the fact that this motif proved to be present also in BONT/A whose
primary structure was established in 1990 (Binz et al. 1990; Thompson et al.
1990). The demonstration that various BoNTs bind zinc endorsed the idea of an
intracellular mode of action as zinc-dependent proteases (Schiavo et al. 1992a).
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Fig. 1 Schematic drawing of the substrates of CNTs and illustration of the individual cleavage
sites. VAMP/Synaptobrevin-2 (fop) is a membrane protein of synaptic vesicles, which provides
its central o-helical region for the formation of the coiled-coil four helix bundle of the SNARE
complex. SNAP-25 (middle) is anchored in the presynaptic membrane via cysteine bound
palmitoyl groups. Both its a-helical segments become constituent parts of the SNARE complex.
Syntaxin-1 (bottom) is also a presynaptic membrane resident protein. Its C-terminal o-helical
region is involved in SNARE complex formation. The individual peptide bonds hydrolyzed by
CNTs are indicated by arrow heads above the primary structure sections and the N-terminal
amino acid positions are specified. The substrate positions (P3— P3’) around the scissile peptide
bond as defined by Schechter and Berger (1967) are shown above the primary structure section of
syntaxin-1

Experimental evidence for a metalloproteolytic activity was finally provided by
the abolishment of TeNT evoked blockade of neurotransmitter release by classical
zinc endoprotease inhibitors in neurons of the sea-slug Aplysia californica
(Schiavo et al. 1992b).

Contemporaneous to these findings on CNTs, the characterization of proteins
involved in vesicular transport and synaptic function had advanced much (Ahnert-
Hilger 2012). This allowed to specifically analyze synaptic proteins as potential
substrates and led to the finding that BoNT/B and TeNT treatment of synaptic
vesicles converted the electrophoretic mobility of the integral synaptic vesicle
membrane protein vesicle associated membrane protein [VAMP (Trimble et al.
1988)], which is also termed synaptobrevin (Baumert et al. 1989), into the same
two fragments (Schiavo et al. 1992c¢). Corresponding experiments using BoNT/D,
F, and G showed that those toxins also cleave VAMP/Synaptobrevin, but generate
different products (Schiavo et al. 1993a; 1993b; Yamasaki et al. 1994a). N-
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terminal microsequencing of the cleavage products subsequent to separation
confirmed that TeNT and BoNT/B hydrolyze the same peptide bond, GIn76-
Phe77, whereas BoNT/D and F cut the neighboring peptide bonds GIn58-Lys59
and Lys59-Leu60, respectively, almost in the middle of the 116-amino acids sized
VAMP-2 (Fig. 1, (Schiavo et al. 1992c, 1993a, b). In contrast, the scissile bond for
BoNT/G, Ala81-Ala82 is located close to the C-terminal transmembrane domain,
five residues downstream from that of BONT/B and TeNT [Fig. 1, (Yamasaki et al.
1994a)]. Many BoNT serotypes are today further distinguished into subtypes if
their amino acid sequences differ by more than 2.6 %. Investigation of the various
subtypes’ enzymatic activity revealed that they all shared the scissile bond with
their prototypical serotype, except for the very recently described subtype 5 of
BoNT/F (BoNT/F5) (Kalb et al. 2012; Raphael et al. 2010). It cleaves a unique
position, Leu54-Glu55, in VAMP-2, i.e., four residues upstream of the bond
hydrolyzed by the prototypical BoNT/F1. This finding was less surprising, if it is
considered that LC/F5 exhibits merely 4649 % amino acid sequence identity to
the presently known six other F subtypes (Kalb et al. 2012). This is the range of
LC sequence conservation among the various BoNT serotypes.

The proteolytic activity of the remaining BoNTs was found to be directed
against different proteins, which are localized at the presynaptic membrane. BoNT/
A, C, and E proteolyze synaptosomal associated protein of 25 kDa (SNAP-25)
(Schiavo et al. 1993a; Blasi et al. 1993a; Foran et al. 1996; Osen-Sand et al. 1996;
Oyler et al. 1989; Williamson et al. 1996). Again different peptide bonds are
attacked. BoNT/A and C hydrolyze neighboring peptide bonds, 9 or 8 amino acids,
respectively, away from the C-terminus of the 206 residues comprising SNAP-25,
while BoNT/E cleavage releases the 26 C-terminal residues (Binz et al. 1994;
Schiavo et al. 1993c; Vaidyanathan et al. 1999). The substrate specificity of BoNT/
C is unique. It is so far the only CNT capable of cleaving a second substrate, the
presynaptic membrane protein, HPC-1/syntaxin-1 (Bennett et al. 1992; Blasi et al.
1993b; Inoue et al. 1992). The hydrolyzable peptide bond is located in the C-
terminal region, 12 amino acids upstream of the C-terminal transmembrane
domain [Fig. 1, (Schiavo et al. 1995)]. So far there are no reports available
showing that BoNT/A, C, and E subtypes cleave other than the established scissile
peptide bonds in SNAP-25 or syntaxin.

Each of the three CNT substrates belong to a larger protein family and they are
evolutionary conserved from yeast to mammals. Due to the fact that they represent
the membrane-anchored receptors for SNAPs (isoforms «, 5, and y), soluble
adaptor proteins of the ATPase NSF (N-ethylmaleimide-sensitive factor), which is
essential for vesicular trafficking, they are collectively termed soluble NSF
attachment protein receptors (SNARESs). This together with the observation that
defects in their yeast counterparts provoke defects in secretion provided inde-
pendent additional evidence that proteolytic SNARE damage by CNTs indeed
affects synaptic vesicle fusion and thus neurotransmitter release. The common
feature of all SNARE: is the presence of one (or as an exception two) a-helical
coiled-coil domain(s) of ~70 amino acids, denoted SNARE domain. Four such
SNARE domains, anchored in two opposing membranes, are required for each
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individual intracellular membrane fusion process. They interact with each other in
a zipper-like fashion to form one superhelix, a parallel four-helix coiled-coil
bundle. The zippering process of individual sets of such SNARE domains is
assumed to fuel membrane fusion (Jahn and Scheller 2006; Sutton et al. 1998).
E.g., the mammalian neuronal SNARE complex consists of syntaxin-1, SNAP-25
(comprising two SNARE domains) and VAMP-2, and mediates fusion of neuro-
transmitter laden synaptic vesicles with the presynaptic membrane. Consequently,
their cleavage results in the blockade of neurotransmission at the neuromuscular
junction.

In view of current activities to establish BoNTs with re-engineered cell spec-
ificity for clinical application (Chaddock 2012) the susceptibility of other mam-
malian SNARESs toward BoNTs becomes an important issue. Of particular interest
are those governing excessive exocytosis in disease like release of chemokines,
cytokines, hormones, mucin, etc. Based on low sequence conservation compared
to the prototypical family members (less than 40 %) and major amino acid
changes at the toxin cleavage sites the majority of them were ruled out as substrate
of LCs. However, VAMP-1, cellubrevin/VAMP-3 as well as syntaxin-2 and
syntaxin-3 exhibit more than 62 % sequence identity to the respective established
substrates, VAMP-2, and syntaxin-1, and have been reported to be hydrolyzed by
CNTs (Schiavo et al. 1995; McMabhon et al. 1993; Yamasaki et al. 1994b). Despite
the high sequence conservation among mammalian VAMP-1 the rat protein rep-
resents a poor substrate for BONT/B and BoNT/D, unlike the human and murine
(Yamasaki et al. 1994b; Yamamoto et al. 2012). Similarly, human SNAP-23
resists cleavage by BoNT/A, C, and E, whereas mouse SNAP-23 sharing 88 %
identity to human SNAP-23 (both exhibit ~63 % to mouse/human SNAP-25) can
be hydrolyzed by BoNT/E at higher toxin concentrations (Vaidyanathan et al.
1999; Washbourne et al. 1997).

3 Clostridial Neurotoxin Light Chains Require Extended
SNARE Regions for Efficient Binding

CNT LCs are very particular proteases. There is no report that they cleave any
other protein than the selected SNARESs. This raises the question in what way the
proteolytic activity of CNTs is confined unlike the activity of conventional pro-
teases that display broad specificity. First clues were reported soon after substrate
identification. Cleavage assays employing various sized substrate-derived peptides
revealed that extended fragments of 30 amino acids or more are required for
optimal cleavage of VAMP-2 by LC/B, LC/D, LC/F, LC/G, and LC/T (Yamasaki
et al. 1994a, b; Cornille et al. 1997; Foran et al. 1994; Schmidt and Stafford 2005;
Shone et al. 1993) and SNAP-25 by LC/A, LC/C, and LC/E (Vaidyanathan et al.
1999; Washbourne et al. 1997). In addition, the substrate-length requirements vary
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Fig. 2 Individual substrate requirements for CNT LCs. Amino acid sequence (single letter code)
of rat SNAP-25 (upper panel) as well as that of rat VAMP-2 (lower panel) are shown below as
schematic drawings. Peptide bonds cleaved by CNT LCs are indicated by arrow heads. Residues
shown in white on black background, in a box, or on gray background indicate that removal of
their side group results in a strong, a lesser, or an intermediate reduction, respectively, of
cleavage by the respective LC (indicated on the leff). Residues highlighted by circles using the
same labeling depict to what extent introduction or reversal of charges affects cleavage. Data
from the following publications were incorporated into this scheme: (Vaidyanathan et al. 1999;
Schmidt and Stafford 2005; Jin et al. 2007; Pellizzari et al. 1997; Agarwal et al. 2009;
Breidenbach and Brunger 2004; Chen and Barbieri 2006; Chen et al. 2008; Chen and Wan 2011;
Fang et al. 2006; Schmidt and Bostian 1997; Shone and Roberts 1994; Sikorra et al. 2008). An
averaged value is depicted, if divergent data were published

with the toxin serotype. The most striking example is provided by LC/B and LC/T.
Both hydrolyze the same peptide bond, but LC/T is dependent upon a 62 residues
long substrate fragment, whereas LC/B is satisfied with a substrate comprising 40
residues for optimal cleavage to occur (Foran et al. 1994; Hua and Charlton 1999).
These findings were then confirmed and refined utilizing substrate point mutants.
Many mutations in positions remote from the scissile peptide bond affected the
cleavability (Fig. 2). Altogether, the data implied that the formation of high
affinity LC-substrate complexes is dependent upon LC interactions with remote
substrate residues rather than that extended substrates adopt a structure that is
requisite for substrate binding (Vaidyanathan et al. 1999; Yamasaki et al. 1994b;
Evans et al. 2005; Jin et al. 2007; Pellizzari et al. 1996, 1997; Sikorra et al. 2006;
Wictome et al. 1996). On the contrary, if the as isolated protein largely unstruc-
tured target SNAREs assemble into the ternary SNARE complex they become
virtually resistant to proteolytic attack of the LCs (Hayashi et al. 1994; Pellegrini
et al. 1994).
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Fig. 3 Cartoon illustration of the mode of substrate binding of LC/A (pdb entry: 1XTG) and LC/
F (pdb entry: 3FIE). Ribbon diagrams of LC/A bound to SNAP-25(146-204) and LC/F bound to
VAMP-2(25-57-D-Cys58) were superimposed based on the conserved active site residues of the
HExxH zinc binding motif. Zinc is shown as a yellow sphere

3.1 Mode of SNAP-25 Recognition by LC/A

The view of substrate/enzyme interaction via sites remote from the LCs’ active site
was confirmed by means of a crystal structure established for a catalytically
inactive LC/A bound to the carboxyl terminal half (residues 141-204) of SNAP-25
(Breidenbach and Brunger 2004). The co-crystal revealed an extensive interface
between protease and substrate. The SNAP-25 segment Gln-152 to Met-202 was
found to wrap around most of the LC’s circumference (Fig. 3) and 19 amino acids
thereof were proposed to form side-chain/side-chain contacts with the LC. These
are distributed along the whole interface, but a cumulation of interactions was
noticed for the most distal 21-residue segment (residues 147-167) of SNAP-25.
The hydrophobic face of this amphipathic distorted o-helical region packs against
a hydrophobic patch formed at the interface of four LC a-helices, referred to as the
o-exosite. The SNAP-25 «-helical region is an essential recognition area for the
LC, as its absence dramatically reduces the rate of SNAP-25 cleavage (Vaidya-
nathan et al. 1999; Washbourne et al. 1997).

These data imply that SNAP-25 proteolysis starts via a-exosite contacts of which
Ile-156, Leu-160, and Met-167 of SNAP-25 appear to be most important. After o-
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exosite interaction has been established, successive additional interactions via
substrate amino acids located toward the C-terminal scissile peptide bond form,
thereby decreasing the likelihood that LC and substrate fall apart and increasing the
chance that the interaction ultimately leads to peptide bond hydrolysis. Co-crystal
structure data and data of a systematic SNAP-25 mutagenesis approach suggest that
major substrate residues involved are Glu-170 (interacting with LC/A N40), Ile-171
(I315; V316), Asp-172 (K41), Arg-176 (E148), 1le-178 (W118; V129), Ile-181
(V129; C134), Ile-192 (K166, methylene; F168), Asp-193 (T176). (For the sake of
clarity, three-letter amino acid codes are used for substrate amino residues and
single-letter codes for LC amino acids throughout this review.) Together these
interactions direct the path of the substrate into the LC’s active site (Breidenbach and
Brunger 2004; Chen and Barbieri 2006).

Although the tertiary structure of all seven BoNT LC serotypes have been
solved (Jin et al. 2007), crystallographic data on the mode of how LC/C and LC/E
recognize syntaxin and/or SNAP-25, respectively, are presently not available.

3.2 Mode of VAMP Recognition by LC/F

Crystal structure data about the mode of VAMP-2 recognition have been achieved
only for LC/F (Agarwal et al. 2009). A co-crystallization approach using wild-type
LC/F1 and two N-terminal cleavage product of VAMP-2 mimicking peptide
inhibitors, either 37 or 32 residues long, exhibiting a D-cysteine instead of GIn-58
at the P1 position succeeded. The direction of substrate binding was found to
correspond to that determined for SNAP-25 in LC/A. In addition, the paths that the
inhibitors bound along the LC/F surface are basically similar to the path of SNAP-
25 on LC/A, though LC loops protrude differently and VAMP-2 exhibits one short
segment of f-sheet and a-helix conformation, whereas SNAP-25 is extended in the
entire alignable area (residues 168—197). A major difference in substrate binding is
the longer SNAP-25-LC/A interface. A counterpart to the 21-residue distorted o-
helix (residues 147-167) which joins N-terminally to the alignable segment of
SNAP-25 is not required for the VAMP-2 recognition by LC/F [Fig. 3; (Agarwal
et al. 2009; Breidenbach and Brunger 2004). Like the SNAP-25-LC/A interaction,
amino acid side-chain contacts between VAMP-2 and LC/F were predicted to exist
along the whole interface. Systematic mutagenesis studies determined the
importance of individual substrate residues. Substitution of Arg-31, GIn-33, Gln-
38, Val-39, Glu-41, Ile-45, Val-53, and Leu-54 showed most drastic effects (Chen
and Wan 2011; Sikorra et al. 2008). In addition, several LC/F residues mediating
the interaction with these amino acids were also identified (Agarwal et al. 2009;
Chen and Wan 2011). These data underscored again that contacts remote from the
scissile bond are critical for efficient substrate recognition. Systematic VAMP-2
mutagenesis furthermore revealed that residues downstream of the cleavage
region, that roughly spans five amino acids on either side of the scissile peptide
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bond, did not significantly contribute to binding of LC/F (Sikorra et al. 2008).
Since this is also valid for SNAP-25 (only residues down to Met-202, but not Leu-
203 to Gly-206, contribute to binding (Vaidyanathan et al. 1999)], the mode of
VAMP-2 binding to LC/F might occur in a similar fashion as outlined for SNAP-
25 and LC/A.

Corresponding information for LC/D, LC/B, LC/T, LC/G, LC/F5 has not been
worked out so far.

4 Mechanism of Peptide Bond Cleavage by Clostridial
Neurotoxin Light Chains

Substrate binding as outlined in the previous chapter brings the cleavage region
close to the LC’s active site. In the next step substrate cleavage site residues (P5—
P5’) lock into the destined LC pockets (S5-S5’) in order that the scissile peptide
bond becomes exposed in proper orientation for the attack of an activated water
molecule kept ready by the active site residues.

4.1 Scissile Peptide Bond Alignment at the Enzyme’s
Active Center

Most detailed information about substrate binding near the LCs’ active site has
been collected for LC/A, LC/E, and LC/F. The co-crystal structure of LC/A bound
to SNAP-25 did not permit the definition of all LC S-pockets, as a double mutant
of the active site had been used to render the enzyme inactive (Breidenbach and
Brunger 2004). However, several co-crystal structures and docking studies with
small-molecule inhibitors (Fu et al. 2006; Silvaggi et al. 2007) and SNAP-25-
derived peptides (Burnett et al. 2007; Kumaran et al. 2008a; 2008b; Silvaggi et al.
2008; Zuniga et al. 2008) provided the missing information. In particular, crystals
of LC/A bound to two non-cleavable short SNAP-25 peptides, one comprising
Gln-197-Arg-Ala-Thr-Lys-Met-202, whereas in the second the authentic P1 resi-
due GIn-197 was replaced with arginine, allowed the precise definition of the
pockets S1-S5" (Kumaran et al. 2008a). Parallel mutational analyses of LC resi-
dues forming these S-pockets corroborated the contribution of individual LC
residues to P1-P5’ substrate residue interaction (Ahmed et al. 2008; Chen et al.
2007). Corresponding information about interactions at the active site was com-
piled for LC/E, too. Here, a co-crystal structure of the non-cleavable SNAP-25
peptide, Arg-180-Tle-Met-Glu-183, that represents P1— P3’, was solved to delineate
the LC residues of the S1-S3’ pockets (Agarwal and Swaminathan 2008). Earlier
enzymatic characterization of LC/E S-pocket mutants provided results being
compatible with the co-crystal data regarding the S1’ pocket and had led to
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the suggestion of the residues that form the S3 and S2 pockets (Chen and Barbieri
2007).

Remarkably, these structural data could subsequently be exploited to generate
an LC/E mutant whose enzymatic activity was extended to include human SNAP-
23 as substrate. Earlier mutational analyses had detected that the P2 residue
(Asp-179) of SNAP-25 is crucial for cleavage by LC/E and postulated it forms a
salt bridge with K224 of the LC/E S2 pocket (Vaidyanathan et al. 1999; Chen and
Barbieri 2007). As human SNAP-23 differs in only six amino acids within the
identified LC/E interacting segment of SNAP-25 (Met-167 to Asp-186), and Asp-
179 is changed to the oppositely charged lysine (position 185 in SNAP-23), it was
hypothesized that the resistance of human SNAP-23 was predominantly due to
repulsion of the P2 residue Lys-185. In agreement with this idea, replacement of
the S2 pocket residue K224 with aspartic acid led to an LC/E that exhibited an in
vitro hydrolysis rate toward human SNAP-23 in the range of that for wild-type LC/
E versus SNAP-25. Ky/k.,; was only ninefold less (Chen and Barbieri 2009).
Furthermore, LC/E-K224D decreased IL-8 and mucin secretion in TGF-o stimu-
lated permeabilized HeLa cells (Chen and Barbieri 2009) exemplifying the
potential for its future medicinal applications.

Less structural information on substrate binding at the active site is available for
VAMP cleaving LCs. The co-crystals of LC/F with its substrate mimicking
inhibitors provide only information on probable pockets for P5 to P2 substrate
residues (Agarwal et al. 2009). However, analyses of VAMP-2 and LC/F mutants
revealed that the P5, P2, P1’, and P2’ substrate residues and the appropriate S-
pockets mediate fine-tuning of scissile bond (GIn-58-Lys-59) alignment to the
active center of LC/F [Fig. 2; (Schmidt and Stafford 2005; Chen and Wan 2011;
Sikorra et al. 2008)].

Information on LC/D, LC/B, and LC/T is exclusively limited on mutational
analysis of enzyme and/or substrate. These analyses suggested that VAMP P3, P1,
P/, or P4, P2, P1’, or P4, P3, P1’ P2’ are of particular importance for cleavage by
LC/D, LC/B, and LC/T, respectively (Chen et al. 2008; Sikorra et al. 2008).
Complementary data on several of the appropriate S-pockets of LC/B and LC/T
have been published recently (Chen et al. 2012). No data exist on LC/G and LC/
F5. Characterization of the former is hampered by the requirement of the substrate
transmembrane domain in in vitro cleavage assays (Sikorra and Binz, unpublished
observation), whereas the scissile bond for the latter was only recently identified.

4.2 Catalytic Mechanism of Peptide Bond Hydrolysis

Clostridial neurotoxin LCs act as Zn>*-endoproteases. Their Zn>*-coordination
mode classifies them into the gluzincin superfamily among the clan MA of me-
talloproteases (Hooper 1994; Rawlings and Barrett 1995). The characteristic fea-
ture of this superfamily is the coordination of Zn** by two histidine residues of the
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H-E-X-X-H motif, a water molecule, which is bonded to the glutamate residue of
the motif, and a second glutamic acid being located about 35 residues toward the
C-terminus. Searches for proteins exhibiting a related tertiary structure revealed
that the central portion is structurally similar to a portion of the zinc metallo-
protease thermolysin (Lacy et al. 1998). These similarities are limited to the helix
containing the H-E-X-X-H motif and a four-stranded f5-sheet buttressing the helix.
The loop regions connecting the conserved secondary structure elements of the
catalytic core are drastically expanded compared to those of thermolysin and the
CNT catalytic core is not involved in substrate binding via side-chain side-chain
interactions. Substrate specificity is thus imparted by structural elements flanking
the core. These contain the substrate-binding sites and appear to be structurally
unique in CNTs (Breidenbach and Brunger 2005).

Thermolysin represents the well-characterized prototypical member of the
gluzincin metalloprotease superfamily. Its mode of peptide bond cleavage is
presumably to a large extent similar to that of CNTs. A central point is that peptide
inhibitors were found to bind to thermolysin with the same directionality as SNAP-
25 and VAMP-derived peptides do at LC/A, LC/E, or LC/F, respectively. In
thermolysin, catalysis follows a general base-type mechanism (Hangauer et al.
1984). It was proposed that the water molecule is polarized via its interaction with
Zn** and the glutamic acid carboxylate group of the H-E-X-X-H-motif and thus its
oxygen becomes capable of nucleophilically attacking the carbonyl carbon of the
scissile peptide bond. An oxyanion develops. Simultaneously, a proton abstracted
from the attacking water is shuttled via the carboxyl group of the glutamate to the
scissile peptide bond nitrogen. The glutamate probably then stabilizes the tetra-
hedral intermediate by forming a salt bridge with the positively charged amide
nitrogen. The negative charge of the oxyanion is stabilized in the tetrahedral
transition state by hydrogen bond interactions with a protonated histidine (position
231) and the hydroxyl group of a tyrosine (position 157). It is assumed that H231
is retained in proper position and protonated state through a hydrogen bonding
interaction with an aspartate (position 226). The protonated amide nitrogen finally
facilitates C-N-bond disruption and may receive the second proton of the water
molecule. This is possibly again mediated by the glutamic acid carboxylate group
(Hangauer et al. 1984; Matthews 1988).

The available data on CNT LCs support a very similar mechanism (Fig. 4). In
fact, the nucleophilic attack of the scissile bond carbonyl carbon by the coordi-
nated polarized water molecule as well as the subsequent transfer of a proton from
the attacking water to the scissile peptide bond nitrogen may be ascribed to the
action of the glutamate of the H-E-X-X-H motif as its mutation leads to complete
deactivation of the catalytic activity of, e.g., BONT/A (Li et al. 2000) and BoNT/E
(Agarwal et al. 2004).

Primary structure alignments of all eight CNTs revealed three conserved resi-
dues within the otherwise less conserved region around the zinc coordinating
residues of the LCs, i.e., a tyrosine, an arginine, and a glutamate (Fig. 4). They
reside ~ 120 amino acids downstream of the H-E-X-X-H motif and are separated
from each other by 2 and 11 amino acids, respectively. The crystal structures of
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Fig. 4 Arrangement of CNT LC active site amino acids involved in peptide bond hydrolysis.
Close-up view of the active center of LC/A bound to the SNAP-25-derived peptide QRATKM
(pdg entry: 3DDA). LC/A is shown as a olive ribbon diagram. Crucial residues are depicted in
stick representation. Only the P1 and P1’ residues (GIn197-Arg198) of the SNAP-25-derived
hexapeptide are shown in green stick representation. H223, H227, and E262 coordinate the zinc
ion, which is shown as a yellow sphere. A water molecule (not shown) held in place by E224 is
the fourth zinc ligand. This water molecule nucleophilically attacks the carbonyl carbon of the
scissile peptide bond. The developing oxyanion becomes stabilized through H-bond formation
with Y366, and the guanidinium group of R363 forms an H-bond with the carbonyl oxygen of the
P1’ amino acid. E261 and E351 interact with H227 and H230, or R363 and H223, respectively.
These interactions likely stabilize the side-chain conformations of H223 and H227 allowing them
to be properly oriented for zinc coordination. All residues are strictly conserved among TeNT and
all BoNT serotypes and subtypes except that the counterpart of LC/A E261 is replaced in LC/C
with alanine

LC/A and LC/E bound to non-cleavable short SNAP-25 peptides comprising the
respective scissile bonds showed that this tyrosine (position 366 and 351 in LC/A
and LC/E, respectively) lines up in close proximity to the scissile peptide bond
(Kumaran et al. 2008; Agarwal and Swaminathan 2008) and might therefore be the
functionally equivalent residue to Y157 of thermolysin. Its central role in substrate
cleavage was demonstrated for TeNT (position 375) and BoNT/A and E. In BoNT/
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A and TeNT the substitution with phenylalanine drastically decreased the
hydrolytic activity (Binz et al. 2002; Rossetto et al. 2001). Kinetic analyses for LC/
A-Y366F revealed a substantial reduction of k.,,, while Zn2+-binding and substrate
binding were not significantly affected (Ahmed et al. 2008; Binz et al. 2002). This
finding and additional calculations were interpreted as an involvement of this
amino acid in stabilization of the transition state oxyanion (Binz et al. 2002) and
was later on also evidenced by structural studies (Kumaran et al. 2008; Silvaggi
et al. 2008).

The counterpart of thermolysin H-231 might be the second of the above-
mentioned strictly conserved amino acids, arginine (positions 363 and 348 in LC/
A and LC/E, respectively). Its replacement in LC/A by various residues and by
alanine in LC/E generally led to an approxmately 100-fold decrease in k¢, while
Ky remained unaffected (Ahmed et al. 2008; Binz et al. 2002; Agarwal et al.
2005). The difference in free energy for transition state binding of mutated versus
wild-type LC/A as well as the guanidinium group positioning in the vicinity of the
scissile peptide bond led to the suggestion that this residue might also be involved
in oxyanion binding in the transition state (Silvaggi et al. 2008; Binz et al. 2002).
However, the co-crystal structures of LC/A and LC/E bound to short non-cleavable
SNAP-25 derived peptides rather propose H-bond interaction of the arginine
guanidinium group and the carbonyl oxygen of the P1’ position (Kumaran et al.
2008; Agarwal and Swaminathan 2008).

CNT LCs presumably also possess an analog to D226 of thermolysin. A glu-
tamate, the third of the above-mentioned strictly conserved residues in the vicinity
of the zinc coordinating residues, occupies a similar position in all CNTs (Jin et al.
2007). Removal of its negative charge dramatically diminished the hydrolytic
activity of BoNT/A and E (Binz et al. 2002; Agarwal et al. 2005). In addition to
keeping the guanidinium group of the conserved arginine in proper position and in
protonated state, at variance with thermolysin, it appears to be important for
orienting one of the Zn>* coordinating histidines at the active site (Binz et al. 2002;
Agarwal et al. 2005).

Knowledge of the catalytic mechanism is being exploited for the development
of save vaccines, by recombinantly producing BoNTs which are rendered non-
toxic by mutations of crucial amino acids of the catalytic center (Pier et al. 2008;
Webb et al. 2009). Such preparations exhibit fewer side effects compared to
chemically inactivated BoNT preparations.

5 Future Perspectives

BoNT/A and B are approved therapeutics for the treatment of a variety of clinical
conditions relying on hyperactive neurons that innervate skeletal muscles. The
range of their application has steadily increased during the past 20 years and
includes today neurons that innervate smooth muscles and glands like in overac-
tive bladder and axillary hyperhidrosis.
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Further expansion of their applications is limited, as they act exclusively in
neurons and preferentially cleave neuronal SNAREs. Consequently, retargeting
BoNT activity to specific neurons or non-neuronal cells by replacing their cell
binding subunit is one current field of scientific activity. Pioneer studies already
provided proof of principle that BONT LCs can be harnessed to interfere with
therapeutically relevant secretion of non-neuronal cells (Chaddock 2012). How-
ever, exocytosis in potential target cells may be driven by non-substrate SNARES,
like syntaxin-4, SNAP-23, and TI-VAMP/VAMP-7 in human mastocytes
(Chaineau et al. 2009). Hence, LCs have to be reengineered in order to be able to
attack the desired non-cleavable SNARE. Based on the available detailed
knowledge about LC-substrate interactions this is reasonable and has exemplarily
been already achieved for LC/E. As described above (Sect. 4.1) LC/E could be
endowed with the ability to cleave human SNAP-23 by a single amino acid
substitution (Chen and Barbieri 2009). Similarly, based on the LC/A-SNAP-25 co-
crystal structure an LC/C variant was engineered that retained its activity against
syntaxin but lost it against SNAP-25 (Wang et al. 2011).

Further properties that are presumably amenable to targeted modifications com-
prise the catalytic efficiency and the persistency of LC activity in target cells
(Shoemaker and Oyler 2012). Increased enzymatic activity and persistency could
reduce toxin doses and intervals of injections, respectively, and thereby minimize the
risk of triggering antibody response in patients. Achievement of these goals clearly
requires further basic research efforts. Systematic biochemical characterization of
the growing number of BoNT LC subtypes whose sequences are now being deter-
mined (Hill and Smith 2012) might add to this. It might quarry LCs that exhibit novel
characteristics in terms of substrate specificity, enzymatic activity, intracellular
longevity, etc. The so far conducted work has led to the identification of a novel
cleavage site for LC/F5 in VAMP-2 [see Sect. 2; Fig. 1; (Kalb et al. 2012)], different
VAMP-2 recognition requirements of BONT/F7 (produced by C. baratii) (Kalb et al.
2011), and revealed different catalytic potency for LC/A3 and LC/A4 versus LC/A1,
which shares 82 and 89 %, respectively, sequence identity with them (Henkel et al.
2009). Anyway, careful characterization of new subtypes will undoubtedly add to a
comprehensive knowledge about the mode of CNT LC activities.
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Synaptic Vesicle Proteins: Targets
and Routes for Botulinum Neurotoxins
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Abstract Synaptic vesicles (SV) are key organelles of neuronal communication.
SV are responsible for the storage of neurotransmitters, which are released by
Ca**-dependent exocytosis. After release and interaction with postsynaptic
receptors, transmitters rapidly diffuse out of the synaptic cleft and are sequestered
by plasma membrane transporters (in some cases following enzymatic conver-
sion). SVs undergo endocytosis and are refilled by specific vesicular transmitter
transporters different in the various neuronal subtypes. Besides these differences,
SVs in general are equipped with a remarkable common set of proteins. Botulinum
neurotoxins (BoNTs) inhibit neurotransmitter release from almost all types of
neurons by cleaving proteins required for membrane fusion localized either to SVs
(synaptobrevin) or to the plasma membrane (SNAP-25 and syntaxin) depending on
the BoNT serotype. To enter the neuronal cytoplasm, BoNTs specifically interact
with the luminal domain of SV proteins (synaptotagmin or SV2, depending on
serotype) transiently exposed during exocytotic membrane fusion and occurring in
almost every neuron. Thus, the highly specific interaction with luminal domains of
SV proteins commonly expressed on all SV types is one reason why BoNTs
exhibit such a high neuronal specificity but attack almost every neuron type.
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Abbreviations

BoNTs Botulinum neurotoxin

CIC3 Chloride exchanger 3

Habc N-terminal a-helical domain of syntaxin

HC Heavy chain

LC Light chain

SNAP Soluble N-ethylmaleimide-sensitive factor attachment protein

SNARE SNAP receptor) complex
SNAP-25  Synaptosomal-associated protein of 25 kDa

NY% Synaptic vesicle

SV2 Synaptic vesicle glycoprotein 2

Syt Synaptotagmin

TI-VAMP  Tetanus toxin insensitive VMAP
VAMP Vesicle-associated membrane protein

V-ATPase Vacuolar proton ATPase
VGLUT Vesicular glutamate transporter

VGAT Vesicular GABA transporter

VMAT Vesicular monoamine transporter
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1 Introduction

Communication between neurons in the central nervous system and between
neurons and muscles in the periphery mainly occurs at specialized structures, the
synapses. Functional variations at these sites by either modulating the postsynaptic
or the presynaptic function will change input and output at synapses. In a physi-
ological context, this describes synaptic plasticity. Damage of pre- and post-syn-
aptic structures and functions is the initial cause of a variety of diseases affecting
the central nervous system. The postsynaptic answer mainly depends on the
postsynaptic receptors and ion channels and, presynaptically, on the availability
and fusion competence of synaptic vesicles (SV). Furthermore, the amount of
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neurotransmitter stored in an individual vesicle contributes in determining the
synaptic strength. Botulinum neurotoxins (BoNTs) serotypes A—G and tetanus
neurotoxin produced by six Clostridium species specifically and exclusively attack
presynaptic nerve terminals. BoNTs consist of a heavy chain (HC) responsible for
internalization and a light chain (LC) that harbors protease activity. Intoxication
exerts a long-lasting block of neurotransmitter release and therefore prevents
communication between the pre- and the post-synaptic site. This review will
summarize the abundance, structure, interaction, and function of synaptic proteins
that play a role in the pathophysiology of the different BoNTs.

2 Protein Equipment of Synaptic Vesicles

SV are key organelles of neuronal communication. They are found at the end of
neuronal axons in presynaptic terminals. Their main function is to concentrate,
store, and release neurotransmitters into the synaptic cleft. SV undergo repeated
rounds of exo- and endocytosis. From the cytoplasmic space, SV first have to dock,
followed by a priming step that renders them ready for fusion. Finally, mediated by
an increase of the cytoplasmic free Ca?* concentration, SV fuse with the pre-
synaptic membrane and release their transmitter content into the synaptic cleft (for
review see (Stidhof 2012)). Thus, vesicular exocytosis of transmitter is one of the
most important steps for neuronal communication. The specific protein equipment
ensures the high reliability of these processes spatiotemporally. Due to their rather
uniform biophysical properties, SV can be highly purified. This has opened the
possibility for proteome analysis of SV from brain by mass spectrometry. The
outcome was a rather complex assembly of proteins, most of them involved in
membrane trafficking (Takamori et al. 2006).

The majority of these proteins appears to be common to most SV populations
irrespective of the type of neuron they are hosted. In addition to the brain, this may
also apply to the peripheral nervous system at least for some of the major SV
proteins. Besides these common proteins, subpopulations of SV differ in vesicular
transmitter transporters, which are highly specific for the various transmitters
occurring in the nervous system. The various BoNTs preferentially affect cholin-
ergic neurons under pathophysiological conditions, but in general prevent neuro-
transmission from almost every type of neuron suggesting common targets present
in the majority of neurons. Regarding the molecular mechanism of how BoNTs
affect neurotransmission, two molecular events have to be distinguished. The first
involves the traffic routes by which the high molecular weight toxins reach their
intracellular target. This includes the endocytic uptake, the translocation of the LC
to the cytoplasm, and a cytosolic reduction of the S—S bridge linking the heavy and
the light chain. While the proteins involved in endocytic uptake have been mostly
identified, the further processing of the internalized toxin is still poorly understood.
Second, the intracellular target molecules that include synaptic proteins necessary
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for vesicular exocytosis are proteolytically cleaved directly leading to an inhibition
of neurotransmission. This review will mainly focus on vesicular and synaptic
proteins being either targets or relevant for BONT uptake.

2.1 Common and Differential Protein Makeup of SV

SV are equipped with a great variety of integral and associated proteins. More than
80 different integral membrane proteins were identified by proteomics. The inte-
gral membrane proteins may be grouped into those responsible for trafficking and
those required for transmitter loading and its modulation.

One of the key events in vesicular exocytosis is the formation of the core or
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein (SNAP)
receptor) complex consisting of the vesicular protein synaptobrevin and the
preferentially plasma membrane-localized proteins syntaxin and SNAP-25
(synaptosomal-associated protein of 25 kDa) (Sutton et al. 1998).

Synaptobrevin-2 or vesicle-associated membrane protein (VAMP) -2 is one of the
most abundant proteins on SV but is also present on other secretory vesicles outside
the central nervous system (see also Table 1). VAMPs cover a family of proteins
which are characterized by a C-terminal integral membrane domain. The N-terminus
(aa 1-90 or more depending on isoform and species) faces the cytosol and comprises
a SNARE motif for the interaction with SNAP-25 and syntaxin. About 70 copies of
VAMP-2 are present per SV. Besides VAMP-2, other family members occur on SV
including synaptobrevin-1/VAMP-1, which is the second abundant VAMP isoform
(Raptis et al. 2005; Schoch et al. 2001), VAMP-4, and VAMP-7/Ti-VAMP.
According to a proteomic comparison of glutamatergic (VGLUT1) and GABAergic
SV isolated from whole rat brain, VAMP-1, VAMP-2, and VAMP-7 appear to be
more abundant on VGLUT1 compared to VGAT expressing SV (Gronborg et al.
2010). In cholinergic terminals, both VAMP-1 and VAMP-2 have been identified
(see Table 1) All VAMPs are engaged in membrane fusion processes. VAMPs
interact by their N-terminal chain with syntaxin and SNAP-25 family members to
form the fusion core or SNARE complex as a prerequisite for SV exocytosis. The
fundamental role of VAMP for vesicle fusion has been shown when analyzing
VAMP-2 knockout animals. The mutants die at birth and lack almost completely the
fast Ca**-dependent fusion. Other VAMP isoforms appear not to reconstitute for the
lack of VAMP-2. Interestingly, the mutants show no morphological sign of neuronal
degeneration at birth and the majority of other SV proteins was not changed com-
pared to wild-type littermates suggesting that only at the end of prenatal develop-
ment will VAMP-2 take over from other VAMP isoforms (Schoch et al. 2001).
Besides its interaction with syntaxin and SNAP-25, VAMP-1 and VAMP-2 have
been shown to form a transient complex with synaptophysin. Both interactions of
VAMP with either synaptophysin or the SNARE proteins are mutually exclusive
(Becher et al. 1999; Yelamanchili et al. 2005). Other members of the VAMP family
are engaged in fusion processes outside the nervous system (see Table 1).
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The plasma membrane SNARE proteins syntaxin and SNAP-25 also reside on SV
(Holt et al. 2006). Since SNARE complexes do not dissociate in their membrane
bridging (trans-) configuration, every cycling of SV leaves some syntaxin and
SNAP-25 in the vesicular membrane. Syntaxin-1 consists of two closely related
isoforms A and B (over 80 % of sequence homology) which are the main isoforms
involved in SV exocytosis (Bennett et al. 1993). Other members of the large syntaxin
family are involved in all types of membrane fusion in different cells (see Table 1).
Syntaxin is composed of an N-terminal o-helical domain (Habc), a C-terminal
SNARE motif H3, followed by a transmembrane region. In an unbound stage, the
Habc motif folds back to the SNARE motif keeping syntaxin in a closed confor-
mation thereby preventing an interaction with SNAP-25 and VAMP. Before
entering the SNARE complex, the Habc domain frees the SNARE motif and syn-
taxin is in an open conformation now available for an interaction with SNAP-25. The
presynaptic matrix protein munc-18—a key modulator of exocytosis—binds to
syntaxin in its closed conformation which is probably necessary during sorting to the
plasma membrane, thereby preventing uncontrolled interactions with other SNARE
proteins on ER or Golgi membranes (Christie et al. 2012). In addition, munc-18
binds to syntaxin engaged in the SNARE complex formation and this binding is
mediated by the N-terminal N-peptide of syntaxin. Probably, munc-18 either pro-
motes the syntaxin SNARE protein interaction by a controlled release of the bound
Habc motif or stabilizes the interaction with the SNARE partners (Christie et al.
2012) forreview see (Han et al. 2010). Expression of syntaxin-1A and 1B overlaps in
most brain areas but in some parts of the central and peripheral nervous system, the
isoforms are differentially distributed. In this respect, syntaxin-1B is mainly found in
fibers from motor neurons whereas syntaxin-1A appears to be preferentially
expressed in perivascular fibers belonging to the autonomic nervous system
(Aguado et al. 1999). Deletion of syntaxin-1A has no severe impact on mice survival
indicating that syntaxin-1B probably functionally replaces syntaxin-1A (Han et al.
2010; Gerber et al. 2008). When expressing syntaxin-1B in a predominantly locked
open conformation, the resulting homozygous mutants developed lethal epileptic
seizures and exhibited decreased syntaxin-1B levels (Gerber et al. 2008). These data
suggest that syntaxin-1 by its isoforms may gradually interfere with the various steps
involved in SV exocytosis.

SNAP-25 occurs in the two splice variants SNAP-25 A and B that differ in only
nine amino acids out of the 39 residues encoded by the alternatively spliced exon.
The expression of the splice variants appears to be switched from “A” to “B” after
birth (Bark et al. 2004). SNAP-23 represents another isoform and is also present in
nonneuronal cells (see Table 1). Members of the SNAP-25 family are stably asso-
ciated with the plasma membrane by palmitoylation of four cysteine residues in
between the two SNARE motifs. Deletion of SNAP-25A/B in mice does not prevent
prenatal development but mutants die perinatally. SNAP-25 deletion mutants do not
show stimulated transmitter release indicating the importance of SNAP-25 for
neuronal communication (Delgado-Martinez et al. 2007; Washbourne et al. 2002).

All three SNARE proteins (VAMP, SNAP-25, and syntaxin) are involved in
vesicular exocytosis and termed v-SNARE (VAMP) or t-SNARESs (syntaxin and
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SNAP-25) signifying their location on vesicular or target plasma membrane. As can
be deduced from the various deletion mutants, SNARE proteins are mandatory for
stimulated vesicular release from neurons. They are also targets for the different
serotypes of BoNT proteases (see below). SNARE complex formation involves the
N-terminal cytoplasm facing part of VAMP, the C-terminal SNARE motif of syn-
taxin adjacent to the transmembrane domain, and the N- and C-terminal domains of
SNAP-25. These four a-helical chains tether to a supercoiled string whose formation
provides the energy to overcome the rejecting forces between the vesicular and the
plasma membrane, allowing them to fuse (Sutton et al. 1998).

Besides the SNARE proteins, synaptotagmins (Syt), further SV proteins are
involved in membrane fusion. Syt are the Ca®* sensor of vesicle exocytosis. So far,
17 isoforms have been described with Syt-I and -II mainly responsible for neuronal
SV exocytosis. Syt contain a single transmembrane domain and two C2 domains
(C2A and C2B) that both bind Ca** with different affinity. In addition, Syt also bind
to negatively charged membrane phospholipids like the highly abundant phospha-
tidylserine and phosphatidyl inositol 4,5-biphosphate, thereby accelerating mem-
brane fusion by more than four orders of magnitude (Rhee et al. 2005; Vennekate
et al. 2012). Syts have been shown to be essential for exocytotic membrane fusion
(Chapman 2008; de Wit et al. 2009; Xue et al. 2010). Syt-I is a presynapse-specific
isoform that regulates synaptic vesicle trafficking. Syt-I is upregulated during
postnatal development mainly in the brain, while Syt-II appears to be dominantly
expressed in spinal cord neurons probably including motor neurons (Berton et al.
1997). The various Syt isoforms exhibit a differential distribution. Syt-I is present in
all types of brain neurons as well as in terminals of the autonomic nervous system.
By contrast, Syt-II that is more expressed in the spinal cord preferentially occurs in
o-motor neurons and neuromuscular endplates (Li et al. 1994; Pang et al. 2006).
Other isoforms also confer Ca®" sensitivity to exocytotic membrane fusion in
nonneuronal cells (see Table 1). Besides Syt-I and -II, Syt-IV and -V are also highly
expressed in brain. Expression of Syt-IV in neurons is regulated during development
and is induced by neuronal activity (Berton et al. 1997; Ibata et al. 2002). Null
mutants for Syt-IV exhibit deficits in motor coordination and hippocampus-
dependent memory formation (Ferguson et al. 2000). Syt-IV is the first Syt isoform
that has been found to exhibit random distribution in neurons not preferentially
localized to SV release sites and has only 16 amino acids facing the vesicular lumen
(Ibata et al. 2002). Whether SNARE complex formation primes vesicles for fusion or
executes it is still a matter of debate. Recent data with Syt-I may shed some light on
this question. In an elegant study using liposome fusion approaches, it was con-
vincingly shown that Syt overcomes the electrostatic forces and bridges the vesic-
ular and the plasma membrane. Following an action potential, the inflowing Ca**
binds to Syt thereby changing its conformation and decreasing the space between the
two membranes. Now the three SNARE proteins come close enough to tether into
the SNARE complex and to execute the final fusion. In this scenario Syt acts
upstream of core complex formation. This effect appears to be mediated by the C2B
domain and is characteristic for Syt-I (van den Bogaart et al. 2011).
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SV are equipped with a great variety of membrane proteins, many of them
occurring in several copy numbers. Synaptophysin is the most abundant synaptic
vesicle protein with respect to protein mass. It occurs in almost every type of
neuron in the central and the peripheral nervous system. With about 30 copies per
vesicle, it is only outnumbered by VAMP. Synaptophysin is a member of the
tetraspan family including synaptoporin and synaptogyrin that all have four
transmembrane domains and an N- and C-terminus facing the cytosol. Synapto-
physin is X-chromosomal linked while the other tetraspan proteins are located on
other genes. Despite these facts, little is known about its physiological functions.
Synaptophysin knockout animals show no severe phenotypical changes. Synap-
tophysin is developmentally upregulated and the synaptophysin/VAMP interaction
represents a hallmark of synaptic maturation (Becher et al. 1999). In addition, the
synaptophysin/VAMP interaction appears to correlate with synaptic activity. It is
increased after prolonged (Hinz et al. 2001) and spent during short-term stimu-
lation (Reisinger et al. 2004). Synaptophysin appears to be relevant for some steps
during endocytosis (Kwon and Chapman 2011; Spiwoks-Becker et al. 2001) and
especially for VAMP retrieval following exocytotic membrane fusion (Gordon
et al. 2011), but the slowed down endocytosis does not severely impair the ani-
mals. Thus, synaptophysin appears to modulate special, higher functions and
consequences of synaptophysin deletion are only obvious when analyzing complex
behavioral tasks (Schmitt et al. 2009).

All SV are equipped with an oligomeric vacuolar proton ATPase (V-ATPase)
that is essential for proton pumping. The resulting acidification of the lumen of SV
provides the energy required for transmitter loading. Surprisingly, the copy number
per vesicle has been estimated to be between one and two, making it possible that an
SV may also fail to incorporate a copy of this enzyme during recycling. Such an SV
would remain silent but has the chance to get a copy of the proton pump during its
next excursion to the plasma membrane (Takamori et al. 2006).

2.2 Vesicular Transmitter Transporter and SV2

Despite the rather uniform protein equipment of SV regulating their traffic, exo-
cytosis and endocytic retrieval, SV differ in the transmitter phenotype and there-
fore in the transporters they use to fill SV with transmitters. BONT preferentially
target cholinergic neurons but prevent neurotransmission from almost every
neuron irrespective of its transmitter phenotype with varying sensitivity (Foran
et al. 2003). Classical (i.e., nonpeptide) neurotransmitters are synthesized in the
synaptic cytoplasm and then loaded into SV by means of vesicular transporters that
are driven by a proton electrochemical gradient across the vesicle membrane built
up by a V-ATPase. It appears that the vesicular transporters, in conjunction with
the biosynthetic enzymes and (at least in some cases) the plasma membrane
transporters, are mainly responsible for determining the neurotransmitter that is
released from a particular neuron. For the main transmitters involved in neuronal
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communication, vesicular transporters have been identified for glutamate
(VGLUT, three isoforms), GABA and glycine (VGAT or VIAAT), acetylcholine
(VACHT), and catecholamines and serotonin (VMAT, two isoforms) (Hnasko
et al. 2010). VAChT, VMAT, and mammalian VGLUTs are characterized by 12
membrane domains. An exception is VGAT which has nine membrane domains
and the C-terminus facing the lumen of the SV (Martens et al. 2008). Generally,
transport involves the exchange of one or two protons per molecule of neuro-
transmitter depending on the transmitter transporter type.

SV usually contain only transporters for a single neurotransmitter, however,
exceptions from this rule increase. Expression of VGLUT in GABAergic or amin-
ergic neurons probably results in stimulus-dependent corelease of glutamate but may
also improve loading of the “home” transmitter by increasing the electrochemical
gradient due to the negatively charged glutamate that have to be compensated by
additional protons. Examples of such scenarios are VGLUT3 on cholinergic vesicles
(Gras et al. 2008; Holt et al. 2006), VGLUT?2 (Zander et al. 2010) or VGLUT?3
(Seal et al. 2008) on subpopulations of GABAergic vesicles, or VGLUT2 on
dopaminergic (Hnasko et al. 2010) and VMAT?2 vesicles (Zander et al. 2010). Other
proteins such as ion channels or ion exchangers may be required in addition to the
transporters in order to load vesicles efficiently with high concentrations of
transmitter. In this context, the vesicle-associated chloride exchanger CIC3 appears
to modulate transmitter loading by increasing ApH (Ahnert-Hilger and Jahn 2011;
Riazanski et al. 2011; Stobrawa et al. 2001).

Although overlapping expression between the various vesicular transmitter
transporters can no longer be totally excluded, immunoisolation techniques using
transporter-specific antibodies allowed to purify SV subpopulation and to compare
their protein equipment by mass spectroscopy. Surprisingly, the differences
between VGLUT1 and VGAT SV subpopulations are small suggesting only subtle
differences between SV subpopulations besides the transporter equipment. One of
the main differences includes MAL, a tetraspan protein distantly related to syn-
aptophysin which is only present on VGLUT1-positive SV (Gronborg et al. 2010).

SV glycoprotein 2 is characterized by a 12 membrane spanning structure remi-
niscent of sugar transporter proteins. However, so far no transporter function has
been described. There are three isoforms SV2A, B, and C transcribed by different
genes (Bajjalieh et al. 1992; Janz and Sudhof 1999). While SV2A is present in all
types of neurons, SV2B and C have a more differentiated distribution (Bajjalieh et al.
1994; Janz and Sudhof 1999). Indeed, SV2B and SV2C appear to preferentially
reside on VGLUT1 or VGAT SV, respectively (Gronborg et al. 2010) All SV2
proteins directly interact with Syt-I and appear to influence its expression, trafficking,
or endocytosis (Yao et al. 2010). SV2A deletion mutants have severe seizures and
animals die a few weeks after birth, while SV2B knockouts are phenotypically
almost normal but exhibit reduced neurotransmission at rod photoreceptor synapses
(Morgans et al. 2009). SV2A knockout neurons exhibit decreased transmitter release
and the epileptic phenotype in SV2A mutants is probably due to the reduced GABA
release (Chang and Sudhof 2009). Another feature of SV2A is its selective
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interaction with the antiepileptic drug levetiracetam not shared by the other SV2
isoforms (Lynch et al. 2004). Although looking like a transporter, current models
argue for SV2 proteins being mainly involved in Syt homeostasis (Yao et al. 2010).

3 SNARE Proteins: Targets of BoNTs

Neuronal SNARE proteins are cleaved by the zinc-dependent endoprotease activity
of the light chains of the various clostridial neurotoxin serotypes in a SNARE
protein-specific way. BONT/A and E cleave SNAP-25, BoNT/B, D, F, G, and TeNT
the SV protein VAMP, and BoNT/C hydrolyzes the integral plasma membrane
protein syntaxin and at higher concentrations of the LC also SNAP-25 (Schiavo
et al. 2000, Binz 2012). Generally, neurotoxin-mediated cleavage sites for VAMP
and syntaxin are located between the C-terminal membrane anchors and the ionic
‘0’ layer. Only uncomplexed or partially assembled SNARE proteins can be pro-
teolyzed by neurotoxins while the fully assembled SNARE complex is resistant to
cleavage (Sutton et al. 1998). Cleavage of VAMP 2 by BoNT/G yields the shortest
and by BoNT/F the longest C-terminal peptide. Also, BONT/C1, A, and E cleave
SNAP-25 at different sites (Binz 2012). Cleavage of either of these proteins pre-
vents neurotransmission underscoring the importance of SNARE proteins for
neuronal communication. All BoNT serotypes also affect human neurons (Humeau
et al. 2000).

Besides the overall effects of BoNTs on Ca®*-dependent neurotransmitter
release, there are distinct kinetic differences indicating that it matters which of the
SNARE proteins is cleaved and at what site. Although it may be difficult to analyze
these differences at conventional synapses, large terminals with several release sites
exhibiting larger pools of SV may be suitable to discriminate kinetic differences.
The Calyx of Held is a large glutamatergic terminal in the auditory pathway which
can be voltage-clamped and manipulated with respect to its intracellular Ca®*
concentration. This experimental arrangement allows a direct application of the
light chains of clostridial neurotoxins. By this approach, the acute effects of various
toxins can be studied and kinetic differences be worked out in a limited time
window. It could be shown that cleavage of syntaxin by BoNT/C yields a complete
block without changing the kinetics of the remaining SV and their release site so far
not affected by the toxin. The same applied to VAMP cleaved by the LC of tetanus
neurotoxin and probably also for the LC of BoNT/B which uses the identical
cleavage site. Manipulating the intracellular Ca®* concentrations by caged Ca>*
(thereby mimicking Ca®* influx through channels), however, revealed that cleaved
VAMP modifies the coupling between Ca®* channels and release-competent ves-
icles. This may be either due to a loss of a postulated interaction between vesicles
and the special release site or by vesicles which are delayed in endocytosis and
therefore occlude release sites (Sakaba et al. 2005). By contrast, BONT/A produced
a strong reduction in the Ca** sensitivity of neurotransmitter release which can be
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overcome by increasing the presynaptic free Ca** concentration (Sakaba et al.
2005). Given the extension of medical applications for BoNTs, deeper insight into
the differences of their effects on neurotransmission at individual synapses are
helpful to shape their therapeutic profiles.

Generally, BoNTs affect all types of neurons with the highest preference for
cholinergic ones. Regarding central excitatory and inhibitory neurons, it appears
that especially both BONT/A and BoNT/E differ in their potency in glutamatergic
versus GABAergic neurons. The reason for this phenomenon may be the reduced
or almost absent expression of SNAP-25 in GABAergic neurons, which is replaced
by another member of the SNAP-25 family, i.e., SNAP-23 especially in the adult
nervous system. Overexpression of SNAP-25 increases the sensitivity of GAB-
Aergic neurons for BONT/A suggesting that resistance may be primarily caused by
the target and not mediated by the protein receptor required for internalization
(Matteoli et al. 2009; Verderio et al. 2006; Verderio et al. 2007). Expression of
BoNT/A cleavage-resistant isoforms of the SNAP-25 family in these neurons may
be an explanation. These include SNAP-23 (Ravichandran et al. 1996; Galli et al.
1998), SNAP-47 (Holt et al. 2006), or SNAP-29 (Schiavo et al. 2000; Steegmaier
et al. 1998). Probably, resistance to BoNT/A relies more on the reduced amount of
SNAP-25 which may be overcome by increased SNAP-25 expression (even in its
BoNT/A cleaved from) as well as on the special Ca* dynamics in GABAergic
terminals than on the presence of a different SNAP-25 isoform (Grumelli et al.
2010). In contrast to these reports, peripheral neurons which differ only in their
amount of SNAP-25 exhibit an almost identical sensitivity toward BoNT/A
treatment with respect to fast synaptic transmission (Gibbins et al. 2003). In
addition, it is also conceivable that subpopulations of inhibitory neurons differ in
their BONT/A resistance either on the basis of SNAP-25 family member isoforms
or on the equipment with gangliosides and vesicular proteins necessary for
internalization (Rummel 2012).

4 Synaptotagmin and SV2: Routes for BoNTSs into Nerve
Terminals

Internalization of the various BoNTs involves binding and subsequent transfer into
the neuron by the toxins’ HC (Rummel 2012). A double receptor concept has been
developed which applies to all BoNTs. It is worth notifying that the two closely
interacting proteins, SV2 and Syt-I and -II, also represent the tracking molecules
for almost all BoNTs. Thus, it may be speculated that the protein receptor for
BoNT/C that escaped detection so far could also be SV2, Syt, or represent com-
plexed heterodimers of these SV proteins (Yao et al. 2010).
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5 Variations of Vesicular Properties: Modulation of BoNT
Intoxication?

All BoNTs are taken up via SV that upon cycling transiently expose their luminal
face to the extracellular surface allowing the heavy chains to bind via their C-
terminal half to their protein receptor, thereby initiating the uptake of the whole
toxin. Thus, variation in the equipment with these protein receptors or their
interaction with other SV proteins may have an impact on the efficiency of BoNTs.
The trapped BoNT forms a pore by its N-terminal part of the heavy chain, which
allows the LC to enter the cytosol (Fischer 2012). This translocation step depends
on acidic pH inside the vesicle and the preceding/progression of intoxination can
be stopped by inhibiting the vacuolar proton pump, i.e., via bafilomycin. Imme-
diately after endocytosis, the SV is empty and has an increased pH compared to a
ready-to-fuse SV. The low H" concentration is then increased by the proton pump,
and once the luminal pH is low enough it then allows the translocation of the LC
into the cytosol. As mentioned above, the vacuolar proton pump resides with one
or two copies on average per SV opening the possibility that proton pump-free SV
will be endocytosed. In these, trapped BoNT will not have the chance to be
translocated to the cytosol and eventually released again by another round of
exocytosis or end up in the endosomal compartment. Given the variation between
different neuronal subtypes, SV depending on their equipment with transmitter
transporter and additional exchangers may differ in the building up and mainte-
nance of a low luminal pH. Besides the putative absence of a proton pump, other
examples of such scenario are the chloride exchangers or VGLUTs on GABAergic
SV, which slightly change luminal pH and consequently transmitter storage.
Depending on the changes in the luminal pH, the effects of BoNTs may be either
slowed down or accelerated. Although these effects may be small, they may add to
the differences observed for the different neuronal subtypes and their sensitivity
toward the various BoNTs.

6 Concluding Remarks

All BoNTs are taken up by neurons. Their internalization is best described by a
double-receptor concept that involves an initial binding to neuron-specific gan-
gliosides. A second protein receptor appears during neuronal stimulation. SV fuse
with the plasma membrane and transiently expose their intravesicular luminal site
to the extracellular surface. These protein receptors include the SV proteins Syt
and SV2. The acidification of SV mediated by the vacuolar proton pump and
sustained by vesicular transporters and ion exchangers mediate translocation of the
BoNT LC to the cytosol. The light chains of all BoNTSs harbor a protease specific
for one of the SNARE proteins. Cleavage of SNARE proteins prevents SV fusion
with the plasma membrane and arrests neuronal communication (Fig. 1). This has
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Fig. 1 Botulinum neurotoxins (BoNT) prevent exocytosis by cleaving synaptic proteins.
Synaptic vesicles (SV) approach the synaptic membrane (/, 2) and form the SNARE complex as
a prerequisite for the fusion pore and exocytotic transmitter release (Geppert et al. 1991). During
this step, BoNT bound to gangliosides at the extracellular side can be taken up into the vesicle by
binding of the heavy chain to specific target proteins synaptotagmin or SV2. Following retrieval
from the plasma membrane, recycling vesicles become acidified again by means of the vacuolar
proton pump (V-ATPase). This results in incorporation of the N-terminus of the heavy chain into
the vesicular membrane, partial unfolding, and translocation of the light chain into the cytosol (4)
to target the specific synaptic proteins involved in the exocytotic machinery (5)

deleterious effects on the organism without severely damaging the toxin hosting
neuron. Variable equipment of SV with protein isoforms responsible for either
internalization or SNARE complex formation (see Table 1) may explain the dif-
ferences between neuron subpopulations regarding variations in their sensitivity
toward BoNT serotypes.
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Persistence of Botulinum Neurotoxin
Inactivation of Nerve Function

Charles B. Shoemaker and George A. Oyler

Abstract The extraordinary persistence of intoxication occurring after exposure
to some Botulinum neurotoxin (BoNT) serotypes is both a therapeutic marvel and
a biodefense nightmare. Understanding the mechanisms underlying BoNT
persistence will offer new strategies for improving the efficacy and extending the
applications of BoNT therapeutic agents as well as for treating the symptoms of
botulism. Research indicates that the persistence of BoNT intoxication can be
influenced both by the ability of the toxin protease or its cleaved soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein
substrate to resist turnover. Protease turnover seems to be mediated in part by the
ubiquitin-proteasome system (UPS) and efforts to manipulate the UPS may prove
to be an effective strategy for improving therapeutic utility of BoNT products and
in the development of botulism antidotes.
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SNAP-25 synaptosomal-associated protein of 25 kDa
SNARE Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor

TFB Targeted F-box

TNF Tumor necrosis factor

VAMP Vesicle-associated membrane protein

VHH Camelid heavy-chain-only Vi domains
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1 Introduction

Cellular proteins turn over with half-lives that vary from seconds to several days in a
highly regulated manner, influencing critical processes such as the cell cycle,
apoptosis, stress responses, and immunity (Varshavsky 1996). Neurons, like all cells,
possess elaborate systems dedicated to the maintenance of a healthy proteome in
which improperly folded proteins are either refolded or shunted for degradation,
most commonly via the ubiquitin-proteasome system (UPS) or lysosome-autophagy
system (LAS) (Wong and Cuervo 2010). Botulinum neurotoxins (BoNTs) entering a
neuron will surely encounter these same systems and be degraded at some rate. Rapid
turnover of intraneuronal BoNTs would reduce the timeframe of toxin action and
mitigate the morbidity and mortality associated with intoxication. Because it is
assumed that death of the intoxicated animal is an outcome that benefits Clostridium
botulinum in nature, evolutionary pressures result in BoNTs having greater persis-
tence of action. This pressure has apparently led to BoNT proteases that resist
degradation within the cytosol of their targeted neuronal cells. This chapter describes
the remarkable persistence of some BoNT proteases and considers the mechanisms
whereby the proteases promote their own stability. Strategies for perturbing BoNT
protease persistence, both positively and negatively, to generate more effective
therapeutic agents or to develop strategies to accelerate patient recovery from
pathogenic intoxication are described.

C. botulinum strains produce a number of different neurotoxin serotypes and
subtypes (Hill and Smith 2012) which show variable potency and persistence in
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different animals, presumably reflecting evolutionary selection for strains that are
lethal to a broader range of target species. The mechanisms responsible for BONT
toxicity and persistence may vary widely between the seven known BoNT sero-
types and within the huge range of susceptible animal species, yet have been
studied in detail for only a small subset. Therefore, the current understanding of
BoNT persistence mechanisms, which is primarily based on human and rodent
studies employing BoNT/A and BoNT/E serotypes, may not prove broadly
applicable in other species and BoNT serotypes. Nevertheless, substantial progress
has been made in our understanding of persistence in humans and this may
translate into improved therapeutic BoNT agents and in the development of
antidotes for reversal of unwanted intoxication.

The persistence of muscle paralysis in humans following treatment with different
BoNT serotypes varies dramatically from 4 to 6 months with BoNT/A and BoNT/C1
to a 1-4 weeks with BoNT/E in the few examples studied (Whittaker et al. 1964;
Eleopra et al. 1997; Sloop et al. 1997). BoNT/B paralysis also ranges between 2 and
4 months in humans although persistence for these serotypes appears to be somewhat
less than for BONT/A (Eleopra et al. 1997, 1998; Sloop et al. 1997; Brin et al. 1999).
In rodent models, the time to recovery from muscle paralysis is consistently much
less than in humans although the relative order of persistence of the different BONT
serotypes remains similar (Meunier et al. 2003; Adler et al. 1996, 2001; Sellin et al.
1983; Keller 20006; Lisk et al. 2002; Morbiato et al. 2007). BoNT/F has been tested in
rats and found to have much reduced persistence compared to BoONT/A (Kauffman
et al. 1985). Though recovery from BoNT intoxication is faster in rodents, neurons
intoxicated by BoONT/A remain unable to recycle vesicles for a month (de Paiva et al.
1999) and observed recovery of muscle function prior to this time is hypothesized to
be a consequence of nerve sprouts at the nerve endings that begin forming within
days of intoxication (Brown et al. 1981; Angaut-Petit et al. 1990). The function of the
original termini fully recovers during the second and third month post-intoxication
and the sprouts are largely eliminated (de Paiva et al. 1999; Meunier et al. 2002). The
role of sprouting in the recovery from intoxication by other BoNT serotypes has not
been carefully evaluated. A careful analysis of the persistence of neurotransmitter
release blockage following treatment of cultured primary neurons with each of five
different BoNT serotypes demonstrated a ranking in persistence that strongly cor-
related to the in vivo results in humans and rodents (Foran et al. 2003). In summary,
the available data to date in humans and rodents consistently ranks the persistence of
intoxication for the various BoNT serotypesas A > C1 > B > F > E.

2 Mechanisms of BoNT Persistence

All BoNT serotypes intoxicate neurons by delivering the light chain (LC) protease to
the cytosol which specifically cleaves one or more soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins. The cleaved SNARE proteins
either are unable to form SNARE complexes or form inactive SNARE complexes. In
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1. SNARE cleavage products of BONT persist and maintain block to exocytosis
a. Cleaved SNARE remains in SNARE complexes inhibiting exocytosis
b. Cleaved SNARE remains free and inhibits new SNARE complex formation
c. Small peptide cleaved from SNARE remains and inhibits new SNARE formation

2. BONT protease persists and continues to cleave new SNARE proteins
a. Protease localizes to membrane and becomes sequestered from degradation
pathways
b. Protease naturally resists native degradation pathways
c. Protease actively recruits inhibitors of native degradation pathways
i. Proteasome
ii. Lysosome
d. Protease enters a protected environment within the cytosol following translocation
from the endosomes

Fig. 1 Summary of proposed mechanisms of BoNT persistence

either case, it is widely accepted that the presence of the BoNT-cleaved SNARE
proteins inactivates exocytosis and release of neurotransmitters to cause the flaccid
paralysis observed following exposure to BoNT (Binz 2012; Ahnet-Hilger et al. 2012).
It follows then that the persistence of BoNT-induced intoxication must depend on:
(1) how long the cleaved SNARE proteins remain in the cytosol and the ability of these
cleaved SNARE proteins to maintain a block to exocytosis; (2) how long the BoNT
protease remains in place to cleave newly synthesized SNARE proteins and/or; (3) the
ability of the presynaptic terminal to remodel in a manner to overcome dysfunction.
A summary of the mechanisms proposed to explain the variable persistence of the
different BoNT serotypes is provided in Fig. 1. Evidence exists that all these
processes may contribute to BoNT persistence in rodent models.

2.1 Role of SNARE Proteins in the Persistence
of BoNT Intoxication

Studies on the mechanism of BoNT persistence have largely focused on BoONT/A
and BoNT/E because these two serotypes have dramatically different persistence in
mammals yet they cleave the same SNARE protein, synaptosomal associated
protein of 25 kDa (SNAP-25), at positions separated by only 17 amino acids. LC/E
cleavage of SNAP-25 removes a carboxyl-terminal peptide of 26 amino acids
and there is evidence that this small carboxyl-terminal product is capable, on its
own, of inhibiting nerve function. Specifically, several peptides corresponding to
different portions of the SNAP-25 carboxyl-terminus have been shown to inhibit
neurosecretion in different neuronal model systems (Ferrer-Montiel et al. 1998;
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Gutierrez et al. 1995, 1997; Mehta et al. 1996). Although the carboxyl-end peptides
have the ability to interfere with neurosecretion, their role in natural BoNT
intoxication of motor neurons remains uncertain. For example, the carboxyl-ter-
minal nine amino acids appear unnecessary for BONT/A intoxication as expressing
the truncated SNAP-25 corresponding only to the amino-terminal cleavage product
of LC/A caused an intoxication equivalent to that from BoNT/A in insulinoma HIT-
T17 cells (Huang et al. 1998). Furthermore, there is no evidence that the carboxyl-
terminal peptides cleaved from SNAP-25 following LC/A or LC/E exposure play
any role in the relative persistence of intoxication of these two toxins. In fact, the
9-mer peptide from cleavage by the most persistent serotype BoNT/A has an
amino-terminal arginine that is predicted by the N-end rule (Varshavsky 1996) to be
highly unstable while the isoleucine at the amino-terminus of the less persistent
LC/E carboxyl-terminal cleavage product should be more stable. A recent study
validates this prediction in neuroblastoma cells (Tsai et al. 2010) and it now seems
highly unlikely that the carboxyl-terminal peptides cleaved from SNAP-25 play any
role in promoting the extraordinary persistence of BoNT/A function in neurons.

The large amino-terminal SNAP-25 products resulting from the proteolytic
activities of BONT/A (SNAP-25*) or BONT/E (SNAP-25%) have been proposed by
several groups to play an important role in the persistence of these two toxins. If
the SNAP-25 cleavage products are the primary determinant of persistence, this
leads to the testable prediction that persistence of BONT/A intoxication would be
reduced to that of BoNT/E by ‘super-intoxication’ with BoNT/E which would
truncate the SNAP-25" into SNAP-25%. Note that this prediction assumes that
sufficient endosome recycling will remain following BoNT intoxication such that a
different BoNT serotype can enter the cell. Despite the caveat, the prediction has
reportedly been validated in several studies. A study by Eleopra et al. (1998) in
human volunteers found that BONT/A paralysis of the EDB foot muscle (3 IU) was
much more persistent than BoNT/E paralysis of this muscle (3 IU) in the con-
tralateral limb. When another group of volunteers were paralyzed in both EDB
foot muscles with a mixture of 2 IU BoNT/A and 4 IU BoNT/E, or 4 IU BoNT/A
and 2 IU BoNT/E, all muscles recovered at the same faster rate previously
observed for 3 IU BoNT/E alone. Another similar study by Meunier et al. (2003)
showed that intoxication by BoNT/E accelerated recovery from BoNT/A intoxi-
cation in mice while intoxication by short-lived BoNT/F, which does not cleave
SNAP-25, did not affect recovery time from BoNT/A. Raciborska and Charlton
(1999) employed a frog model and reported that SNAP-25* was more persistent at
the nerve termini than SNAP-25".

One possible explanation for BoNT/E treatment accelerating recovery from
BoNT/A intoxication could be that the SNAP-25* product of LC/A is much more
stable than SNAP-25" so cleavage of SNAP-25" into SNAP-25% by super-intox-
ication accelerates turnover of the inactive SNAP-25 and subsequent formation of
functional SNARE complexes from newly synthesized proteins. Foran et al. (2003)
tested this hypothesis directly by performing pulse-chase studies to compare the
half-lives of the SNAP-25 forms in rat cerebellar primary neurons treated with
BoNT/A or BoNT/E. The study showed that the intact or cleaved SNAP-25
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proteins all have half-lives of 20-24 h and they concluded that, in their model
system, the half-life of cleaved SNAP-25 “does not account for the longevity of
BoNT/A-induced inhibition”.

Another explanation for the accelerated recovery from BoNT/A by super-intox-
ication with BoNT/E has been proposed by several groups (Eleopra et al. 1998; Lisk
et al. 2002; Raciborska and Charlton 1999; Bajohrs et al. 2004). These groups
hypothesize that further cleavage of SNAP-25" into SNAP-25" allows replacement
of the damaged SNAP-25 with newly synthesized, uncleaved, SNAP-25 to restore
nerve function. Bajohrs et al. (2004) directly demonstrated that SNAP-25" remains
bound to syntaxin and localized to the plasma membrane, while cleavage to SNAP-
25 results in the loss of association with syntaxin and release to the cytosol. The
hypothesis that cleavage to SNAP-25*, but not SNAP-25%, results in stable,
unproductive SNARE complexes is consistent with earlier work of Otto et al. (1995)
showing that cleavage of SNAP-25" does not affect the formation or stability of
SNARE complexes and by Hayashi et al. (1994) which showed that SNARE com-
plexes with SNAP-25 are less stable to denaturants than those with SNAP-25%.

2.2 Role of BoNT Proteases in the Persistence
of BoNT Intoxication

A number of studies report data strongly in support of the argument that the
remarkable persistence BoNT/A intoxication results from retention of active
BoNT/A protease within the nerve termini. An early study by Bartels et al. ( 1994)
showed that exocytosis in bovine chromaffin cells previously intoxicated by
BoNT/A could be rescued using electroporation to deliver antibodies to the cell
cytosol that bind to the BoNT/A protease domain (LC). Electroporation of anti-
bodies that bind only to the BoNT/A heavy chain domain did not restore exocy-
tosis. The fact that exocytosis was restored to normal within a few days after
antibody treatment indicates that, if the BONT/A protease is inhibited or removed,
exocytosis function is rapidly restored by endogenous synthesis of full-size
SNAP-25. This implies, at least for BoNT/A, that recovery from intoxication is
dependent on the loss of BoNT/A protease activity.

More recent studies, designed similar to those in the previous section, moni-
tored recovery of neurons intoxicated by both BoNT/A and BoNT/E. A study by
Keller et al. (1999) showed that intoxication of fetal mouse spinal nerve cells with
BoNT/A lasted for more than 11 weeks based on SNAP-25 cleavage data, while
BoNT/E intoxication persisted less than 3 weeks. When these nerve cells were first
intoxicated by BoNT/A and then super-intoxicated by BoNT/E, all of the
SNAP-25 became SNAP-25" showing that all neurons had become intoxicated by
BoNT/E. By monitoring the SNAP-25 with time post-intoxication, these authors
found that SNAP-25% was slowly replaced by SNAP-25%. This demonstrated that
the BoN'T/A protease persisted and continued to cleave newly synthesized SNAP-
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25 even after the BONT/E protease was no longer active. In a similar study, Adler
et al. (2001) found that persistence of intoxication by BoNT/A in a rat EDL model
was not reduced by subsequent or previous intoxication with BoNT/E and the
authors conclude that BoNT/A persistence in this model is a consequence of the
half-life of the BoNT protease rather than that of the cleaved SNAP-25.

Another approach to understanding the factors responsible for the unusual
persistence of BoNT/A intoxication was to attempt rescue of nerve function at
different times post-intoxication with BoNT/A by transient expression of full-size
SNAP-25 (O’Sullivan et al. 1999). In this study, cultured bovine chromaffin cells
were intoxicated with BoNT/A and then transfected by plasmids promoting
expression of wild-type SNAP-25 or a mutated SNAP-25 that was not cleaved by
BoNT/A yet retained the ability to form functional SNARE complexes. Their
results showed that BONT/A cleaved SNAP-25" is not a dominant block to exo-
cytosis because function was restored by expression of the BoNT/A-insensitive
mutant SNAP-25 when the chromaffin cells were transfected just a day post-
intoxication. The authors then used this strategy to test whether the BoNT/A
protease remained persistent in the chromaffin cells. Chromaffin cells that had been
intoxicated for 16 days were transfected with plasmids to overexpress either wild-
type or BoNT/A-insensitive mutant SNAP-25 and measured 5 days later for
functional exocytosis. The results showed that expression of wild-type SNAP-25
remained reproducibly unable to rescue exocytosis while mutant SNAP-25 did
rescue function, thus demonstrating that active BoNT/A protease persists in these
cells for at least 3 weeks. The authors conclude that the “continued action of
BoNT/A-LC is a major contributory factor in the prolonged inhibition of release,
at least in this model system”.

Ideally, studies on the role of the BoNT proteases in the persistence of intox-
ication would monitor the cytosolic levels of the proteases in neuronal cells at
various times following toxin exposure and attempt to correlate protease levels
with the cells’ ability to perform exocytosis. This is not practically possible for a
number of reasons. Most significant is the inability to quantify cytosolic BoNT
proteases within intoxicated cells using current detection methods. Although the
number of cytosolic protease molecules necessary to inactivate exocytosis is not
known, it has been estimated to be no more than about a thousand (Hanig and
Lamanna 1979) for BoNT proteases, and less than ten molecules for the closely
related tetanus toxin protease (Erdal et al. 1995). Even these remarkably low
numbers may be overestimations as for other toxins such as ricin or diphtheria
toxin, a single molecule has been shown sufficient to elicit a measurable effect (cell
death) (Yamaizumi et al. 1978; Eiklid et al. 1980). It is also problematic to
differentiate cytosolic BoNT proteases from proteases that remain in the endo-
somal fraction using imprecise available immunolocalization or subcellular frac-
tionation methods, especially if only a small percentage of BoNT proteases escape
the endosomal fraction to the cytosol (Bade et al. 2004).
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2.2.1 Contribution of Intraneuronal BoNT Protease Subcellular
Localization to Persistence

Because of the difficulties in detecting cytosolic BoNT protease following natural
intoxication, several labs have employed DNA transfection methods to promote
expression of the proteases within cells to study persistence (Tsai et al. 2010;
Fernandez-Salas et al. 2004, 2004; Kuo et al. 2011). Fernandez-Salas et al. over-
expressed either recombinant BoNT/A or BoNT/E proteases within rat PC12
neuroblastoma cells as fusions to green fluorescent protein (GFP) and monitored
protease localization by fluorescence microscopy. They found that BoNT/A pro-
tease (LC/A) colocalized with SNAP-25" at the plasma membrane where intact
SNAP-25 localizes. Surprisingly they found that the BoNT/E light chain protease
(LC/E) was primarily found in the cytosol rather than localized at the plasma
membrane. These authors suggest that the cytosolic localization of LC/E may be the
reason that this protease is turned over more rapidly than the LC/A protease which
they speculate remains in “a slow cycling compartment at the plasma membrane”.
In arecent study in a different neuroblastoma cell line (N18), Tsai et al.(2010) found
that both recombinant LC/A and LC/E colocalized at the plasma membrane and
argued that differential localization is not likely to be responsible for the differential
persistence of these proteins. It is not possible to know whether cytosolic synthesis
and overexpression of recombinant LC/A and LC/E through recombinant expres-
sion as employed in these studies produced localizations that accurately reflect the
protease localization achieved following natural intoxication events in which these
proteases are delivered from endosomes to the cytosol in vanishingly small amounts
by a highly evolved and sophisticated translocation process (Montal 2010).

In an effort to understand the mechanistic basis for the differing subcellular
localizations of LC/A and LC/E observed in their model system, some groups have
studied the effects of specific protease mutations on their localization within cells.
Fernandez-Salas et al. (2004) produced a variety of mutant forms of recombinant
LC/A to identify signals that lead to its plasma membrane localization. They found
that removal of 8 amino acids at the amino terminal end of the protease, or 22 amino
acids from the carboxyl end, reduced plasma membrane association by LC/A and
this indicated that signals may exist at both ends of the protease to promote plasma
membrane association. These results were extended by Chen and Barbieri (2011)
who used LC/A mutants to demonstrate that LC/A localization results from its
binding to the SNAP-25 substrate. To reach this conclusion, the authors showed
that LC/A mutants lacking the amino terminal eight amino acids, or containing
lysine to alanine mutations near the amino terminus at positions 6 and 11, signif-
icantly reduced plasma membrane localization. They then showed that SNAP-25
mutants which lack their putative palmitoylation sites no longer localized to the
plasma membrane and when cells were engineered to express these SNAP-25
mutants, the co-expressed LC/A also became localized to the cytosol. Since it was
previously demonstrated that SNAP-25 is released to the cytosol following
cleavage by LC/E but not following cleavage with LC/A (Bajohrs et al. 2004), Chen
and Barbieri (2011) tested the localization of recombinant LC/A when it was
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co-expressed with LC/E. As expected, they found that LC/A now localized to the
cytosol, presumably because the SNAP-25 to which it associates becomes localized
to the cytosol following its conversion to SNAP-25F. These results imply that LC/A
does not naturally localize to the plasma membrane in the absence of SNAP-25, yet
other studies have found plasma membrane localization for LC/A within MDCK
cells which lack SNAP-25 (G. Oyler, unpublished observation). As such, other
mechanisms responsible for alterations in LC localization cannot be ruled out.

Fernandez-Salas et al. (2004) hypothesized that a dileucine motif (Aiken et al.
1994) present near the carboxyl end (aa 427/428) played an important role in the
plasma membrane localization of LC/A. To test this concept, they generated a
LC/A mutant in which only this dileucine was altered to a dialanine (LC/A**) and
compared its localization to wild-type LC/A within transfected cells. They found
that this mutant displayed reduced plasma membrane localization and suggested
that the dileucine in LC/A helps to promote the membrane localization of LC/A-
and its characteristic persistence. The LC/A®*, though, was expressed to different
levels than wild-type LC/A and had reduced protease activity, and these factors
may also have contributed to the altered localization.

The SNAP-25 mechanism for LC/A localization is somewhat more complicated
since LC/A has been seen to associate with membranes when expressed in cell
lines such as cells lacking SNAP-25 (unpublished observations, GAO). Thus, there
may be additional mechanism involved in targeting LC/A to membranes.

Wang et al. (2011) attempted to directly determine whether the amino terminal
amino acids of BoNT/A, or the dileucine present at the carboxyl end, contributed to
the unusual persistence of this toxin. In their study, the authors engineered recom-
binant holotoxins in which the BoNT/A protease either lacked the seven amino
terminal amino acids (residues 2—8) or had the dileucine 427/428 converted to a
dialanine. They then compared the persistence of intoxication elicited by the mutant
toxins compared to wild-type recombinant BoNT/A or BoNT/E holotoxins.
Strikingly, the BoON'T/A mutation converting the dileucine into dialanine was clearly
shown to significantly reduce the persistence of intoxication from this mutant ho-
lotoxin in primary rat neuronal cells or in vivo in the mouse hind limb. To further
demonstrate the role of dileucines in persistence, these authors also produced a
catalytically inactive form of BoONT/A in which the LC/A protease was inactivated
by mutation, with or without the dileucine mutations, and the complete LC/E pro-
tease was fused to the amino terminus. The chimeric protein that lacked the dileucine
mutation, called LCg-BoTIM 4, was toxic to neurons and produced intoxication with
the persistence of wild-type BoNT/A. As previously shown by Bade et al. (2004) this
demonstrated that a fusion of two complete BoNT proteases could be effectively
delivered to the cytosol by the heavy chain translocation domain. It also demon-
strated that, in this system, the mechanism responsible for the prolonged persistence
of LC/A was not overcome when it was fused to LC/E, despite the intrinsic rapid
turnover of LC/E alone within neurons. When the dileucine within the catalytically
inactive LC/A in LCg-BoTIM, was mutated to dialanine, the persistence of
intoxication from this chimeric toxin was substantially reduced near to that of native
BoNT/E. Thus, by removing the dileucine signal within the inactive LC/A fusion
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partner, the functional LC/E protease was no longer being stabilized within the
neurons by the LC/A. Surprisingly, when these authors tested the BONT/A holotoxin
with the mutation that removed amino acids 2-7 of LC/A, this toxin elicited
intoxication that had the persistence of wild-type BoNT/A. Since a similar mutation
of LC/A was earlier reported to eliminate the plasma membrane localization of
LC/A (Fernandez-Salas et al. 2004), Wang et al. (2011) postulated that subcellular
localization probably did not play a role in BONT/A persistence, but rather that the
dileucine somehow protected the protease from proteolytic degradation.

The subcellular localizations of two additional proteases, LC/B and LC/C, have
been studied following their expression by plasmid transfection. Both these proteases
appeared to be dispersed throughout the cell, not localized to the plasma membrane
(Fernandez-Salas et al. 2004; Land et al. 1997). These results suggest that localization
to the plasma membrane is not required for protease persistence in these other long-
lasting BoNT serotypes and their persistence depends on other mechanisms.

2.2.2 Contribution of the Ubiquitin-Proteasome System
to BoNT Protease Persistence

Protein turnover in cells is most commonly mediated by the LAS and/or the UPS
(Wong and Cuervo 2010; Hershko and Ciechanover 1998; Ciechanover 2005). The
LAS is considered to be a more general system responsible for turnover of mac-
romolecules and the UPS is utilized for more targeted and regulated protein
turnover processes. While no evidence yet exists that LAS degradation plays a role
in the relative persistence of the different BoNT serotypes, there is a growing body
of evidence that the UPS may be an important factor. Shi et al. (2009) showed that
modulation of LC/B polyubiquitination altered its protease activity. When LC/B
was heavily polyubiquitinated in vitro, these authors found that the enzymatic
activity was reduced by 34 %. In the same study, LC/B polyubiquitination in
SHSY-5Y cells was increased about 2.5 fold when treated with phorbol 12-myr-
istate 13-acetate (PMA), and about 3.5-fold when treated with both PMA and a
proteasome inhibitor, following exposure to a very high dose of BoNT/B (10 pg/
ml). The increased intracellular polyubiquitination of LC/B led to a significant
reduction in intracellular vesicle associated membrane protein (VAMP) cleavage
in BoNT/B treated cells although it was not possible to distinguish the contribution
of reduced protease activity or accelerated LC/B turnover to this reduction.

The role of the UPS in BoNT persistence was investigated by Tsai et al. (2010)
through a comparison of the polyubiquitination of the persistent LC/A versus the
short-lived LC/E. These authors first showed that, in N18 cells, LC/E is much
more rapidly turned over than is LC/A and that this is associated with a much
heavier polyubiquitination of LC/E than of LC/A. The half-life of the LC/E was
significantly increased in cells treated with proteasome inhibitors suggesting a role
of the UPS in LC/E turnover. Tsai et al. (2010) then demonstrated that LC/A
turnover could be accelerated by developing a specific biomolecule that promoted
LC/A polyubiquitination. The biomolecule they designed was a fusion protein
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containing both a LC/A targeting protein and an E3-ligase domain (HECT domain
from E6AP or RING domain from XIAP). As a targeting domain, the authors
employed the SNAP-25 substrate for LC/A in which the protein was mutated to a
form that could not be cleaved by LC/A (SNAP-25nc; R198T). These ‘designer
ubiquitin ligases’ were co-expressed in cells with LC/A and the LC/A was found to
be more heavily ubiquitinated and to have a much shorter half-life than LC/A from
control cells. Kuo et al. (2011) also produced biomolecules designed to promote
polyubiquitination of LC/A and LC/B, and demonstrated that these agents
increased intra-neuronal cell turnover of the targeted proteases and, importantly,
the agents also accelerated the recovery of cells from natural BoNT/A intoxication
(see Sect. 3). These results imply that LC/A is more resistant than LC/E to
polyubiquitination in intoxicated neurons and that the polyubiquitination step may
be rate limiting in the regulation of LC/A turnover, and likely the protease turnover
for other persistent BoNT serotypes.

Tsai et al. performed additional studies in an effort to explain why the BoNT/A
protease is unusually resistant to polyubiquitination within cells in comparison to
BoNT/E protease. The authors immunoprecipitated LC/A or LC/E from trans-
fected N18 neuroblastoma cells and used proteomic tools to identify proteins that
bound preferably to one or the other protease. One protein, TRAF2, was found to
be specifically bound to LC/E. TRAF?2 is a RING finger protein that is involved in
TNF receptor signaling that has been implicated in ubiquitination (Chen 2005). To
test for a possible role of TRAF2 in LC/E turnover, expression of this protein was
either increased in cells by expression plasmid transfection or knocked-down by
siRNA. The half-life of LC/E was shown to be reduced by overexpression of
TRAF2 and increased by knockdown of TRAF2. The outcome of these studies was
that TRAF2 appears to interact specifically with LC/E and promote its turnover by
the UPS, and this may explain, in part, the reduced persistence of BoNT/E
intoxication. In unpublished work, a number of studies have found that LC/A binds
to several de-ubiquitinases (DUBs) and that knockdown of these DUBs reduces the
half-life of LC/A (Oyler, personal communication), suggesting the possibility that
recruitment of DUBs by LC/A may play a role in stabilizing the protease and
promoting persistence of BoNT/A intoxication.

2.2.3 Contribution of the BoONT Heavy Chain to BoNT
Protease Persistence

Another factor that could contribute to BoNT persistence is the uptake and pro-
tease translocation process itself. Serotype differences in the cell entry or endo-
somal release processes that are mediated by the BoNT translocation domains
could lead to differences in the protease trafficking to its site of action or exposure
of the protease to cytosolic degradation pathways. For example, differential traf-
ficking might steer the BoNT proteases of more persistent serotypes through
protected environments that result in less damage and/or more rapid access to
SNARE protein substrates. Nevertheless, there is evidence, at least for BONT/A
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and BoNT/E, that the receptor binding and translocation domains do not play a
role in persistence. Wang et al. (2008) produced chimeras in which the 50 kDa
receptor binding domain of BoONT/A was replaced by the corresponding domain
from BoNT/E (AE) or in which the receptor binding domain of BoNT/E was
replaced by the corresponding domain from BoNT/A (EA). For these chimeras, the
persistence of intoxication appeared to be unrelated to which receptor binding
domain was present on the toxin. Cells treated with the AE chimera remained
intoxicated about as long as cells treated with wild-type BoNT/A, while the EA
chimera persisted about as long as intoxication with BoNT/E. Similar results were
obtained in a subsequent study (Wang et al. 2012) in which this laboratory pro-
duced chimeras exchanging the BoNT/A and BoNT/B receptor binding domains.
Again, even though cell susceptibility to intoxication was determined by the
receptor binding domain, persistence of the resulting intoxication was determined
by the LC and translocation domains. Thus, for the BoNT serotypes considered the
most dangerous to humans, persistence does not seem to be affected by which
receptor mediates entry. However, it remains possible that the HC plays a more
significant role in the persistence for other more distantly related BoNT serotypes
that bind to different receptors or target different neuronal cell populations.

3 Exploiting BoNT Persistence for Therapeutic Applications

Substantial research is currently directed at enhancing the efficacy of BoNT as a
treatment for a variety of conditions or to the development of new therapeutic
applications, and this research includes efforts to enhance the persistence of nerve
inactivation. On the flip side, there are also a number of research groups that seek
to diminish the threat posed by BoNT as an agent of bioterror, and one focus is an
effort to diminish the persistence of paralysis so as to promote a more rapid
recovery from toxin exposure. This research has benefited greatly from the
improved understanding of the mechanisms of BoNT persistence that are outlined
above. As a result, research to modify the persistence of BoNT intoxication has
focused on the protease domain.

3.1 Increasing BoNT Persistence for Improved
Therapeutic Benefit

Wang et al. (2011) generated a chimeric toxin in an effort to combine the prolonged
persistence of BONT/A with the therapeutically beneficial features of BONT/E such
as more rapid and comprehensive intoxication. As described above (Sect. 2.2.1),
this chimera, called LCg-BoTIM 4, was a full-sized BoNT/A containing mutations in
the light chain that eliminate LC/A protease activity in which the LC/E was appended
to the amino terminus to create a protease dimer. The chimeric protein was found to
intoxicate neurons with the persistence of BoONT/A and to permit the intoxication
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of sensory neurons not normally sensitive to BONT/E. The authors claim that their
LCg-BoTIM,4 toxin is a long-acting agent with potential for pain therapy and other
conditions caused by overactive cholinergic nerves.

3.2 Reversing Paralysis by Accelerated Turnover
of BoNT Protease

The first report of an agent that was created with the purpose of promoting ubiq-
uitination and accelerated turnover of a BONT protease was by Tsai et al. (2010). In
their study, described above in Sect. 2.2.2, a fusion protein was produced in which
E3-ligases were joined to a mutant form of SNAP-25 (SNAP-25nc) that was not
cleaved by the BoNT/A protease, LC/A. Cells expressing these ‘designer ubiquitin
ligases’, successfully promoted increased polyubiquitination and accelerated
turnover of co-expressed LC/A, presumably because the SNAP-25nc recruited the
LC/A to become a substrate for E3-ligase action. This strategy is not particularly
practical for therapeutic use because of difficulties commercially producing such a
complex protein and delivering it to the cytosol of intoxicated neurons in patients.
In addition, different non-cleavable SNARE proteins would need to be developed
for each BoNT serotype and there are concerns about the off-target effects of
SNARE-based E3-ligases leading to degradation of other cellular proteins.

An alternative strategy for promoting accelerated ubiquitination and turnover of
BoNT proteases was proposed by Kuo et al. (2011). Like Tsai et al. (2010), the
approach was to deliver a fusion protein to intoxicated neurons that would lead to
polyubiquination and rapid turnover of the intoxicating BoNT protease. The new
concept was to use camelid heavy chain only Vy domains (VHHs) as targeting
domains that recognized BoNT proteases. These are small (14 kDa) proteins that
retain their binding activity and specificity within neurons (Tremblay et al. 2010) and
can be readily developed for proteases from all known BoNT serotypes. Since VHHs
should be highly specific only to their LC target, side effects following their delivery
to cells should be of minimal concern. In place of a large E3-ligase, Kuo et al.
proposed to employ a minimal F-box domain derived from f-TrCP, a protein known
to be expressed within neurons (Westbrook et al. 2008). The F-box domain is
responsible for recruiting an E3-ligase to -TrCP and promoting polyubiquitination
of bound proteins. As a fusion partner with a VHH, this small F-box domain (15 kDa)
was expected to be sufficient to recruit neuronal E3-ligases to the BoNT protease
bound by the VHH for polyubiquitination. Kuo et al. demonstrated that expression of
a VHH/F-box fusion protein, called a targeted F-box or TFB (Fig. 2), in which the
VHH was specific for LC/A, led to polyubiquitination of LC/A and to a much more
rapid turnover of this protease within both N2A and M17 neuroblastoma cells.
Replacing the VHH with a different VHH that binds to BoNT/B protease, LC/B,
resulted in a new TFB that promoted turnover of LC/B. Using the TFBs targeting LC/
A or B resulted only in the accelerated turnover of the targeted protease and had no
effect on the non-targeted protease, even within the same cell population. Most
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Fig. 2 Targeted F-box (TFB) agents exploit the natural process by which F-box proteins
promote accelerated turnover of cytosolic proteins. a. F-box proteins participate in the
proteasome-mediated turnover of natural cellular proteins. Ubiquitin (Ub) is activated by E1 and
transferred to E2 which associates with Cullin-1 and Skp1 to form the E3 ubiquitin ligase. F-box
proteins such as -TrCP bind to natural targets, such as IxB, and recruit the E3 ubiquitin ligases
through binding of the small F-box domain on S-TrCP to the Skpl component of the ligase. The
E3 ubiquitin ligase then attaches a chain of Ub molecules to the natural target and this
polyubiquitinated protein becomes a substrate for proteasome-mediated degradation. b. TFB
agents exploit natural pathways to promote accelerated turnover of selected cytosolic proteins
such as BoNT proteases. The F-box domain from -TrCP is expressed as a fusion protein to a
VHH with affinity for a BoNT protease such as LC/A. This TFB agent binds to the LC in the
cytosol of an intoxicated neuron and the F-box component recruits an E3-ubiquitin ligase which
polyubiquitinates the LC and promotes its accelerated turnover by cytosolic proteasomes

importantly, Kuo et al. demonstrated that their TFB agents were effective in pro-
moting the recovery of neuronal cells that were naturally intoxicated by BoNT/A.
Using SNAP-25 as an indicator, M17 neuroblastoma cells expressing a LC/A-
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targeted TFB recovered from BoNT/A intoxication at least 2.5-fold faster than the
control cells. Having validated the approach for both BoNT/A and BoNT/B,
development of TFB agents targeting other BONT serotypes should quickly follow as
it requires only that VHHs binding the other LCs be identified using established
methods (Tremblay et al. 2010). These results suggest it will be possible to accelerate
recovery from botulism caused by any toxic serotype if the appropriate TFB agent
can be successfully delivered to the cytosol of BoNT intoxicated neurons. Thera-
peutic delivery strategies might employ protein vehicles such as atoxic mutants of
neurotoxins [e.g. BONT (Webb et al. 2009)] or non-specific toxins that have been re-
targeted for neuronal specificity [e.g. C. difficile toxin (Krautz-Peterson et al. 2012)],
or perhaps genetic vehicles such as viruses modified for motor neuron tropism.

4 Conclusions

There are seven known serotypes of BoNTs and these elicit variable levels of toxicity
and persistence when different animal species become exposed. The preponderance
of research on these toxins has sensibly been focused on humans and the common
rodent models—so little is known regarding toxicity and persistence in most other
animal species. In comparing human and rodent BoNT intoxication, there is sub-
stantial consistency with regard to the relative persistence of the different serotypes
which suggests that the mechanisms of persistence that are identified in rodent
models will likely predict those in humans. The persistence of paralysis occurring
with BoNT intoxication is clearly dependent on the maintenance of truncated
SNARE proteins following their cleavage by the BoNT proteases within motor
neurons. The truncated SNARE proteins may themselves persist in the nerve end-
ings, and/or the BoNT protease may persist and continue to cleave newly synthesized
SNARE proteins. Recent literature would suggest that, for the longest lived BoNT
serotype, BONT/A, the persistence of intoxication primarily depends on the ability of
the BoNT protease to resist natural turnover via the UPS. Quite possibly, with other
much shorter lived BoNT proteases such as BoONT/E, it is the turnover of the trun-
cated SNARE protein that determines the rate of recovery from intoxication. It does
appear clear that efforts to develop BoNT-based therapeutics with improved per-
sistence properties will benefit from alterations to the native toxins which increase
the intracellular half-life of the protease, for example, by reducing its recognition by
the UPS. Similarly, new treatments for reversing unwanted BoNT intoxication, such
as following a bioterror incident, are likely to be possible through the delivery of
biomolecules that accelerate the turnover rate of the BoNT protease. Such new
therapeutic approaches are becoming increasingly practical as we gain new under-
standing of the mechanisms by which these remarkable toxin biomolecules enter and
persist within their motor neuron targets.
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Structure-Based Drug Discovery
for Botulinum Neurotoxins

Subramanyam Swaminathan

Abstract Clostridium botulinum neurotoxin is the most poisonous substance
known to humans. It is a potential biowarfare threat and a public health hazard.
The only therapeutics available is antibody treatment which will not be effective
for post-exposure therapy. There are no drugs available for post-intoxication
treatment. Accordingly, it is imperative to develop effective drugs to counter
botulism. Available structural information on botulinum neurotoxins both alone
and in complex with their substrates offers an efficient method for designing
structure-based drugs to treat botulism.

Keywords Zink endoprotease - Light chain structure - Peptidic inhibitor -
Pharmacophore model - Peptide analogs

Abbreviations

BoNT Botulinum neurotoxin

SNAP-25 Synaptosomal-associated protein of 25 kDa

VAMP Vesicle-associated membrane protein

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor

HC Heavy chain

LC Light chain
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1 Introduction

Clostridium botulinum neurotoxin (BoNT) is one of the major causes of food
poisoning. It affects the functioning of motoneurons leading to flaccid paralysis
which is fatal, if unattended. Also, BoNT is a potential bioweapon. Accordingly,
there is an urgent necessity to develop drugs to treat botulism, the disease caused
by BoNT. While experimental vaccines are available to prevent botulism, their
side effects are not well understood. Recently, the Centers for Disease Control and
Prevention (CDC) stopped supplying this experimental vaccine. Since botulism is
not a general epidemic, it is impossible to vaccinate a whole population and is not
cost effective. Most importantly, the symptoms of botulism have a window of time
before they can be recognized and diagnosed and this warrants development of
post-exposure drugs to counter this disease. Seven serotypes of BoNT (A-G) are
produced by different strains of Clostridium botulinum (Schiavo et al. 2000). The
toxicity of BoNT works via a four-step process (Montecucco et al. 1994), viz, cell
binding, internalization into neuronal cells by an energy-dependent process,
translocation of the catalytic domain into the cytosol, and finally the cleavage of
one of the three components of SNARE complex (Soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) required for membrane fusion and
neurotransmitter release. Cleavage of one of the three proteins interferes with the
formation of the complex thereby inhibiting neurotransmitter release leading to
flaccid paralysis known as botulism. Any one of the above four steps could be a
target for developing countermeasures against BoNT poisoning. While all seven
serotypes (A—G) of BoNTs are poisonous, BONT/A, B, E, and probably F affect
humans, with BoNT/A being the most potent and persisting the longest within
neuronal cells. Thus the focus of BoNT drug discovery has been on serotype A,
though a few peptide inhibitors have been reported for serotype B, E, and F. The
antibody treatments available for botulism will not be effective once the toxin has
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entered the neuronal cell. This makes the development of small molecule drugs
that can enter the neuronal cell a top priority for post-exposure treatment.

BoNTs are produced as a single polypeptide chain (MW 150 kDa) that
undergoes proteolysis, either by endogenous or exogenous protease, to provide the
active dichain form of the toxin composed of a heavy chain (HC) and a light chain
(LC), linked by an interchain disulfide bond. A BoNT molecule consists of three
functional domains, the N-terminal half (Hy), the C-terminal half (Hc) of the HC,
and the LC and all three form distinct individual structural domains (Kumaran
et al. 2009; Lacy et al. 1998; Swaminathan and Eswaramoorthy 2000; Chaddock
2012) . The Hc domain, called the receptor-binding domain, further comprises two
subdomains, the N-terminal Hcy and the C-terminal Hee. Hee possesses two
binding sites—one for neuraminic acid containing gangliosides, GT1b, GD1b, etc.,
and the other for a specific protein receptor. The Hcc comprises a f-trefoil fold,
which presents two adjacent sites for the two receptor molecules to bind. The Hcy
domain has a lectin-binding fold but its function in BoNT is not yet clear.

The Hy domain, the translocation domain, forms a channel in the endosomal
membrane and allows the catalytic domain to escape into the cytosol by a pH-
dependent process. It consists of two long helices (~ 100 A) forming a coiled coil
and a long loop, called the belt region, that wraps around the catalytic domain
(Kumaran et al. 2009; Lacy et al. 1998; Swaminathan and Eswaramoorthy 2000)
and occupies a groove which would be later occupied by the substrate (Agarwal
et al. 2009; Brunger et al. 2007). The mechanism of channel formation is not yet
well understood (Fischer and Montal 2007; Fischer et al. 2008; Galloux et al.
2008; Koriazova and Montal 2003; Masuyer et al. 2009; Montal 2009).

The LC, which is the catalytic domain, cleaves its substrate, one of the SNARE
proteins, in the cytosol. BoNTs are unique since their substrates are large poly-
peptides and require a large segment for optimal activity. Remarkably, each serotype
cleaves a specific SNARE protein at a unique peptide bond. BoNT/A, C, and E
cleave synaptosomal-associated protein of 25 kDa (SNAP-25) at specific peptide
bonds, while BoNT/B, D, F, and G cleave vesicle-associated membrane protein
(VAMP), each at a specific peptide bond. BoONT/C is the only serotype to cleave
more than one SNARE protein, syntaxin and SNAP-25 (Schiavo et al. 2000).

The catalytic domain has an o/f fold. It is a zinc endopeptidase and contains a
conserved HExxH...E zinc-binding motif in the middle of the primary sequence.
The catalytic zinc occupies a deep cavity with a high negative electrostatic
potential. It is coordinated by two histidines and a glutamate. The fourth coordi-
nation is from a conserved water molecule that acts as a nucleophile (Fig. 1a). The
nucleophilic water molecule forms a strong hydrogen bond with the first glutamate
in the zinc motif. This glutamate acts as the general base for the catalytic action.
Moreover, the interactions between the conserved amino acids around the catalytic
zinc (10 A radius) are preserved among all serotypes leading to a common cata-
Iytic mechanism for all BoNTs (Agarwal et al. 2004, 2005b; Breidenbach and
Brunger 2004; Kumaran et al. 2008b, 2009; Lacy et al. 1998; Silvaggi et al. 2008;
Swaminathan and Eswaramoorthy 2000).
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Fig. 1 a The catalytic domain. The catalytic domain of BoNT/B is shown in ribbons
representation. Zinc ion (gray) is coordinated with the conserved His229, His233, Glu267,
(shown in stick representation) and a nucleophilic water (red sphere). This coordination is the
same in all BoNTs. 3EPW.pdb was used to generate this figure. b SNAP-25 peptide bound to
BoNT/A. (197)QRATKM(202) is shown in stick model in light blue color and the interacting
active site residues are shown in green in stick model. Zinc ion is shown as a sphere in magenta.
Critical interactions between SNAP-25 peptide and the active site residues are shown in dashed
lines. For clarity, zinc coordination is omitted. This figure was generated using 3DDA.pdb. ¢ A
schematic diagram representing S1 to S5’ subsites of LC/A. The co-crystal structure of
(197)QRATKM(202) bound to LC/A identified the composition of subsites for P1 to P5’ residues
helping in structure-based drug design for BoNT/A. (Reproduced from PLoS Pathogens, 4,
€1000165, 2008). d Perturbation of (P1)RRGC(P3’) BoNT/A LC inhibitor peptide binding caused
by changing P2’ (Gly) to Phe. The induced fit changes the conformation of P1’ and its carbonyl
oxygen flips causing loss of interaction with Arg363 which is seen in Fig. 1b. This interaction is
important for catalytic activity

Based on the structural and biochemical information, a model for the catalytic
mechanism has been proposed (Agarwal et al. 2005a; Kumaran et al. 2008a, b;
Swaminathan et al. 2004). Glu224 (BoNT/A numbering; the first Glu of the zinc-
binding motif) acts as a general base by abstracting a proton from the nucleophilic
water. The nucleophilic water attacks the carbonyl carbon of the scissile bond which
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forms the tetrahedral transition state (Kumaran et al. 2008b). The zinc ion and the
conserved Arg363 and Tyr366 stabilize this intermediate tetrahedral transition state.
The shuttling of protons with the help of Glu224 assists subsequent formation of the
stable leaving amino group. This is consistent with the model proposed for BoONT/B
and BoNT/E and is similar to that of thermolysin (Matthews 1988). The conserved
Arg363 and Tyr366 help to position the substrate for Michaelis complex formation.

2 Drug Discovery for BoNTs

In the last two decades or more, the urgency of designing drugs for BoNT has led
to concerted efforts in various directions toward this goal. Most of the earlier
efforts were for blocking the catalytic activity after it was established that BoNT
catalytic domain is a zinc endopeptidase, and a lot of effort has been invested on
designing small molecule and peptidic inhibitors and it still continues. However,
these efforts have not reached the stage where small molecule inhibitors could be
transformed into effective drugs. After the characterization of catalytic domains of
various serotypes of BoNT using biochemical, mutational, and structural tools, a
number of peptide as well as nonpeptide inhibitors (NPIs) have been developed
(Agarwal et al. 2004, 2005a, b, 2009; Agarwal and Swaminathan 2008; Arndt et al.
2005, 2006; Binz et al. 2002; Breidenbach and Brunger 2004; Jin et al. 2007,
Kumaran et al. 2008a, b; Li et al. 1994, 2000; Sikorra et al. 2008). Most of these
inhibitors have been targeted against BoNT/A.

Phosphoramidon-based inhibitors were developed for BoNT/B after it was
demonstrated that it had a weak anti-BoNT activity. Based on this, a number of
coumarin-based inhibitors were developed for BoNT/B (Adler et al. 1998, 1999).
BABIM [bis(5-amidino-2-benzimidazoly)methane, K; ~ 10 uM)] was identified
as an inhibitor for BONT/B (Brewer et al. 2002; Oost et al. 2003; Sukonpan et al.
2004). Highly potent inhibitors containing f-amino thiol group were developed for
BoNT/B based on the combinatorial chemistry and the structure of BoNT/B
holotoxin (K; = 20 nM) (Anne et al. 2003, 2005). Inhibitors to block metallopep-
tidase activity of tetanus toxin were discovered based on P1 and P1’ of the substrate
(VAMP GIn76 and Phe77) (Martin et al. 1999). Since BoNT/A is the most potent
BoNT, the focus was on developing small molecule inhibitors to block the catalytic
activity of BoNT/A. Different approaches were followed. Pang has used the struc-
tural model of BoNT/A for virtual screening and has identified and designed a
number of small molecule inhibitors (K; ~ 760 nM) (Pang et al. 2010a, b). Schmidt
worked on peptidic inhibitors based on the substrate for BONT/A, B, and F (Schmidt
and Stafford 2002, 2005; Schmidt et al. 1998). Janda et al. have used synthetic
chemistry approaches (Boldt et al. 2006a, b; Capkova et al. 2007, 2008, 2009, 2010).
Stevens et al. have used the crystal structures of BoNT/A to develop peptidic and
peptidomimetic inhibitors (Kumaran et al. 2008b; Thompson et al. 2011; Zuniga
et al. 2008). Bavari et al. have used a combined empirical and structure-based drug
design (Burnett et al. 2007; Hermone et al. 2008).
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2.1 Rationale for Catalytic Domain as Drug Target for BoONT

BoNT contains three well-defined domains responsible for each step of its mode of
action, and thus offers multiple targets to block its toxicity. The ganglioside or the
protein receptor sites (or both) in the receptor-binding domain, the channel formed
by the translocation domain or the active site of the catalytic domain can be
effectively used for blocking the BoNT toxicity. According to the dual-receptor
model, most of the BoNTs need two receptors, a ganglioside and a protein
receptor. In some cases, both the sites are occupied by gangliosides (Rummel
2012). The binding domain and the binding site of the ganglioside are well-defined
for BoNT/A. However, the protein receptor site has not been mapped yet for
BoNT/A though it is mapped for BoNT/B (Chai et al. 2006; Jin et al. 2006;
Rummel et al. 2007; Stenmark et al. 2008). Blocking the binding sites could
effectively stop the toxin from binding and entering the neuronal cell. After
entering the cell, the catalytic domain has to escape from the vesicle containing the
toxin into the cytosol to cleave its substrate. It is believed that the translocation
domain forms a channel for the catalytic domain to escape to the cytosol. Though
the mechanism of translocation is being unraveled, the shape of the channel or the
composition of amino acids lining the channel is not defined structurally. How-
ever, the symptoms of botulism appear only after the toxin has entered the neu-
ronal cell. Accordingly, blocking the binding site or the translocation channel may
not be viable for post-exposure treatment.

The catalytic domain of BoNT is a zinc-dependent endopeptidase and cleaves a
unique peptide bond in a specific SNARE protein. The catalytic domain has been
characterized both biochemically and structurally for all serotypes. Structures of
substrate—catalytic domain complex have been determined and provide informa-
tion on the interactions between the substrate and the catalytic domain.

High-resolution X-ray crystal structure of the target protein is essential and
a prerequisite for structure-based drug discovery (SBDD). Additionally, the
architecture of the active site and the knowledge of catalytic mechanism are
required. For BoNTs, the role and involvement of each amino acid at the active
site is well-established structurally and also by mutagenesis. Also, all BoNTs
follow a common catalytic mechanism helping in designing an inhibitor molecule
for each one of them with minimal modifications. Additionally, the crystal
structures of enzyme-substrate (or enzyme-substrate peptide) complex provide
detailed information on the interactions between the enzyme and substrate which
could be exploited to design and develop inhibitors to block the catalytic activity
(Fig. 1a). For BoNTs, this is available for at least three serotypes. In view of
all this, the catalytic domain is the major focus of drug discovery for BoNTs.
In this chapter, the SBDD for BoNT using the catalytic domain as target will be
discussed in detail.
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2.2 Structure-Based Drug Discovery

SBDD makes use of knowledge of the 3-dimensional structure of the target protein and
the architecture of the active site environment where the substrate binds. High-reso-
lution X-ray crystal structures provide detailed information on both. Essentially, it
depends on designing molecules which will fit this active site to block the substrate
from binding to the site or will compete with the substrate for the same site. In solution,
this will be a dynamic equilibrium between the inhibitor and the substrate molecule.
Accordingly, the conventional drug design relies on identifying a target protein and a
lead molecule which could act as an inhibitor. The lead molecule is further optimized
for inhibition in an iterative manner. This lead molecule could be selected either by
biochemical studies, virtual (in silico) screening, or searching for the analogs of the
substrate molecule. The tight binding depends on the complementarity of the
molecular forms of the active site and the inhibitor, the electrostatic charge environ-
ment of the active site, etc. In some cases, it may be possible to block an allosteric site
in the target protein to achieve the same effect. However, the most effective way to
block the activity is to design molecules to compete for the active site though addi-
tionally targeting allosteric sites may be more effective.

3 Non-peptide Inhibitors

Many NPIs have been discovered against various BoNT serotypes and pharma-
cophore models proposed for BONT/A. Most of the recent work is based on the
structural model of the catalytic domain (with or without substrate). Non-peptidic
small molecules have been identified combining the structural information,
molecular modeling, and combinatorial chemistry (Pang et al. 2009). Unfortu-
nately, none of these NPIs have yielded co-crystal structures in complex with
BoNT/A, so experimental proof about their binding modes and interaction with
BoNT/A active site is lacking and prevents structure-based modification of the
inhibitor molecules. In the following sections, we will discuss structure-based drug
design starting from available crystal structures of enzyme-substrate complexes.

4 Structure-Based Drug Discovery for BoNT/A

4.1 Crystal Structures of Enzyme—Substrate Complexes
and Their Use in Designing Peptide Inhibitors

Crystal structures of enzyme-substrate complex are crucial for understanding
critical interactions between the enzyme and substrate and form the basis for
developing substrate-based peptide inhibitors. Substrates for BoNTs are large
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proteins and are supposedly unstructured in their native state but become partially
structured by induced fit when they bind the enzyme. However, when the sub-
strate-enzyme complex is formed, the substrate is cleaved and the products sep-
arate and may not be in the proper bound state, and thus not helpful in
understanding the interactions. Accordingly, three types of crystal structures of
complexes are available for BoNT/A: (1) Crystal structure of active BoNT/A
catalytic domain with uncleavable substrate peptide; (2) Crystal structure of
inactive BoNT/A with cleavable substrate peptide; and (3) Crystal structure of
active BoNT/A catalytic domain with a substrate-based peptide inhibitor.

Crystal structures of active BoNT/A catalytic domain with uncleavable short
SNAP-25 peptides (tetra to hepta) containing the scissile bond region have been
studied in detail (Kumaran et al. 2008a, b). The minimal cleavable segment of
SNAP-25 by BoNT/A is (192)DEANQRATK(200), where the scissile bond
(Q197-R198) is in bold (Chen and Barbieri 2006). In view of this, an uncleavable
substrate peptide (197) QRATKM(202) (P1 to P/, the scissile bond being P1-P1’)
was chosen for forming enzyme-substrate complex. (For the sake of clarity, single-
letter amino acid codes are used for substrate peptide residues and three letter codes
for enzyme residues all through this review, except in figures and figure legends.
Structural studies show that the peptide tightly binds at the active site (Kumaran
et al. 2008a). The crystal structure of this complex provides detailed information on
the critical interactions between the enzyme and the substrate near the active site
and forms the basis for designing substrate-based inhibitors (Fig. 1b). The carbonyl
oxygens of P1 and P1’ are hydrogen bonded to the conserved Tyr366 and Arg363,
respectively. In addition, the nucleophilic water is replaced by the free amino group
of P1 which could be crucial for inhibition since it forms coordination with zinc
along with the carbonyl oxygen of P1. While this structure provided invaluable
information on the interactions, the inhibitory activity of the peptide was low
(ICso = 133 uM). However, it confirmed that the P1’ R198 is essential for cleavage
by LC/A and is critical for inhibitor design as well (Schmidt and Stafford 2005).
Importantly, this structure revealed the composition of the subsite associated with
each substrate residue (Fig. 1c). The P1 residue (Q197) interacts with Glu164. The
S1’ subsite is made up of Ile161, Phel63, Phel194, Thr215, Thr220, Arg363, and
Asp370. The P1’ (R198) forms salt bridge interactions with Asp370 to help position
the peptide in the right orientation. The guanidinium group has stacking interac-
tions with Arg363 and Phe194 and these interactions help to position the peptide in
proper orientation. The P2’ residue (A199) occupies subsite S2’ comprising
Arg363, Asn368, and Asp370. The P3’ residue, T200 occupies a subsite formed by
Tyr251, Leu256, Val258, Tyr366, Phe369, and Asn388. P4’ (K201) has a sole
interaction with GIn162 and P5’ (M202) interacts with Tyr251, Ser254, Leu256,
Phe369, and Phe423. The mapping of each subsite helped in designing subsequent
peptide inhibitors based on the size and nature of the subsites.

The crystal structure of the complex of an inactive double mutant of BoNT/A
catalytic domain with a cleavable SNAP-25 peptide (146-204) has provided the
mode of substrate recognition by BoNT/A (Breidenbach and Brunger 2004). How-
ever, an inactive mutant enzyme does not allow the substrate to dock properly to form
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the Michaelis complex at the active site because of loss of key interactions with the
enzyme. Crystal structure analysis of the double mutant of BONT/A and SNAP-25
(146-204) revealed interactions between the enzyme and the substrate remote from
the active site but the interactions at the active site were missing because of the
double mutation (Tyr366Phe, Glu224Ala) (Breidenbach and Brunger 2004). Tyr366
has been shown to be important for positioning the scissile bond for cleavage.
However, this seminal work unequivocally identified the exosites for BONT/A for the
first time which are now being pursued for inhibitor design.

The crystal structure of active BoNT/A catalytic domain with a relatively weak
(Ki ~ 2 pM) short peptide inhibitor (N-acetyl-CRATKL-amide) was determined
to analyze the active site interactions (Schmidt and Stafford 2002; Silvaggi et al.
2008). In most cases, the complex of the substrate-based inhibitor with the enzyme
gives a realistic picture of the interactions at the active site. However, N-acetyl-
CRATKL-amide inhibitor bound structure did not exactly replicate the substrate-
enzyme complex for two reasons. The N-acetyl group points to a hydrophobic
pocket S1’ formed by Phel63 and Phel94 (normally occupied by the P1’ R198)
and thereby forces the side chain of C197 to face the catalytic zinc or vice versa.
The Sy of C197 is oxidized to sulfenic acid and coordinates with zinc. This forces
the peptide to slip down by one residue and the carbonyl oxygen of P1 forms a
hydrogen bond with Arg363 instead of with the usual Tyr366 (see below). Alto-
gether, these three crystal structures have helped in designing substrate-based
peptide or peptidomimetic inhibitors for BONT/A.

4.2 Design of Structure-Based Substrate Peptide Analogs
as Inhibitors

Since the subsite of each amino acid of the substrate peptide, QRATKM, is identified
in BoNT/A LC (Fig. 1c), modification of one residue at a time has been followed
(Kumar et al. 2012b). P1 (Q197) of the peptide is in a region with negative elec-
trostatic potential though P1 itself interacts with only one enzyme residue, Glu164.
The negative electrostatic potential suggests that a positively charged residue will
have better complementarity. When Q197 is replaced with R197, a positively
charged residue, the interactions improve. The (197)RRATKM(202) peptide showed
better interaction, especially with an additional salt bridge between R197 and Glu164
but does not improve the inhibitory activity significantly over QRATKM (IC5q = 95
vs 133 uM). To reduce the number of possibilities and also since K and M had
slightly larger thermal factors indicating disorder, the inhibitor design is restricted to
tetrapeptides comprising P1 to P3’. The P1’ residue (R198) occupies a negatively
charged deep pocket and fits well, making salt bridge and stacking interactions. Since
biochemical evidence on activity has shown that arginine is absolutely essential at
P1’ position for inhibitory activity, P1’ was left unchanged (Chen and Barbieri 2006).
The next residue A199 (P2') is a small hydrophobic residue whose side chain cannot
make any hydrogen bond or ionic contact. To allow some flexibility in this region it
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was changed to glycine. T200 (P3’) is in a hydrophobic environment. This was
changed to C200 since it is capable of interacting with charged or hydrophilic groups.
Thus, the peptide RRGC was designed and the structure showed good interactions
between the enzyme and the peptide, and the K; improved to 157 nM
(IC59 = 1.5 uM) (Kumaran et al. 2008b and Kumar et al. 2012b). Interestingly, these
changes also induce a better fit for P1’ (R198) at S1’ site (Fig. 1b). Also, the stacking
interaction among P1’, Phe194, and Arg363 is better than that in QRATKM or
RRATKM complexes. Comparison of the electrostatic potential of these two also
shows that the charge complementarity is better in RRGC than in QRATKM, as
expected. Keeping RRG constant, the P3’ residue was changed to larger hydrophobic
residues successively as RRGL, RRGM, RRGI, and RRGF. But the first three were
not better than RRGC. When P3’ was changed to phenylalanine, it had better
hydrophobic and aromatic interactions in the S3’ site resulting in better inhibitory
activity (ICso = 0.9 puM) (Kumar et al. 2012b).

Though P2’ is alanine in the natural substrate and is glycine in peptide inhibitor
RRGC, a bigger hydrophobic residue could be accommodated at the S2’ site.
When P2’ is changed to phenylalanine, the carbonyl oxygen of P1’ flips over and
because of this the critical interactions between the carbonyl oxygen of P1’ and
Arg363, and the salt bridge between P1’ (R198) and Asp370 are lost and the
stacking interaction is disturbed. This causes the side chain of P1’ to take a
different rotamer position though it occupies the same cavity (Fig. 1d). The neg-
atively charged S1’ site is big enough to accommodate different orientations of the
guanidinium group. The volume of the side chain of arginine is ~ 135 A® com-
pared to the subsite S1’ which is ~370 A>. This also points to the fact that a bigger
peptidomimetic could fit in that cavity allowing tighter binding but might perturb
the structure. However, the inhibitory potency of RRFC was very similar to RRGC
(1.8 vs 1.5 pM) (Kumar et al. 2012b). The flipping of carbonyl bond of P1’ was
also observed with Ac-CRATKML structure where the peptide has slipped by one
residue because of the coordination of Sy of C197 with Zn (Schmidt et al. 1998;
Silvaggi et al. 2008).

Changing one residue at a time may be advantageous but may not always give
the desired result since the conformation of the peptide changes to accommodate
to the site resulting in perturbation in the structure and loss of some critical
interactions. This may both be the strength and weakness of peptide inhibitors
since they have large flexibility. As described later, a pharmacophore model based
on experimental structures is useful in designing effective inhibitors.

4.3 Peptide-Like Molecules as Inhibitors Based
on Enzyme-Substrate Complexes

A peptide-like molecule (PLM) based on the inhibitor CRATKML called I1
(DNP-DAB-RWT-DAB-ML where DNP-DAB is 4-(2,4-dinitrophenylamino)-2-
amino-butanoic acid and DAB is 2,4-diaminobutanoic acid) has been designed:
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DNP-DAB-RWT-DAB-ML (Zuniga et al. 2008, 2010). Only C197 and K201 were
modified giving a K; of 41 nM (Zuniga et al. 2008), the best so far for a substrate-
based inhibitor for BoNT/A. Interestingly, this modified peptide had a helical
conformation unlike the extended conformation that has been found in other
peptide inhibitors. Later, using an iterative structure-based approach, a number of
peptide mimics were designed and synthesized combining the features from the
most potent PLM I1 (K; = 41 nM) and RRGC (K; = 157 nM) resulting in JTH-
NB72-35, -38, and -39. Of the new peptidomimetics, JTH-NB72-35 (RR-Nph-
Aib-AML, where Aib is aminoisobutyric acid and Nph is naphthylene) was found
to be the most potent (K; = 314.5 nM) though these compounds are worse than I1
or RRGC in their inhibitory potency against BoNT/A (Zuniga et al. 2010).
However, only JTH-NB72-39 could be co-crystallized. This peptide showed a
similar effect observed with RRFC where the carbonyl bond of P1’ flipped causing
loss of interactions probably leading to higher K; value. Incidentally, P2’ residue is
phenylalanine in both inhibitors (Fig. 1d).

4.4 Optimum Length for Peptidic Inhibitor for BoNT/A

In order to find the optimum length of the peptide inhibitor, the peptide length was
increased or decreased by one or two residues at a time either at the C- or N-
terminus and no improvement in inhibitory activity was observed. A single (R) or
dipeptide (RR) was also tried. 2,4-dichlorocinnamic hydroxamate, an analog of
arginine, has been tried earlier but K; of 300 nM was worse than that of RRGC
(Hale et al. 2010). Based on this, it was concluded that a tetrapeptide is the
optimum length for a substrate-based inhibitor. Crystal structures of various tet-
rapeptides in complex with BoNT/A catalytic domain were determined and used to
analyze structure activity relation (Hale et al. 2010; Kumar et al. 2012b).

4.5 Pharmacophore from Co-Crystal Structures
of BoNT/A and Its Use

SBDD uses the complementarity of the interface between the substrate and the
enzyme, especially near the active site. An inhibitor is designed to complement the
molecular features, both in shape and chemical properties, near the active site. A
pharmacophore describing the molecular features necessary to recognize the sub-
strate at the active site is modeled based on the interactions between the enzyme and
the substrate and helps in designing powerful inhibitors. Structural information from
BoNT/A LC-SNAP-25 (146-204) complex structure was used to arrive at a phar-
macophore model. Since some of the loops near the active site are flexible, molecular
dynamics was used to generate different dynamic conformers to model 2-mercapto-
3-phenylpropionyl RATKML, an inhibitor with K; = 330 nM (Burnett et al. 2007).
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Fig. 2 Pharmacophore model for BoNT/A inhibitors. This pharmacophore model was arrived at
using a number of SNAP-25 peptide-BoNT/A light chain complexes. The pharmacophore model
has: 7 two positive ion features, out of which one also has n-stacking interaction, 2 metal ligands,
3 a hydrogen bond acceptor, 4 a hydrogen bond donor/acceptor pair and 5 an aromatic/
hydrophobic feature. Reproduced from Acta Crystallograph. D, 68, 511, 2012

This pharmacophore model was used in virtual screening to identify lead inhibitor
molecules with the National Cancer Institute, USA (NCI) open repository. Later, this
pharmacophore was further modified based on more docking trials. The refined
pharmacophore described by Burnett et al. (2007) was arrived at by combining the
structural information and docking of small molecules and comprises three zones and
was used for further virtual screening of small molecule libraries. The pharmaco-
phore model based on a number of co-crystal structures of BONT/A LC and tetrap-
etide inhibitors in addition to empirical results from small molecule docking is also
available (Kumar et al. 2012b). From the inhibition data and the co-crystal structures,
certain features emerged as major contributors in the inhibitory activity. These
features were combined together in a pharmacophore model. The pharmacophore
model has: (1) two positive ion features, out of which one also has rm-stacking
interaction, (2) metal ligands, (3) a hydrogen bond acceptor, (4) a hydrogen bond
donor/acceptor pair, and (5) an aromatic/hydrophobic feature. This pharmacophore
is based on experimental structural data and will form the basis for future modifi-
cations of the tetrapeptide to a suitable peptidomimetic drug candidate (Fig. 2).

5 Structure-Based Inhibitors for BoNT/E

For BoNT/E, the minimal substrate required for cleavage is (178)IDRIME(183)
but adding (184)KAD(186) just enhances the substrate cleavage (Chen and Bar-
bieri 20006). The crystal structure of BoNT/E in complex with uncleavable SNAP-
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Fig. 3 Peptide inhibitor for BONT/E. SNAP-25 peptide RIME (180-183, P1-P3’) bound to
BoNTY/E is shown in stick model in cyan. BoNT/E residues interacting with the SNAP-25 peptide
are shown as green stick model. Zinc is shown as a sphere (magenta). BoNT/E is in ribbons
representation in light green. This figure was generated using 3D3X.pdb

25 peptide RIME (180-183, P1-P3’; 3D3X.pdb) provides detailed information
regarding the interaction between the enzyme and the substrate peptide (Agarwal
and Swaminathan 2008; Chen and Barbieri 2007) (Fig. 3). Though the RIME
peptide competes with SNAP-25 substrate peptide it was a poor inhibitor with
K; ~ 69 uM. However, the structure of the complex brings out many important
and interesting features and defines the subsites for P1 to P3’. The hydrogen bonds
between the carbonyl oxygens of P1 and P1’ with the residues Arg347 and Tyr350
homologous to Arg363 and Tyr366 of LC/A, respectively, confirmed that these
two conserved residues play a critical role in presenting the scissile bond to the
catalytic center in proper orientation in all BoNT serotypes. P1 establishes many
hydrogen bonds with S1 site. Most importantly, the hydrophobic P1’ residue (I1181)
is in a hydrophobic pocket formed by Thr159, Phel91, and Thr208 of LC/E.
Biochemical evidence has also shown that Phel91 is crucial since changing it to
Asn decreases the activity of the BONT/E LC 100 fold. Additionally, P3’ (M182)
also faces a hydrophobic pocket formed by Phel91, Tyr354, and Tyr356 con-
firming the importance of Phel91. Thus, the complex structure explains the
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Fig. 4 A small molecule inhibitor bound to BoNT/E. NCI77053 (2-(9H-fluoren-2-ylcarbon-
yl)benzoic acid) was identified (K; ~ 1.2 pM) by virtual screening using BoNT/E-RIME
complex structure. The small molecule inhibitor is superposed on RIME and shows that P1’ and
P2’ residues are in the same orientation as benzene and fluorene rings

hydrophobic nature of S1’ and S2' sites. Also, a charged residue (D179) at P2 may
be required for proper docking as seen by modeling and supported by mutagenesis
(Agarwal and Swaminathan 2008; Chen and Barbieri 2007). Additionally, even
though there are three regions in SNAP-25 with the amino acid sequence RI,
BoNT/E cleaves only RI in the unique region (178)IDRIME(183) and neither in
(57)LERIEE(62) nor in (189)KTRIDE(194). The combined requirement of a
charged P2 residue and a hydrophobic P2’ residue in the scissile bond region
prevents the other two RI peptides being cleaved. Unfortunately, this structure
does not provide any information on the exosites which would help in designing
longer peptidomimetics. Systematic variation of this tetrapeptide can now be
undertaken to find a suitable peptide or peptidomimetic inhibitor for BONT/E LC.

On the basis of this model, the virtual screening using the crystal structure of
the catalytic domain from the complex structure (devoid of the substrate peptide;
3D3X.pdb) has helped in identifying a number of small molecule inhibitors. One
such molecule NCI77053 (2-(9H-fluoren-2-ylcarbonyl)benzoic acid) shows rea-
sonably good inhibition with K; = 1.2 uM and provides a lead molecule to work
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with. The orientation of the docked NCI77053 in the BoNT/E LC shows that the
interactions discussed above are mimicked and may be the reason for good
inhibitory activity (Fig. 4). This discovery has opened up new avenues to identify
more analogs of 77053 for better inhibition based on structure—activity relationship
(Kumar et al. 2012a). However, this molecule has neither been tested in cell-based
assays nor co-crystallized with LC/E yet.

6 Crystal Structure of BoNT/F-VAMP Peptide
Inhibitor Complex

In the case of defining the BoNT/F substrate minimum requirements two different
approaches were followed (Schmidt and Stafford 2005; Sikorra et al. 2008). Both
groups have identified the optimal length of the substrate required for cleavage by
BoNT/F, A21-D64, or P22-D65. Schmidt’s group has systematically truncated the
protein both at the N and C terminals to arrive at the optimum length while Binz’s
group has used mutagenic studies to arrive at the same result. In addition to this,
sulfhydryl group containing cysteine or D-cysteine was substituted for P1 (Q58) or
Pl’ (K59) and it was found that cysteine substitution at P1 works better as
inhibitor. The same studies also found that while P2, P1’, and P2’ are crucial for
catalytic activity, P1 is not and is tolerant to substitution with other amino acids.
Similar results have also been shown for other BoNT serotypes. Of the various
polypeptide lengths tested, P22-Q58 seemed to be the optimum since increasing
the length up to residue S75 significantly decreased binding affinity. Based on this
study, two inhibitors, VAMP-2-P22-Q58-Cys(D) and VAMP-2-T27-Q58-Cys(D),
were tested. Both showed excellent inhibition property (K; = 1.0 and 1.9 nM,
respectively) (Schmidt and Stafford 2005).

Crystal structures of both these inhibitors in complex with BoNT/F catalytic
domain revealed many critical interactions and allowed a few key exosites to be
defined (Agarwal et al. 2009) (Fig. 5). It also identified and confirmed the crucial
role of amino acids of both the substrate and the enzyme. Additionally, Argl33
and Argl71 of LC/F were identified to be critical for catalytic activity. However,
the inhibitors are large polypeptides and may not follow Lipinski’s rule of five
which describes properties important for a drug including their absorption, dis-
tribution, metabolism, and excretion (ADME). Based on the crystal structure, an
optimum peptide inhibitor can be designed similar to those for BoONT/A. The co-
crystal structure established the importance of P2 (D57), P3 (R56), and P4 (E55).
P2 forms a salt bridge with Arg240 and Arg263 of BoNT/F, P3 forms a salt bridge
with Glul64, and P4 does the same with Argl71. These three substrate residues
are crucial for the substrate binding and recognition and are important for inhibitor
design also. This suggests that a smaller polypeptide (less than 7 aa) could be
designed and suitably modified for better inhibition. Such efforts are under way.
Taken together, these results from biochemical analysis and the co-crystal
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Fig. 5 VAMP peptide inhibitor bound to BONT/F. A close-up view of VAMP-27-58/GIn58-Cys(D)
inhibitor (K; = 1.9 nM) bound to BoNT/F light chain is shown in close-up view near the active site.
The inhibitor and BoNT/F are shown in stick models in cyan and green, respectively. Zinc is shown as
a sphere in magenta. For clarity, only a limited number of interactions are shown. BoNT/F is also
shown in ribbon model in light green. Coordinates from 3FILpdb are used for generating this figure

structure will be useful for designing structure-based inhibitors with better effi-
ciency. Incidentally, the substrate-based peptide inhibitors for BONT/F terminate
at P1, while those for BoNT/A begin at P1.

While co-crystal structures of enzyme-substrate peptides are available for
BoNT/A, E, and F, such data are lacking for other serotypes. If such structures are
determined in future they will greatly help in designing substrate-based peptide
inhibitors. Though BoNT/F and BoNT/D cleave adjacent peptide bonds in VAMP-
2 (GIn58-Lys59 vs Lys59-Leu60), the optimal length of substrate required for
cleavage is different for these two as also the exosites required for the substrate to
bind (Sikorra et al. 2008). Extensive biochemical work has been done analyzing
the residues of the substrate playing important role in substrate cleavage. Likewise
BoNT/A and BoNT/C cleave adjacent peptide bonds in SNAP-25 but again have
different requirement for substrate cleavage (Sikorra et al. 2008; Vaidyanathan
et al. 1999). However, for both BoONT/C and BoNT/D there is no published report
on SBDD. SBDD has been pursued but there is no co-crystal structure of BoNT/B
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with inhibitor to analyze structure activity relationship for modifying the inhibitor
for better efficacy (Anne et al. 2003, 2005).

7 Advantages of Peptide Inhibitors

Significant work has been done in the recent past on the discovery of peptide-based
inhibitors of BoNTs. Various aspects of peptide-based inhibitors that have been
explored are discussed below. Peptide-based inhibitors provide an excellent
opportunity for the discovery of drug candidates targeting protease activity of
BoNTs. The natural complementarity of the substrate peptide with the enzyme
active site can be easily mimicked in the peptide-based inhibitors and there is
scope for introducing rigidity, decreasing rotational freedom, and specificity. The
natural substrate for BONT/A is SNAP-25 that wraps around the protease like the
belt region of holotoxin. The active site of BoNT is shallow except for the S1’
pocket, which accommodates the P1’ amino acid of the substrate. So, in principle,
competitive inhibitors as large as the whole substrate are possible. To conform to
Lipinski’s rule of five, and design an inhibitor with molecular weight <500 Da, it
may be necessary to focus around the S1’ site and the cofactor zinc that is at the
catalytic center. A number of tetrapeptides that meet Lipinski’s criteria for
molecular weight have been tested on BoNT/A. Apart from exhibiting inhibition
of the purified BoNT/A in nanomolar concentrations, these tetrapeptides also
inhibited BoNT/A cleavage of the endogenous SNAP-25 in mouse brain lysates.
These peptides entered the neuronal cell lines, Neuro-2A and BE(2)-M17, without
any adverse effect on metabolic functions as measured by ATP production and P-
38 phosphorylation. Also, the peptides showed biological activity in cultured chick
motor neurons, and rat and mouse cerebellar neurons for more than 40 h and
inhibited BoNT/A protease action inside the neurons in a dose- and time-depen-
dent fashion. All these properties make tetrapeptide inhibitors excellent candidates
for drug development (Hale et al. 2010). However, the pharmacokinetics like
ADME has not been tested in vivo experiments.

8 Concluding Remarks and Future Perspective

Research in the field of drug discovery is growing fast with many different
approaches. Many factors need to be taken into consideration with the peptide- and
structure-based drug design. The flexibility of the loops in the enzyme molecule
may pose a problem during docking, especially since the target molecule is treated
as a rigid molecule during docking. This is avoided by considering multiple
conformations of the loops near the active site or conducting molecular dynamics
simulations to achieve a minimum energy conformation prior to docking. The
candidate peptides are also flexible and the results from docking simulations may
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not represent the binding mode in solution. Biochemical assays and the co-crystal
structures provide confirmatory evidence for inhibition and the mode of binding.
Another problem is the lifetime of peptide inside the cells. This may be avoided by
blocking the terminal regions or by designing peptidomimetics. One interesting
aspect is that the substrate peptide forms a beta strand near the active site and
forms an antiparallel beta sheet with a beta strand of the enzyme. Hydrogen
bonded synthetic mimics of the secondary structure of the substrate peptide may be
tried to avoid flexibility of the peptide and to disrupt the protein—protein inter-
actions (Adler et al. 2011). All the peptide inhibitors discussed in this chapter are
peptides blocking the active site. Exosites are crucial for substrate recognition and
this fact could be taken into account and used to enhance the inhibitory effect.
However, this increases the peptide length and may not give an optimum
molecular mass to obey Lipinski’s rule. Could two small molecules, one blocking
the active site and the other the exosite, be used synergistically? Research in this
direction is yet to be explored. Another aspect that has not been explored is to
identify pan-active inhibitors which will act on more than one serotype, though a
crossover inhibitor, chicoric acid, has been identified for BoNT/A (Silhar et al.
2010) and BoNT/B (Salzameda et al. 2011). The commonality of the active site
and the common catalytic mechanism (Binz 2012) suggest that it may be possible.
In conclusion, there are challenges in designing peptide-based inhibitors, but they
have the potential to provide drug candidates for botulism. Small molecule
inhibitors have been identified and tested in vitro for their effect in blocking the
catalytic activity. Recently, these are being tested in cell-based assays and efforts
to deliver them into the cell are also being undertaken. Their pharmacological
effects must also be studied before they can become a drug approved by Food and
Drug Administration. In summary, there are challenges to overcome, but the pace
at which the research is moving gives an optimistic outlook.
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Abstract The detection of botulinum neurotoxins (BoNT) is extremely chal-
lenging due to their high toxicity and the multiple BoNT variants. To date, seven
serotypes with more than 30 subtypes have been described, and even more sub-
types are expected to be discovered. The fact that the BONT molecules are released
as large complexes of different size and composition adds further complexity to the
issue. Currently, in the diagnostics of botulism, the mouse bioassay (MBA) is still
considered as gold standard for the detection of BoNT in complex sample mate-
rials. Over the years, different functional, immunological, and spectrometric assays
or combinations thereof have been developed, supplemented by DNA-based
assays for the detection of the organism. In this review, advantages and limitations
of the current technologies will be discussed, highlighting some of the intricacies
of real sample analysis.
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Abbreviations

ALISSA Assay using a large immuno-sorbent surface area

BoNT Botulinum neurotoxin

ELISA Enzyme-linked immunosorbent assay

ESI Electrospray ionization

FRET Forster resonance energy transfer

GE Genome equivalents

HA Hemagglutinin

HC Heavy chain

LC Light chain

LC Liquid chromatography

LFA Lateral flow assay

mADb Monoclonal antibody

MALDI Matrix-assisted laser desorption/ionization

MBA Mouse bioassay

MPN ASSAY Mouse phrenic nerve hemidiaphragm assay

MS Mass spectrometry

NTNHA Non-toxic nonhemagglutinin

orf Open reading frame

pADb Polyclonal antibody

PCR Polymerase chain reaction

PTC Progenitor toxin complex

SNAP-25 Synaptosome-associated protein of 25 kDa

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor

TeNT Tetanus neurotoxin

TOF Time-of-flight

VAMP Vesicle-associated membrane protein
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1 Complexity of Botulinum Neurotoxins

Botulism, the disease caused by botulinum neurotoxins (BoNTs), has first been
described in 1822 by Kerner as sausage poisoning (botulus = Latin: sausage). At the
turn of the nineteenth century the causative agent, the anaerobic bacterium Bacillus
botulinus (since 1923 Clostridium botulinum), or more precisely a heat-labile toxin
in the culture supernatant, was identified by van Ermengem during his investigation
of a botulism outbreak 1895 in Ellezelles, Belgium (van Ermengem 1897). The idea
that botulism is caused by a single toxin produced by a single species (Clostridium
botulinum) was shaken already some years later when in 1904 another strain of C.
botulinum was isolated from bean salad in Darmstadt, Germany (Landmann 1904).
Landmann was the first one to notice differences in optimal growth temperature and
culture characteristics between the very first strains isolated. These differences
were confirmed by Leuchs who also showed that the toxin produced by the Ellezelles
strain was of a different serotype than the one produced by the Darmstadt strain
(Leuchs 1910). Unfortunately, both strains were lost, but it seems likely that the
Ellezelle strain belonged to a nonproteolytic strain of serotype B, whereas the
Darmstadt strain was probably a proteolytic strain of serotype A (Meyer and
Gunnison 1929). Today, the species C. botulinum is recognized as being inhomo-
geneous and is divided into four groups (I-IV) with distinct physiological charac-
teristics (growth temperature, spore heat-resistance, salt tolerance etc.). The analysis
of 16S rRNA sequences separates the four groups and places them together with
other nonneurotoxic clostridia (Collins and East 1998; Peck 2009). Apart from C.
botulinum, some strains of C. baratii and C. butyricum harbor the botulinum neu-
rotoxin (bont) gene; thus, botulism can be caused by six distinct neurotoxin-pro-
ducing species: C. botulinum group I-1V, C. baratii, and C. butyricum.

Since the beginning of the twentieth century, it has become clear that not only
the BoNT-producing clostridia represents a heterogeneous family, but also that the
neurotoxin is more divergent than originally anticipated. Some years after the
discovery of BoONT/B and A the serotype C was identified in the 1920s (Bengtson
1922; Seddon 1922; Theiler and Robinson 1927). The group of serotypes was
extended by D, E, F, and finally G between 1935 and 1969 (Gunnison et al. 1936;
Hazen 1937; Mgller and Scheibel 1960; Giménez and Cicarelli 1970), (Hill and
Smith 2012). The serotypes show between 32 and 65 % identity at the amino acid
level. It became apparent that certain serotypes can be produced by different C.
botulinum groups and other clostridia species. For instance, serotype F can be
produced by C. botulinum of group 1, group II, and C. baratii (Peck 2009). In
particular for serotype C, some of the controversies observed could be resolved by
the identification of the toxins C2 and C3, which add to toxicity of the producing
strains without being neurotoxins but belonging to the ADP-ribosyltransferase
superfamily (Aktories et al. 2011; Just et al. 2011).

Many riddles remained unsolved before the era of modern molecular biology
allowed for a more detailed analysis and interpretation of the bont gene locus. The
comparison of bont sequences revealed a great degree of heterogeneity at the



222 M. B. Dorner et al.

nucleotide and amino acid levels (Hill and Smith 2012). This heterogeneity led to
the introduction of different subtypes for a given serotype, which vary up to 36 %
at the amino acid level. Until today, six subtypes of serotype A have been described
(A1-A6), seven subtypes of serotype B (B1-B7), eight subtypes of serotype E (E1-
ES8), and seven subtypes of serotype F (F1-F7), and more are still to be expected
(Hill et al. 2007; Luquez et al. 2009; Umeda et al. 2009; Raphael et al. 2010a;
Macdonald et al. 2011; Kalb et al. 2012a). The differences within the subtypes of a
given serotype are greatest in serotype A (16 %) and serotype F (36 %) as com-
pared to serotype B (7 %) and serotype E (6 %) at the amino acid level. For
serotypes C and D, mosaic toxins named C/D and D/C, respectively, have been
described (Moriishi et al. 1996), shedding some light on cross-inhibition of these
two particular serotypes by certain antisera. No subtypes have been identified yet
for serotype G, which to date has not been linked with natural disease.

The differences observed among the subtypes at the nucleotide and amino acid
levels have major implications for detection methods relying on either protein
epitopes (e.g., enzyme-linked immunosorbent assay [ELISA]-based detection) or
sequence recognition (e.g., polymerase chain reaction [PCR]-based assays).
The issue is made even more complex by the fact that in bacterial supernatants the
neurotoxins are not found as holotoxins, but are associated with a nontoxic non-
hemagglutinin (NTNHA), and additionally—depending on serotype and subtype—
with up to three different hemagglutinins (HA1 of 33 kDa, HA2 of 17 kDa, HA3 of
70 kDa (East and Collins 1994; Fujinaga et al. 1994; Inoue et al. 1996)). The
composition of the progenitor toxin complex (PTC) out of BoNT, NTNHA, and
other accessory proteins depends on the genes located within the neurotoxin gene
cluster and other yet unidentified factors. Two different neurotoxin clusters have
been described. One is named the ha*orfX cluster and consists of the bicistronically
expressed bont and ntnha genes, and three genes coding for the hem-agglutinins in
reverse orientation, separated by botR, an alternative sigma factor as regulatory
element. Alternatively, a second cluster is known which is called ha orfX" cluster in
which the ha genes are replaced by three open reading frames called orfX1, orfX2
and orfX3, and p21 that codes for a positive regulatory protein analogous to botR (Gu
and Jin 2012) of this issue of CTMI. In many cases, the type of neurotoxin cluster is
unique for a given subtype; however, some BoNT/A1-producing strains which occur
mostly in an ha*orfX™ cluster can also be found associated with an ha orfX" cluster
(Raphael et al. 2008; Liquez et al. 2009). When present in an ha*orfX~ cluster, the
complex consisting of BONT and NTNHA, also called M-PTC (~ 300 kDa; 12S),
can associate with hemagglutinins leading to higher molecular weight complexes
(L-PTC, ~600 kDa; 16S); the subtype Al is able to form even larger complexes of
about 900 kDa (LL-PTC; 19S).

While the crystal structure of the M-PTC has just been resolved ((Gu et al.
2012); (Gu and Jin 2012) of this issue of CTMI), the exact stoichiometry and
structure of L- and LL-PTC are still under investigation (Inoue et al. 1996;
Hasegawa et al. 2007). When BoNT and NTNHA are expressed within an
ha orfX" cluster, only the M-PTC has been purified. Eventually, minor amounts of
OrfX proteins have been identified in association with the M-PTC or have been
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observed in crude toxin preparations (Lin et al. 2010). So far the function of the
OrfX proteins remains unclear.

2 Mode of Action

In terms of function, the seminal work of Burgen, Jahn, Montecucco, and others
made it clear that from the different components of the neurotoxin complex the
exquisite specificity and neurotoxicity is mediated by the 150 kDa BoNT molecule
(Burgen et al. 1949; Jahn and Niemann 1994; Montecucco and Schiavo 1994).
BoNTs act as endopeptidases at the neuromuscular junction, cleaving components
involved in neurotransmitter release, thus leading to neuromuscular paralysis.
Active BoNTs are dichain molecules consisting of a 50 kDa N-terminal light
chain (LC) that is responsible for enzymatic activity and a 100 kDa C-terminal heavy
chain (HC) that is involved in receptor binding and cellular uptake (Rummel 2012;
Bercseny et al. 2012; Fischer 2012; Binz 2012 and Ahnert-Hilger et al. 2012 of this
issue of CTMI). After oral uptake into the body, BONT molecules are protected from
the harsh conditions in the gastrointestinal tract by NTNHA which shields the toxin
in a pH-dependent manner (Gu et al. 2012). Within the small intestine, BoONT
complexes bind to microvilli mediated by the hemagglutinins (Fujinaga 2006,
2010). The mechanism by which the BONT complex crosses the epithelial barrier is
still under debate. Two mechanisms have been suggested: receptor-mediated
endocytosis with subsequent transcytosis and ternary HA complex mediated
destruction of the intercellular junctions, followed by paracellular influx (Maksy-
mowych and Simpson 1998, 2004; Fujinaga et al. 2009; Fujinaga 2010), (Fujinaga
et al. 2012). Directly after absorption of the BoNT complex, it dissociates before it
reaches the blood circulation that takes it to its neuronal target cells (Sakaguchi
1982). At the neuromuscular junctions, the BoNT binds to serotype-specific gan-
glioside and glycoprotein receptors on the presynaptic membrane of neurons and is
internalized through endocytosis (Montecucco and Schiavo 1994; Brunger and
Rummel 2009). In a pH-dependent process, the BONT HC confers translocation of
the BoNT LC into the cytoplasm (Koriazova and Montal 2003). After the disulfide
bond that links LC und HC is reduced, the released LC acts as a zinc-dependent
endopeptidase. It selectively cleaves proteins of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) complex which normally
mediates the release of acetylcholine from synaptic vesicles (Montecucco and
Schiavo 1994). The SNARE complex is formed by the assembly of the proteins
synaptosome-associated protein (SNAP)-25, syntaxin and vesicle-associated
membrane protein (VAMP)/synaptobrevin. While BoNT/A, C, and E cleave at
different sites of SNAP-25, BoNT/C also targets syntaxin. BoONT/B, D, F, G, and the
closely related tetanus neurotoxin (TeNT) cleave at distinct sites of VAMP
(Montecucco and Schiavo 1994). After cleavage of any of the above-mentioned
SNARE proteins, the formation of the SNARE complex is inhibited, resulting in the
blockage of neurotransmitter release. This leads to the classical paralytic symptoms
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of botulism. The estimated lethal dose of complexed crystalline serotype A for
humans is 1 pg/kg, 10-13, and 1-2 ng/kg for oral, inhalational, and intravenous
exposure, respectively (Arnon et al. 2001).

3 Challenges in BoNT Detection

Generally, there are two different fields in BoNT research which require highly
sensitive detection of BoNT molecules:

(i) Analysis of suspected cases of botulism in humans and animals (the focus of
this review);

(i1) Potency testing of highly purified pharmacological products used for medical
or cosmetic (Pellett 2012 of this issue of CTMI)

The two fields have quite contrary requirements for diagnostic approaches:

In the case of botulism diagnostics, the focus lies on the detection of all
serotypes and subtypes, including known and unknown subtypes. The detection
methods have to be compatible with different clinical, food, and environmental
matrices (see below). It is critical to get a timely response, since therapeutic
measures have to be taken in due time. On the other hand, it is sufficient to get a
rough estimate of the toxin’s functional activity.

In the case of potency testing, however, the correct recognition of the serotype
is second-tier since it is already defined through the industrial production process.
Pharmacological products are composed of highly pure toxins or toxin complexes
plus additives and stabilizing proteins suspended in physiological buffer; therefore,
matrix effects are usually not critical for their detection. With respect to the length
of the whole production process, the time to result is not important for the
detection assay. The main focus, however, is on the highly precise, statistically
valid potency determination of the neurotoxin, which has to reflect all four steps of
the BoNT action: binding to specific surface receptors, internalization into neu-
rons, translocation of the LC into the cytoplasm, and finally proteolytic cleavage of
SNARE proteins.

Botulism occurs in three major forms: (i) Food-borne botulism is caused by
ingestion of food contaminated with BoNT; (ii) Wound botulism occurs after
uptake and growth of C. botulinum in wounds with parallel production of BoNT;
(iii) Infant botulism is caused by colonization of the intestinal tract and toxin
production (Johnson and Montecucco 2008). Depending on the form of botulism,
different sample materials are usually analyzed: in the case of food-borne botulism
serum, feces, and suspected food; in wound botulism wound swabs, pus, tissue,
and serum; and in infant botulism feces, serum, intestinal contents, suspected food,
and environmental samples (Lindstrom and Korkeala 2006). With respect to
diagnostics of suspicious botulism samples, attention has to be paid to the fact that
the toxin occurs in different forms in different sample matrices. As discussed
above, botulinum toxin is not a single protein but in fact a heterogeneous family of
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neurotoxins, comprising seven serotypes and more than 30 subtypes, thus chal-
lenging modern detection methods. In food matrices and bacterial culture super-
natants, the toxin is usually present in one of its complexed forms. While the
complex is stable at acidic pH, it dissociates spontaneously at physiological pH
and high ionic strength (Sakaguchi 1982; Simpson 2004); this is of relevance for
the analysis of food samples. In serum samples, however, free BoNT is found and
the exact fate of the associated complex proteins is not clear to date. Due to the
high toxicity of BoNT, their detection methods should be (i) highly sensitive down
to the low pg/mL (fM—pM) range; (ii) able to detect all serotypes and subtypes
including both the free neurotoxins and the high-molecular weight complexes; and
(iii) compatible with a range of complex matrices. Additional points of interest are
the simplicity of the assay, the potential for automation, and the robust assay
performance including a high precision and accuracy.

4 Activity-Based Detection Assays
4.1 In Vivo and Ex Vivo Tests

Already in the 1920s, the mouse bioassay (MBA) for toxin detection was proposed: a
BoNT-containing solution (e.g., patient serum, culture supernatant, or food extract)
is injected intraperitoneally into mice and symptoms are observed for several hours
up to 4 days. Characteristically, mice sequentially show ruffled fur, labored but not
rapid breathing, a characteristic wasp-like abdomen with narrowed waist caused by
increased respiratory effort due to paralysis of the diaphragm, weakness of limbs that
progresses to total paralysis, and gasping for breath followed by death as a result of
respiratory failure (Bengtson 1921). Mostly, the symptoms can be distinguished
from symptoms caused by other toxins, e.g., TeNT which causes spastic paralysis.
However, it should be noted that large doses of TeNT have been shown to initially
mimic botulism symptoms (Matsuda et al. 1982). This phenomenon has been
observed in a human patient, too ((Konig et al. 2007); TeNT and BoNT/B cleave
VAMP at the very same position, but in different anatomic locations: while TeNT is
retrogradely transported to the central nervous system, BoNT acts at the neuro-
muscular junction. One possible explanation for a sequential change from botulism
to tetanus symptoms is that in the presence of high amounts of TeNT not all toxin is
retrogradely transported from the neuromuscular junction to the central nervous
system, thus inducing VAMP-cleavage at the neuromuscular junction similar to
BoNT serotype B; Bercsenyi et al. 2012). Death of mice in the absence of neuro-
logical symptoms is not an acceptable indication of botulism (or tetanus), because it
may be nonspecifically caused by other microorganisms, chemicals present in the test
fluids, or injection trauma (Kautter and Solomon 1977). It is important to perform a
number of specificity controls. Since the BONT molecules are heat labile, a heat
treatment of the sample material (15 min at 95 °C) should render it nontoxic, thus
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failing to induce any clinical symptoms. Furthermore, a trypsin activation step may
be required for the detection of toxins of weak or nonproteolytic strains. Confir-
mation and neurotoxin typing is performed by mouse-protection tests using poly-
valent or, even better, monovalent neutralizing antibodies: on simultaneous
application of toxin-containing material and the respective neutralizing antibodies,
the mice are rescued and no symptoms occur. To estimate the quantity of BoNT in a
sample, different dilutions are injected into mice and symptoms are followed as
described above. The quantity of toxin in the sample is then estimated by relating the
maximum dilution killing the mice to the known mouse lethal dose: 10 pg for
serotype A (Ferreira 2001).

The MBA is currently the only widely accepted method, the “gold standard”,
for confirmation of active BoONT molecules and is included in official methods and
national guidelines (e.g., AOAC Official Method 977.26 or the German Standard
DIN 10102). While the performance of the test is of serious ethical concern, it still
has several advantages over other methods:

(i) It has an exquisite sensitivity of between 10 and 100 pg/mL, depending on the
serotype and subtype analyzed (Ohishi and Sakaguchi 1980; Sugiyama 1980;
Sharma et al. 2006);

(ii)) The MBA displays all four steps of BoNT action and the physiological out-
come: binding, uptake, translocation, and target cleavage resulting in inhibi-
tion of neurotransmitter release and muscle paralysis;

(iii) All serotypes and subtypes can be detected in their free and complexed form;

and

(iv) The assay is compatible with the use of complex matrices like serum, feces,
gastric content, wound samples, food samples, and bacterial cultures (after
clarification and pH adjustment).

Apart from the ethical concern, however, the MBA has a number of technical
disadvantages. Depending on the amount of toxin present in the sample, the assay
takes 1-4 days to yield a result, and a precise quantitation of BoNT in a sample
requires many animals. Inter-laboratory comparisons have shown that MBA
results and precise quantitation may be variable depending on the age and strain of
mice and other factors (McLellan et al. 1996; Sesardic et al. 2003). Additionally,
recent work has shown that the potency of, e.g., BONT/B cannot be directly
transferred from mice to man due to differences in protein receptor amino acid
sequences in both species (Strotmeier et al. 2012).

The ethical concerns of the MBA encouraged the development of different
alternative assays. They are still refined in vivo assays, but nonlethal and with
greatly reduced suffering of animals. These assays measure the local paralysis
induced by BoNT, e.g., flaccid paralysis (Sesardic et al. 1996; Jones et al. 2006),
abdominal ptosis (Takahashi et al. 1990), hind limp paralysis (Sugiyama et al.
1975; Pearce et al. 1994; Aoki 2001), grip strength (Meyer et al. 1979; Torii et al.
2011), and toe-spread reflex (Wilder-Kofie et al. 2011). Other assays use an
electromyographic measurement of the compound action muscle potential to
quantify BoNT activity or anti-BoNT antibodies (Sakamoto et al. 2009; Torii et al.
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2010a, b). Generally, these in vivo assays have not been used frequently for the
detection of BoNT out of complex food, environmental, or clinical samples.
Rather they have been used to quantify BoNT from pharmaceutical-grade toxin
preparations (Huber et al. 2008) or for the detection of antibodies against BONT
(Sesardic et al. 2004; Jones et al. 2006). However, these assays still require several
days to perform and are in vivo tests with more or less objective readouts.

To avoid suffering of animals, replacement methods for the MBA have been
described. Most widely used is an ex vivo test, the rat or mouse phrenic nerve
hemidiaphragm (MPN) assay (Burgen et al. 1949). In this test, the phrenic nerve
connected with the hemidiaphragm muscle is prepared from sacrificed mice or rats
and transferred to a culture bath. The phrenic nerve is electrically stimulated and
the resulting muscle twitches are measured. Upon addition of BoNT, the time
required to decrease the amplitude to 50 % of the starting value, the paralytic half-
time, is measured as a function of the dose of BoNT applied (Simpson and Tapp
1967; Simpson 1973, 1974; Habermann et al. 1980). Serotyping is performed in a
way similar to the MBA, using monovalent antibodies. Apart from quantitation of
BoNT activity, the hemidiaphragm assay has also been used to detect antibodies
against BoNT (Dressler et al. 2005; Rasetti-Escargueil et al. 2009, 2011). Like the
MBA, the MPN assay has the advantage to measure all four steps of BoNT action
and the physiological endpoint (muscle paralysis). The duration of the assay is
much shorter (<4 h) while its sensitivity is similar to the one of the MBA.
However, less animals are needed and their suffering is greatly reduced; never-
theless, animals are still required. A disadvantage of the method is that it is
sensitive to matrix interference with components of real samples.

As pure in vitro tests, cell culture-based assays have been developed which are
also able to display four steps in BoNT action. These assays are mainly suited to
quantify the activity of purified BoNT preparations (Pellett 2012 of this issue of
CTMI).

4.2 Endopeptidase Assays

In vitro, activity assays focusing on the endopeptidase activity of the LC of BONT
have been developed and improved since the identification of their substrates.
Basically, endopeptidase assays display the serotype-specific proteolytic cleavage
of SNARE proteins in conjunction with technically different readouts.

One of the most straightforward ways to detect cleavage of SNARE proteins is
by immunoblotting. Very soon after the elucidation of the endopeptidase activity
of BoNT toward SNARE proteins, immuno blots of toxin-treated synaptosomes or
neuronal cells were probed with anti-SNAP-25 or anti-VAMP antibodies to
visualize the substrate cleavage (Poulain et al. 1993; Schiavo et al. 1993). Twenty
years later, this is still a useful technique in the field of basic research, e.g., to
study cellular uptake kinetics (Pier et al. 2011). This type of endopeptidase assay is
particularly useful for deducing BoNT activity by analyzing cell lysates for
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SNARE cleavage, e.g., to show the persistence of BoNT activity ex vivo or to
demonstrate the anterograde axonal transport and transcytosis of catalytically
active BONT/A (Keller et al. 1999a; Restani et al. 2011).

In 1996, Shone and colleagues started to use immobilized peptides derived from
SNAP-25 and VAMP which are cleaved by serotypes A and B, respectively. The
newly generated amino acid terminus, the neoepitope, was then recognized spe-
cifically by enzyme-labeled antibodies, thus allowing the quantitation of the
enzymatic activity in conjunction with a BoNT standard curve (Hallis et al. 1996).
Antibody-based detection of the neoepitope was also used by the group of Sesardic
to detect and quantify substrate cleavage by serotypes A, E, and C in purified toxin
solutions (Jones et al. 2008, 2009). In a converse approach, the uncleaved SNARE
substrate was detected by an antibody, which does not recognize the cleaved
products: after coating of the VAMP substrate to microtiter plates, BONT activity
was correlated with the loss of detectable substrate (Keller et al. 1999b).

Another widely used endopeptidase technology applies the use of Forster res-
onance energy transfer (FRET, (Forster 1948)): here a SNARE peptide harboring
the specific BONT cleavage site is labeled with a fluorescence donor and a fluo-
rescence acceptor. As long as the fluorescence donor—acceptor pair is located in
close vicinity in the uncleaved substrate molecule, the fluorescence of the excited
donor is absorbed (quenched) by the fluorescence acceptor molecule. Upon sub-
strate cleavage, the two fluorophores are separated, so that the fluorescence of the
donor is no longer quenched and can be measured. This principle was used by
different groups to detect the activity of different BONT serotypes with sensitivities
between 35 pg/mL and 150 ng/mL depending on serotype, FRET substrate, and
assay time used (Anne et al. 2001; Dong et al. 2004; Rasooly and Do 2008;
Rasooly et al. 2008; Pires-Alves et al. 2009; Poras et al. 2009; Gilmore et al. 2011;
Ruge et al. 2011). The principle has also been implemented into portable devices
with sensitivities in the ng/mL range (Sapsford et al. 2008; Kostov et al. 2009; Sun
et al. 2010; Balsam et al. 2011) and is the basis for commercial substrates like
SNAPtide® (Shine et al. 2002).

However, many of the assays mentioned have not been tested on complex
matrices yet and are indeed aiming at inhibitor or potency testing rather than
detection of BoNT dissolved in complex matrices. As enzymatic assays, endo-
peptidase assays are relatively sensitive toward changes in reaction conditions, and
testing of complex matrices can dramatically affect assay performance (Rasooly
and Do 2008; Rasooly et al. 2008). To reduce matrix interference, an immuno-
affinity enrichment step has been introduced, where the toxin is captured from the
matrix using antibody-coated magnetic microbeads prior to performing the
endopeptidase reaction, resulting in assay sensitivities similar to those of the MBA
(Wictome et al. 1999a, b; Rasooly and Do 2008; Rasooly et al. 2008; Piazza et al.
2011). Immunoaffinity enrichment is advantageous since it separates the toxin
from other proteases which might cleave the SNARE peptide unspecifically,
preventing false-positive results. Of particular concern is the protease trypsin
which is present in the gastrointestinal tract of vertebrates and in feces. Trypsin
cleaves SNAP-25 at exactly the same position as BoNT/C. The problem of
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unspecific cleavage by other proteases is more substantial in endopeptidase assays
recognizing proteolytic cleavage via FRET or other readouts as compared to
assays which detect the precise cleavage product by a neoepitope-specific antibody
or by mass spectrometry (see below). As a control for unspecific cleavage, Tucker
and co-workers used a mutated SNAP-25 that could not be cleaved by serotypes A,
C, and E (Piazza et al. 2011). Nevertheless, immunoaffinity enrichment combined
with an FRET-based endopeptidase assay can be highly sensitive. The group of
Kalkum developed an assay using a large immunosorbent surface area (ALISSA)
for extraction of the toxins, resulting in excellent sensitivities of about 0.5 fg/mL
for the detection of BONT/A and E; matrices like serum, juice, and milk have been
successfully analyzed (Bagramyan et al. 2008; Bagramyan and Kalkum 2011).
Depending on the antibody used for immunoaffinity enrichment, the endopeptidase
assay detects the LC activity only. Therefore, it can be advantageous to combine
HC-specific antibodies for extraction with neoepitope-specific antibodies for the
cleaved SNAP-25 in a single reaction (Liu et al. 2012).

To include cell binding in the in vitro activity assay, Shone and colleagues
included a ganglioside-binding step in their endopeptidase method. To capture
BoNT, they used synaptosomes, which contain gangliosides, followed by an
endopeptidase assay, resulting in assay sensitivities in the range of the MBA
(Evans et al. 2009).

4.3 Endopeptidase-Mass Spectrometry (Endopep-MS) Assay

Another variation of the endopeptidase format was developed by Barr and col-
leagues who coupled the endopeptidase format with a precise mass spectrometric
detection and identification of the cleavage products, a method known as Endo-
peptidase-Mass Spectrometry (Endopep-MS) (Barr et al. 2005; Boyer et al. 2005).
The detection and identification of the cleavage products can be performed either
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS or
by liquid chromatography (LC) electrospray ionization (ESI) tandem MS (MS/
MS). After implementing an immunoaffinity enrichment step, the Endopep-MS
approach turned out to be very useful for the detection of BoONT/A, B, E and F
activity out of serum, feces and organ homogenates. This was done either by using
serotype-specific antibodies (Kalb et al. 2005, 2006, 2008; Gaunt et al. 2007; Parks
et al. 2011; Wang et al. 2011) or by using a pan-reactive antibody directed against
a common epitope present in the Hy of all four toxins (Kalb et al. 2010). In
addition, BoNT/C, D, and G can also be detected by the Endopep-MS assay
(Moura et al. 2011; Terilli et al. 2011). In the case of BoNT/C and D, the Endopep-
MS method is even more precise in discriminating the two serotypes than the
MBA, since the latter often suffers from a substantial cross-reactivity of antisera
against serotypes C and D used for functional blockade due to the occurrence of
BoNT/CD and DC mosaics (Hedeland et al. 2011).
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Using an internal isotope-labeled standard with identical composition as one of
the product peptides, but a different mass, Endopep-MS is able to precisely quantify
the activity of toxin present in a sample. Depending on the serotype and complexity
of the matrix analyzed, sensitivities between 0.05 and 50 pg/mL can be reached,
similar to or even better than those reached by using the MBA (Boyer et al. 2005;
Kalb et al. 2006, 2010; Moura et al. 2011). In contrast to endopeptidase assays using
FRET or neoepitope recognition, the combination of immunoaffinity enrichment,
endopeptidase reaction, and MS-based detection allows for simultaneous mea-
surement of activity plus unambiguous identification of the corresponding immu-
nocaptured toxin (Kalb et al. 2005, 2006, 2011a; Wang et al. 2011).

While the MBA is sensitive to all known and unknown BoNT serotypes and
subtypes, in vitro endopeptidase assays have to include specific substrates for the
BoNT serotypes aimed at. Until recently, all subtypes within a given serotype have
been reported to share the same cleavage site on their respective SNARE protein.
However, this principle was recently shaken by the finding that BoNT/F5 cleaves
VAMP-2 at a different site from that of all other BONT/F subtypes known. The
cleavage site is located four amino acids upstream and has been identified by En-
dopep-MS (Kalb et al. 2012b). Also, not all subtypes of a serotype must recognize a
given substrate equally well, as the detailed comparison of BoNT/F subtypes elu-
cidated (Kalb et al. 201 1a). It is also notable that the catalytic activity depends on the
nature of the substrate and on the assay conditions used. For example, it has been
shown that the catalytic activity of the BONT subtypes A1-A4 tested on an SNAP-
25 peptide was different from their activity on a longer recombinant SNAP-25
fragment. In particular, BONT/A3, which showed 50 % of BoNT/A1 activity on a
longer recombinant SNAP-25 fragment (aa 141-206), cleaved the peptide substrate
at a much faster rate than subtype A1l (Henkel et al. 2009). Some of the discrepancies
can be explained by the fact that SNAP-25 is not only bound around the active site of
BoNT, but also by so-called o- and f-exosites upstream and downstream of the
active site (Breidenbach and Brunger 2004; Brunger et al. 2008; Henkel et al. 2009).
With respect to assay conditions, it has been shown that certain buffer components
such as NaCl can reduce or even abolish cleavage of SNAP-25 or VAMP (Ferracci
et al. 2011; Jones et al. 2011; Piazza et al. 2011).

In contrast to other in vitro methods, e.g., immunological assays which detect
the presence of the protein, endopeptidase assays detect the functional activity of
BoNT molecules in vitro. This is a clear advantage and is relevant, e.g., in the field
of food safety. Endopeptidase assays inherently amplify the signal intensity by the
catalytic reaction, since one BoNT molecule is able to cleave several substrate
molecules. This results in excellent sensitivities, even beyond the sensitivity of the
MBA. However, like most enzymatic assays, endopeptidase assays are quite
sensitive to interference with matrix components. Therefore, immunoaffinity
enrichment is performed to analyze real samples. Depending on the capture
antibody or reagent used, the assay usually detects the activity of the LC plus the
presence of the HC. Endopep-MS has been proven to be very useful to simulta-
neously measure the activity of BoNT molecules in parallel with an unambiguous
identification of the immunocaptured toxin (Fig. 1). The only disadvantage is that
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Fig. 1 Laboratory diagnostics of botulism. Depending on the type of botulism, clinical, food or
environmental samples are analyzed for BoNT (left) and for the BoNT-producing pathogen
(right), either directly or after anaerobic enrichment culture. A successful strategy combines fast
and easy screening methods with confirmation assays providing information on the activity and/
or identity of the holotoxin. The detection, isolation and genetic characterization of the toxin-
producing strain deliver important additional information in an epidemiological investigation

this technology requires expensive equipment and a highly specialized technical
expertise, and is therefore less common in clinical routine laboratories.

5 Immunological Assays
5.1 Classical Sandwich ELISA

ELISA-based technologies are by far the in vitro methods most commonly
employed for BoNT detection. This is due to their generally high sensitivity, the
simplicity of the assay which can be easily done in clinical routine laboratories, short
assay times, and a robust assay performance including high precision and accuracy.
After thorough validation, ELISA-based techniques can be applied to detect BONT
in a range of complex matrices. However, quality and validity of obtained data
strictly depend on the quality and combination of the antibodies used.

In sandwich ELISA-based assays, a capture antibody is immobilized onto a
solid support to capture BoNT. In the classical assay format these are plastic
microtiter plates; other supports like silica microbeads, affinity columns, magnetic
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microbeads, glass surfaces, and biochips are possible. The bound analyte is usually
detected via a secondary hapten-coupled detector antibody plus an enzyme
conjugate to develop a measurable readout. Different assay variations can be
performed, e.g., using indirect or direct antibody-antigen interactions, using
different haptens (e.g., biotin, digoxigenin), using different read-out systems
(e.g., UV/VIS absorption, fluorescence, and chemiluminescence), and using dif-
ferent signal amplification strategies (e.g. polymeric enzyme conjugates, tyramide
amplification, and immuno-PCR (see below)). In order to quantify BoNT in a real
sample, a pure BoNT standard is analyzed in parallel in defined concentrations.

The use of classical immunoassays dates back to the late 1970s when the first
sandwich ELISA systems for the detection of BoONT/A, B, and E were introduced
(Notermans et al. 1978, 1979; Kozaki et al. 1979). They were soon complemented
by ELISA for the detection of the other serotypes (Lewis et al. 1981; Lee and Yang
1982; Notermans et al. 1982b). Results were routinely obtained within 4-6 h, a
clear advancement in comparison to the MBA. However, when using polyclonal
antibodies (pAb) generated against purified BoNT or BoNT complexes, the ELI-
SAs were clearly less sensitive than the MBA with detection limits usually down
to a few ng/mL (Thomas 1991; Doellgast et al. 1993, 1994; Szilagyi et al. 2000;
Ferreira 2001; Ferreira et al. 2004; Sharma et al. 2006). Later, in a collaborative
effort, sandwich ELISAs based on pAb against BoNT/A, B, E, and F have been
validated and compared to the MBA, resulting in assay sensitivities of 0.1-1 ng/
mL. The method was approved as AOAC Official Method 2002.08 by The Sci-
entific Association Dedicated to Analytical Excellence (Ferreira 2001; Ferreira
et al. 2003). Sharma and colleagues developed an amplified immunoassay based
on digoxigenin-labeled pAb to detect the same serotypes in food matrices with
assay sensitivities of 60—176 pg/mL (Sharma et al. 2006). Even more sensitive and
specific immunoassays have been developed with the accessibility of monoclonal
antibodies (mAb) (Kohler and Milstein 1975): sandwich ELISAs incorporating
mAb resulted in assay sensitivities of around 1-100 pg/mL from culture super-
natants, beverages, and complex food matrices (Shone et al. 1985; Ferreira et al.
1987, 1990; Gibson et al. 1987, 1988; Ekong et al. 1995; Varnum et al. 2006;
Chiao et al. 2008b; Stanker et al. 2008; Volland et al. 2008; Brooks et al. 2010;
Scotcher et al. 2010; Weingart et al. 2010).

5.2 Selected Examples of Different ELISA Formats

Albeit the sensitivity and specificity of BoNT-specific sandwich ELISA systems
have been improved, the detection from complex matrices is still challenging. In
bead-based immunoassays the capture antibody is immobilized onto microbeads,
allowing to separate the toxin from the matrix, a step which is not possible in
conventional plate-bound ELISA formats. Especially, magnetic microbeads have
proved to be useful for extracting BoONT from complex and even colloidal matrices
(Gessler et al. 2006; Pauly et al. 2009; Garber et al. 2010). This immunoaffinity
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enrichment step is not only useful for ELISAs, but is also often used in combination
with other techniques (e.g., endopeptidase assays, mass spectrometry, cp. 12.4.2)
(Bagramyan et al. 2008; Parks et al. 2011; Piazza et al. 2011; Liu et al. 2012).

In this context, flow cytometry has been shown to be a useful technique to
detect and to quantify bead-bound BoNT molecules through a fluorescent readout
(Anderson and Taitt 2008; Ozanich et al. 2009; Warner et al. 2009). A further
development is suspension array technologies (e.g., the Luminex® xMAP tech-
nology). Fluorescent suspension arrays use either polystyrene or magnetic
microspheres which are embedded with precise ratios of either two or three dif-
ferent fluorescent dyes, thus yielding arrays of 100 or 500 bead sets, respectively.
The different bead sets are spectrally unique and are individually addressed by the
measurement instrument. When immobilizing different antibodies to different bead
sets, simultaneous and miniaturized immunoassays can be performed out of a
single sample, thus reducing materials as well as cost and effort. Pauly and col-
leagues used color coded, magnetic Luminex beads to set up a pentaplex immu-
noassay for different biological toxins, among them BoNT/A and B. The detection
limits were 21 and 73 pg/mL, respectively, out of 50 puL sample volume and could
be further improved by magnetic immunoaffinity enrichment. Additionally, this
method worked well to detect the toxins from different food matrices (Pauly et al.
2009). A similar approach was followed by Garber and colleagues for the detec-
tion of BoNT/A and five additional toxins with sensitivities of 1 ng/mL in spiked
food samples (Garber et al. 2010). They took advantage of the multiplex approach
by using different antibody pairs for each toxin, some recognizing different epi-
topes or displaying different binding kinetics, and implemented up to eight control
assays. By doing so, they were able to reduce the likelihood of false-positive and
false-negative results when testing toxins in complex matrices. In practice, fluo-
rescent suspension arrays with up to 20-30 analytes in parallel are possible using a
sandwich-ELISA principle.

Electrochemiluminescence-based immunoassays are usually performed on
magnetic beads, too. They use a secondary reporter antibody, which is covalently
coupled to a ruthenium (II) tris (bipyridyl) complex that becomes luminescent in
the presence of an electric potential. The method has been used to detect BoNT/A,
B, E, and F from clinical samples and food matrices with sensitivities of 50 pg/mL
to 5 ng/mL, depending on the assay conditions used (Guglielmo-Viret et al. 2005;
Rivera et al. 2006; Phillips and Abbott 2008). An advantage of this technique is its
high signal-to-noise ratio due to the absence of optical background signals.
However, the sensitivity boost compared to other ELISA readouts is limited and
the technology is quite expensive, thus a widespread application is less likely.

Immuno-PCR is a further modified ELISA format using DNA-labeled detection
antibodies (Wu et al. 2001; Chao et al. 2004; Adler et al. 2008; Rajkovic et al.
2012). Upon binding of the detection antibody to its target molecule, the oligo-
nucleotide tag is amplified by PCR, resulting in assay sensitivities of 1 pg/mL for
BoNT/A in buffer (Chao et al. 2004). In a different approach, Mason and col-
leagues described an ultrasensitive immunoassay based on liposomes with
encapsulated DNA reporters and gangliosides embedded in the lipid bilayer as
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detection reagent (Mason et al. 2006). After binding of a BoNT to a specific
immobilized capture antibody and subsequent binding of the ganglioside to the
toxin, the liposomes were ruptured to release the reporter DNA for amplification
by real-time-PCR. The assay combined the detection of the toxin with detection of
ganglioside binding as part of the functional HC activity. Thereby the assay
reached a sensitivity so far unmatched of 0.02 fg/mL for BoNT/A in water (Mason
et al. 2006). However, this method has not been tested on complex matrices yet, so
its wider applicability will have to be worked out in the future.

While the above-mentioned examples showed that current ELISA-based tech-
nologies can technically reach the sensitivity of the MBA and beyond, the main
problem when analyzing unknown samples is still to discriminate true-positive from
false-positive signals and to exclude false-negative results. It is per se difficult to
anticipate the degree of cross-reactivity between the antibodies used and the matrix
components in an unknown sample. Therefore, a thorough validation of the ELISA is
necessary that includes determination of recovery rates from the most important
matrices. Generally, ELISA systems based on pAb show a higher tendency for cross-
reactivity compared to ELISAs using mAb. Especially, if the pAb has been gener-
ated against BONT complexes or bacterial supernatants rather than the pure holo-
toxins, high titers against accessory proteins or unrelated proteins have been
observed which can result in substantial cross-reactivity (Sakaguchi et al. 1974;
Sugiyama et al. 1974; Betley and Sugiyama 1979; Notermans et al. 1982b; Sakag-
uchi 1982; Dezfulian et al. 1984; Kumar et al. 1994; Ferreira 2001). It has also been
noticed that culture supernatants of C. botulinum shared antigens found in super-
natants of other clostridia (Poxton 1984; Poxton and Byrne 1984) and gave rise to
cross-reactivity with nontoxogenic clostridia (Lewis et al. 1981; Thomas 1991).

Certain matrices have been recognized as being difficult to analyze for the
presence of BoNT. Especially, fecal specimens were shown to be problematic
(Dezfulian et al. 1984; Viscidi et al. 1984). By diluting infant botulism stool samples
in 40 % fetal bovine serum, Dezfulian and colleagues were able to decrease inter-
ference with fecal specimens and obtained a good correlation between MBA and
their ELISA format (Dezfulian et al. 1984). Certain food matrices are rich in avidin
(e.g., egg white); therefore, they might cause problems when employing ELISA
formats using biotinylated detection antibodies. In this case, detection via digoxi-
genin/anti-digoxigenin amplification offers an alternative with low background
signals due to the absence of endogenous digoxigenin in all prokaryotic and
eukaryotic cells (except for Digitalis purpurea (Dorner et al. 2003)).

MAD are generally more specific and less sensitive to cross-reactivity than pAb,
but their supreme specificity can be a pitfall in the light of the different subtypes of
BoNT serotypes described. Optimally, ELISAs based on mAb have to be tested
against all the different subtypes of a given serotype. Indeed, a variation or lack in
recognition of a certain subtype has been observed for some mAb and mAb-based
ELISAs (Gibson et al. 1987, 1988; Smith et al. 2005; Kalb et al. 2009, 2011b;
Brunt et al. 2010).

Failure of a mAb to recognize individual subtypes of a serotype has implica-
tions for all of those assays in which this mAb is used, e.g., for immunoaffinity
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enrichment strategies. This problem is usually less pronounced with pAb recog-
nizing numerous epitopes on a target protein, but also pAb have been shown to
neutralize BoNT subtypes differently (Kozaki et al. 1977) or in extreme fail to
recognize a certain subtype: Brunt and colleagues showed that a particular pAb
directed against BONT/F1 failed to recognize culture supernatants of a nonprote-
olytic F strain (Brunt et al. 2010). Notably, the highest divergence among the
subtypes is found in BoNT/F (36 %) (Raphael et al. 2010a).

With respect to the detection of active versus inactive BoNT, it should be noted
that only very few ELISA formats based on mAb have been shown to be able to
discriminate the active toxin from its denatured form (Weingart et al. 2010). This
might be relevant in thermal inactivation studies when comparing ELISA results
with activity-based results.

In the light of the different sources of error connected with ELISA-based
technologies, it is recommended to use this method for screening purposes to
detect BoNT in complex matrices. Results should be confirmed by MBA or by
other independent technologies having a high confirmatory power like mass
spectrometry (Fig. 1; (Ferreira 2001; Ferreira et al. 2003)). Additionally, the
detection, isolation, and characterization of the toxin-producing organism delivers
important information.

5.3 Rapid Detection Tools Based on ELISA Formats

In a clinical case of botulism, first ELISA results can be obtained within several
hours. Together with the characteristic clinical picture of acute botulism, this is
timely enough in most cases to start medical treatment. However, in certain situa-
tions it is desirable to obtain results within 1 h, e.g., in a suspected case of intentional
food poisoning in a bioterrorism scenario. Due to the fact that BoNTs are ranked
among the category A agents of highest priority in the field of bioterrorism by the
Centers for Disease Control and Prevention (Atlanta, USA), a number of on-site
detection technologies have been developed over the last decade.

Among them, lateral flow assays (LFA) have been developed for commercial
use, best known from pregnancy test kits (Posthuma-Trumpie et al. 2009). LFAs
are hand-held devices based on immunochromatography on paper strips such as
nitrocellulose. The sample is applied to one end of the strip and migrates by
capillary action to the opposite end of the strip. While migrating along the strip the
sample molecules first bind to an immobilized detection antibody conjugated to
gold nanoparticles or dyes. The antibody—antigen complex further continues to
migrate along the strip and is captured in the detection zone by a capture antibody,
resulting in a visible change of color. Several LFAs for the detection of different
BoNT serotypes have been developed with detection limits usually between 0.3
and 250 ng/mL (Chiao et al. 2004, 2008a; Klewitz et al. 20006; Attrée et al. 2007;
Han et al. 2007). Sharma and co-workers evaluated two commercial products on
spiked food samples and found detection limits of above 20 ng/mL for BoNT
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complexes of serotypes A, B, and E (Sharma et al. 2005). Others reported that
some commercial tests were unable to recognize the purified holotoxin but
detected the toxin complexes only (Gessler et al. 2007).

Although the sensitivity of LFA is clearly lower than laboratory-based ELISA
technologies, they offer several advantages: they are inexpensive, easy to use
without any sophisticated equipment, and have a rapid read-out time (usually
20 min). This makes them a good tool for field use by untrained personnel. It is often
argued that in a case of a bioterrorism incident high levels of toxin are likely to be
found; hence LFAs with their limited sensitivity might nevertheless be useful.

As an alternative, column-based immunochromatography tests requiring only
few handling steps have been developed (ABICAP® technology). In this tech-
nique, the capture antibody is immobilized on a 3-dimensional immunofiltration
column made of sintered material providing a large inner surface. For a colori-
metric readout the technology uses the increased sensitivity of polymeric enzyme
conjugates covalently attached to a streptavidin conjugate. Using this rather
straightforward technology, BoNT/C and D have been detected from culture
supernatants within 40 min with sensitivities close to that of the MBA (Gessler
et al. 2005). Peck and colleagues recently expanded the method to detect BONT/B,
E, and F (Brunt et al. 2010). BoONT/A has been detected from different clinical
samples, food, or powder materials with a detection limit in the low pg/mL-range,
similar to that of the MBA (Attrée et al. 2007).

Apart from these technically simple devices, a number of sophisticated biosensor
technologies based on different principles have been established. Most of them
detect BoNT in the ng/mL-range (Ogert et al. 1992; Shriver-Lake et al. 1993; Kumar
et al. 1994; O’Brien et al. 2000; Varnum et al. 2006; Grate et al. 2009; Ren and
Pearton 2012). Only few of them have been tested with complex matrices like food,
clinical, or environmental samples (Ganapathy et al. 2008; Weingart et al. 2012).

6 BoNT Detection by Mass Spectrometry

Mass spectrometry (MS) is a powerful tool to detect and to unambiguously
identify analytes.

The principle is that charged ions are generated by an ion source, separated on
the basis of their mass-to-charge (m/z) ratio, and finally recorded on a detector
(Boyer et al. 2011). Different types of ionization methods are commonly used for
biological substances, e.g., MALDI and electrospray ionization (ESI). In tandem
(MS/MS) mass spectrometry, multiple cycles of MS analysis are performed,
usually in conjunction with a fragmentation or dissociation process. This allows
for protein sequencing of the analyte.

Per se the molecular mass of a protein is not a unique characteristic; therefore,
large proteins are usually enzymatically fragmented by proteases (e.g., trypsin,
chymotrypsin), delivering a characteristic peptide fingerprint. By searching in
protein databases, the peptide fragments are then assigned to an individual protein.
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The first characterization of BONT serotypes A-F by enzymatic digest followed
by MALDI-TOF MS and ESI-MS/MS has been described by van Baar and col-
leagues (van Baar et al. 2002, 2004). The approach was extended to detect all
BoNT serotypes together with their nontoxic accessory proteins from the high
molecular weight complexes with nano-Liquid Chromatography (LC)-ESI-MS/
MS (Hines et al. 2005). For this approach, pg-amounts of pure BoNT or BoNT
complex were necessary.

Compared to other in vitro methods described so far, the significance of data
obtained is higher for MS-based methods, since they allow for unambiguous iden-
tification of the toxins by a unique peptide fingerprint pattern or a protein sequence.
However, MS methods are usually not as sensitive as other in vitro methods and
require pre-enrichment or purification steps to be compliant with complex matrices.

To this end, Klaubert and colleagues presented a method to detect and identify
complexes of BoONT/A, B, E, and F out of bacterial culture supernatants (Klaubert
et al. 2009): starting with a culture volume of 1 mL, they used a peptic sample pre-
treatment strategy combined with 2D-nano-LC-ESI-MS/MS to identify the toxins;
around 30 fmol toxin could be detected.

In a different approach, a multiplex immunoaffinity enrichment strategy for
BoNT/A and B, their respective complexes, and other biological toxins has been
used, followed by tryptic digest and MALDI-TOF MS-based detection of char-
acteristic peptide fingerprints (Kull et al. 2010). The approach turned out to be
successful at detecting the toxins out of beverages with a detection limit of 300—
500 fmol. Starting from an anaerobic enrichment culture of a suspected specimen
in a real case of botulism, the multiplex approach correctly identified the BONT
serotype and subtype involved.

An interesting proteomics approach was recently published by Barr and co-
workers: in order to identify new BoNT subtypes, they created an amino acid
substitution database in which every position of the BoNT protein sequence was
substituted against all other possible amino acids. The database allowed for the
precise identification of multiple BoONT/B subtypes including the novel subtype
BoNT/B7 with no DNA required (Kalb et al. 2012a).

As described above, Endopep-MS has been proven to be very useful for
simultaneously measuring the activity of BoNT molecules in parallel to an
unambiguous identification of the immunocaptured toxin. The method has been
successfully applied to a number of clinical and food matrices (Kalb et al. 2005,
2006, 2011a; Hedeland et al. 2011; Parks et al. 2011; Wang et al. 2011).

7 DNA-Based Detection of BoONT-Producing Bacteria

In parallel to methods aiming at detection of the neurotoxins, most laboratories
engaged in botulism diagnostics use technically independent DNA-based methods
to screen suspect samples for BoNT-producing organisms and to perform an
epidemiological investigation.
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By far, the most commonly employed methods are PCR-based techniques
(Mullis et al. 1986; Saiki et al. 1988), many of which aim at detecting bont genes
by conventional or quantitative amplification reactions (Szabo et al. 1992, 1993;
Franciosa et al. 1994, 1996; Fach et al. 1995, 2009; Takeshi et al. 1996; Aranda
et al. 1997; Braconnier et al. 2001; Kimura et al. 2001; Craven et al. 2002; Popoff
and Walker 2003; Akbulut et al. 2004; Takeda et al. 2005; Yoon et al. 2005;
Lindstrom and Korkeala 2006; Artin et al. 2007; Fenicia et al. 2007; Heffron and
Poxton 2007; Prévot et al. 2007; Sanchez-Hernandez et al. 2008; Sakuma et al.
2009; Hill et al. 2010; Lindberg et al. 2010; Takahashi et al. 2010). Since con-
ventional PCR is difficult to quantify and requires a post-PCR step to visualize and
to verify the PCR product, many modern approaches use quantitative PCR (qPCR)
formats. Inclusion of a fluorogenic probe in gPCR assays was shown to increase
specificity and to allow simultaneous detection of a number of genes via differently
labeled probes. Using qPCR, 10-100 genome equivalents (GE) can be readily
detected in about 2 h. Including DNA purification and dilution steps, this has led to
detection limits of 10°~10° GE/mL (Fach et al. 2009; Kirchner et al. 2010).

Since in botulism diagnosis more than one serotype is of concern, multiplex
reactions covering several serotypes simultaneously have been reported in recent
years. In particular, assays able to detect bont/a, /b, /e, and /f, which are known to be
pathogenic to humans, in a single reaction have been developed (Lindstrom et al.
2001; Shin et al. 2007; Kirchner et al. 2010; Satterfield et al. 2010; Fach et al. 2011).
Assays covering bont/c, /d, and their mosaic forms have been developed to meet the
needs of veterinary medicine (Anniballi et al. 2012; Woudstra et al. 2012).

From a diagnostic point of view, assays including an internal amplification
control allow for a more accurate evaluation of results, which is mandatory under
certain quality control schemes, and procedures have thus been implemented
accordingly (Braconnier et al. 2001; Akbulut et al. 2004; Messelhdusser et al.
2007; De Medici et al. 2009; Kirchner et al. 2010; Fach et al. 2011; Fenicia et al.
2011; Anniballi et al. 2012).

The differences observed among the subtypes at the genetic level have, of
course, major implications on PCR-based assays. It has been noted that some PCR
assays fail to detect certain subtypes due to sequence variations (De Medici et al.
2009). Thus, whenever new subtypes are reported it is important to re-analyze the
capacity of the assay used, and, if necessary, to amend primer and probe
sequences. Conversely, differences between subtypes have also been used to
specifically differentiate them (Umeda et al. 2009, 2010).

In addition to assays focusing on the detection of the bont genes, PCR
approaches have been described that amplify the nfmha gene located directly
upstream of bont within the toxin gene cluster (Raphael and Andreadis 2007; Hill
et al. 2010). The ntnha gene is present in all bont-containing gene clusters but is
less divergent than the bont itself (Peck 2009). Thus, it has been used as a valuable
surrogate marker for bont-positive clostridia (Raphael and Andreadis 2007; Hill
et al. 2010).
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With respect to botulism cases, a caveat is that the detection of bont (i) cannot
account for the amount of toxin produced; and (ii) does not necessarily discrim-
inate between intact and silent genes (Franciosa et al. 1994).

As an alternative to a deeper analysis of the genome of toxin-producing clos-
tridia, DNA-microarrays have been used to differentiate serotypes (Gauthier et al.
2005) and to reveal information on the different neurotoxin clusters (Raphael et al.
2008, 2010b). These and other methods described (e.g. amplified fragment length
polymorphism, pulsed-field gel electrophoresis, multilocus sequence typing, and
whole-genome sequencing) are valuable for characterizing the genome of BoNT-
producing clostridia and help to complement epidemiological investigations, but—
except for whole genome approaches—do not necessarily deduce the BoNT sero-
or subtype (Lindstrom and Korkeala 2006).

8 Laboratory Diagnostics of Botulism: Conclusion
and Perspectives

As botulism is a potentially life-threatening illness, a rapid diagnosis is important
to start medical treatment in due time. In this context, reliable laboratory diag-
nostics is essential to support and to confirm the suspected diagnosis. Starting from
clinical samples (serum, feces) and, if appropriate, also food, feed, or environ-
mental samples, the detection of the toxin itself remains the standard method.
Supporting information is obtained from the detection of the toxin-producing
pathogen, either directly out of the sample material or after anaerobic enrichment
culture. Both pathways together provide important and technically independent
pieces of information in an epidemiological investigation (Fig. 1).

While the MBA is still seen as the “gold standard” in BoNT detection, numerous
in vitro methods have been established based on different functional, immunolog-
ical, and spectrometric principles or combinations thereof. Technically challenging
is the fact that BoNT is not a single molecule but occurs in different serotypes and
subtypes. Ideally, a BONT detection method is able to detect them all, providing a
similar or better sensitivity than the MBA. Furthermore, it should be fast and easy to
perform with a high precision and accuracy. Finally, an ideal BoNT detection
method should be compatible with the analysis of complex matrices.

Immunological techniques offer the advantage of being highly sensitive and
specific, and are easy to perform in routine laboratories. A number of assay for-
mats have been tested with complex matrices and reached sensitivities close to the
MBA and beyond, also in a multiplex format (Table 1). However, the main dif-
ficulty remains the discrimination of true-positive from false-positive signals and
the exclusion of false-negative results when analyzing unknown samples. Thor-
ough validation of an ELISA for BoNT detection in different matrices is indis-
pensable, because the extent of cross-reactivity between the antibodies used and
the matrix components in an unknown sample is difficult to predict. Also when
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using validated ELISA, it is still recommended to confirm results by either
functional or mass spectrometric methods with a high confirmative power.

Compared to immunological methods detecting the presence of BoNT, func-
tional in vitro assays like endopeptidase assays or the MBA offer the advantage of
detecting the activity of BoNT. Endopeptidase assays focus on the activity of the
BoNT LC only, but can include the presence of the HC depending on the antibodies
employed for immunocapture. Since endopeptidase assays inherently amplify the
signal intensity by the catalytic reaction, they reach very good sensitivities even
beyond the MBA (Table 1). However, as enzymatic assays they can be quite sen-
sitive to interference with matrix components, in particular other proteases. Hence,
results obtained should be confirmed by MBA or by MS-based methods.

Generally, MS-based methods have the advantage to deliver unambiguous
results, although they are still somewhat less sensitive and more time consuming
than other methods. However, in combination with immunoaffinity enrichment,
Endopep-MS and the parallel identification of the immunocaptured BoNT by
peptide fingerprint or protein sequencing has proven to be very sensitive and
enabled analysis of BoNT in clinical and food matrices (Table 1). In summary, a
suitable combination of modern BoNT detection methods based on different
technical approaches—functional, immunological, or spectrometric—is necessary
and able to deliver confirmed results in a reasonable amount of time.

Tremendous progress has been made in the development of in vitro BoNT
detection assays. However, more needs to be done. Highly specific and affine
BoNT antibodies as central tools for enrichment strategies are not easily available,
and only few of them have been commercialized. Along the same line, there is a
lack of commercially available in vitro tests (e.g., ELISA, endopeptidase assays)
which have been thoroughly validated on a broad range of complex matrices.
Another problem is that currently there is no certified BoNT reference material
available which can be used to compare different analytical approaches in expert
laboratories. In the future, it will be important to strengthen quality assurance for
the detection of BoNT and BoNT-producing clostridia by organizing regular
proficiency tests.

On a technical level, it is anticipated that in vitro BoNT detection methods will
be further multiplexed and miniaturized to detect and to differentiate the growing
number of BoNT subtypes. Array-based platforms for protein detection and
genetic characterization will become more important and replace singleplex
detection methods. With the rising sequencing capabilities and the associated drop
in cost it is expected that whole-genome sequencing will more and more replace
classical genetic typing methods currently in use to characterize strains. At the
same time, the gain of knowledge will allow a deeper understanding of physio-
logical processes within BoNT-producing clostridia.
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Sabine Pellett

Abstract Botulinum neurotoxins (BoNTs) are the most potent human toxins
known and the causative agent of botulism, and are widely used as valuable
pharmaceuticals. The BoNTs are modular proteins consisting of a heavy chain and
a light chain linked by a disulfide bond. Intoxication of neuronal cells by BoNTs is
a multi-step process including specific cell binding, endocytosis, conformational
change in the endosome, translocation of the enzymatic light chain into the cells
cytosol, and SNARE target cleavage. The quantitative and reliable potency
determination of fully functional BoNTs produced as active pharmaceutical
ingredient (API) requires an assay that considers all steps in the intoxication
pathway. The in vivo mouse bioassay has for years been the ‘gold standard’ assay
used for this purpose, but it requires the use of large numbers of mice and thus
causes associated costs and ethical concerns. Cell-based assays are currently the
only in vitro alternative that detect fully functional BoNTs in a single assay and
have been utilized for years for research purposes. Within the last 5 years, several
cell-based BoNT detection assays have been developed that are able to quantita-
tively determine BoNT potency with similar or greater sensitivity than the mouse
bioassay. These assays now offer an alternative method for BoNT potency
determination. Such quantitative and reliable BoNT potency determination is a
crucial step in basic research, in the development of pharmaceutical BoNTs, and in
the quantitative detection of neutralizing antibodies.
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Abbreviations

NCB assay Neuronal cell-based assay

BoNT Botulinum neurotoxins

HC Heavy chain

LC Light chain

SNAP-25 Synaptosomal-associated protein 25
VAMP Vesicle-associated membrane protein
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
FRET Fluorescence resonance energy transfer
FDA Food and Drug Administration

SV2 Synaptic vesicle protein 2

MBA Mouse bioassay

NGF Nerve growth factor

EB Embryoid body

mES cells  Mouse embryonic stem cells
hiPS cells ~ Human induced pluripotent stem cells

ELISA Enzyme-linked immunosorbent assay
EDB Extensor digitorum brevis

LDsq Lethal dose at which 50 % of animals die
U Mouse LD50 Unit

ECs Half maximal effective concentration
GT1b Trisialoganglioside GT1b
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1 Introduction

Botulinum neurotoxins (BoNTs) are the most potent, naturally occurring toxins
known to humankind. BoNTs are produced primarily by the gram-positive bacteria
Clostridium botulinum, as well as by some strains of Clostridium argentinense, and
rare strains of Clostridium baratii and Clostridium butyricum (Peck 2009) (Hill and
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Smith 2012). BoNTs are the causative agent of botulism, which is a serious and
potentially deadly neuro-paralytic human and animal disease. The toxins exert their
toxic effect primarily by binding and entering peripheral cholinergic neurons and
blocking acetylcholine release at neuromuscular junctions, leading to long-lasting
descending paralysis (Johnson and Montecucco 2008; Schiavo et al. 2000). BoNTs
are extraordinarily potent with the parenteral human lethal dose estimated to be 0.1—
1 ng/kg and the oral lethal dose estimated at 1 pg/kg (Schantz and Johnson 1992;
Arnon et al. 2001). This high potency, combined with the high affinity of the toxin for
motor neurons and longevity of its action (up to several months), has raised serious
concerns to their use as potential bioterrorism agents (Arnon et al. 2001). Remark-
ably, the same features have also facilitated the use of BoNTs (A and B) as extremely
valuable drugs for treatment of a variety of neurological diseases as well as for
cosmetic treatments. To date, BoONT/A is the most prominent serotype used in
medical treatments (Truong et al. 2009; Evidente and Adler 2010) with over 1 million
treatments carried out each year in the USA. Future developments of BoNTs as
pharmaceuticals will no doubt utilize the specific characteristics of other BoNT sero-
or subtypes in endogenous as well as recombinant BoNTs (Pickett and Perrow 2011;
Cartee and Monheit 2011).

In order to establish a precise and reliable BONT potency assay to ensure safe and
consistent preparations for pharmaceutical utility, it is essential to understand the
cellular biology of BoNTs and to ensure that assay considers all aspects of the BONT
intoxication process. In addition, fast, sensitive, and reliable BONT detection platforms
are desirable for research and for BONT detection in contaminated foods, in food safety
studies, and for use in the field in the case of suspected use of BoNTs for bioterrorism.
Many sensitive assay platforms for BoNT detection have been developed and are
applied today, with the in vivo mouse bioassay having long been regarded as the ‘gold
standard’ (Solomon and Lilly 2001). Recent advances in cell-based assays now enable
complementation or even replacement of the mouse bioassay for several applications.
This chapter will first review the most important characteristics of BoNTs pertinent to
assay systems, followed by a short overview of different BONT detection methods, and
an in-depth description of the current status of cell-based assays.

2 Botulinum Neurotoxins
2.1 Botulinum Neurotoxin Structure

BoNTs are classified into seven serotypes (A-G) based on immunological differences
(Gimenez and Gimenez 1995), and most of the serotypes are subdivided into sub-
types denoted by numbers after letters (i.e. BONT/A1-5). At least 32 subtypes have
been described based on differences in their amino acid sequences and structural
models. Differences range from 35 to 70 % among BoNT serotypes and from 2.6 to
32 % among subtypes within one serotype (Smith et al. 2005; Kalb et al. 2011;
Raphael et al. 2010; Macdonald et al. 2011; Hill and Smith 2012).



260 S. Pellett

BoNTs are modular proteins, the structure and function of which are reviewed
in detail elsewhere (Montal 2010) and in this book (Bercsenyi et el. 2012; Fischer
2012; Binz 2012). In short, all BoNTs consist of a heavy chain (HC) (~ 100 kDa)
and a light chain (LC) (~50 kDa) linked by a disulfide bond. The first solved
crystal structure was that of BONT/A (Lacy et al. 1998). Since then the structures
of BoNT/B and E, and of subdomains of those and several other serotypes and
subtypes have also been reported (Swaminathan 2011). These studies indicate
remarkable similarity in the individual functional domains of the BoNT serotypes,
but significant differences in the organization of these domains. Unique structural
features in the receptor and ganglioside binding domains as well as the catalytic
domains define serotype specific binding and substrate selectivity. These structural
characteristics also determine BoNT species specificity and immunological and
cell trafficking properties, thus lending unique characteristics to each BoNT
serotype (Swaminathan 2011). This is supported by studies showing that different
BoNT serotypes bind to different protein and ganglioside receptors on neuronal
cell surfaces and have different cell entry kinetics. For example, BoNT/A, D, E,
and F bind to SV2 receptors with different affinities (Dong et al. 2006, 2008;
Rummel et al. 2009; Peng et al. 2011), whereas BoNT/B and G bind to synapt-
otagmin I and IT (Rummel et al. 2004; Dong et al. 2003; Nishiki et al. 1994). In
addition, BoNT/B, and C bind to gangliosides with greater affinity than BoONT/A
(Rummel et al. 2011). BoNT/E and BoNT/A2 have been shown to enter cells faster
than BoNT/A1 (Pier et al. 2011; Keller et al. 2004).

2.2 Neuronal Cell Entry and Catalysis by BoNTs

Neuronal cell entry by BoNTs is a multi-step process, which has been reviewed in
detail elsewhere (Montal 2010) and in (Rummel 2012; Bercsenyi et el. 2012;
Fischer 2012). The process requires fully functional BoNT holotoxins, including
both the intact heavy and light chains (HC and LC). The C-terminal domain of the
HC functions in specific protein and ganglioside receptor binding at the neuronal
cell surface, leading to internalization of the BoNTs into endosomes by receptor
mediated endocytosis. After endocytosis, protonation in the endosome contributes
to membrane insertion of HC (s) coupled to LC unfolding. This is followed by HC-
chaperoned LC conduction into the cell’s cytosol and subsequent release by
disulfide bond reduction and its refolding in the cytoplasm of the cell (Fischer and
Montal 2007a, b, Schiavo et al. 2000).

LCs of BoNTs are zinc endopeptidases that target and cleave SNARE proteins,
which are core proteins involved in trafficking and release of synaptic vesicles
containing neurotransmitters. The BoNT serotypes each have their own specific
SNARE target and cleavage site. BONT/A and E cleave SNAP-25 at distinct sites
(Binz et al. 1994; Blasi et al. 1993a), whereas BoNT/B, D, G, and F cleave
synaptobrevin 2 (VAMP-2) at distinct sites (Schiavo et al. 1992, 1993; Yamasaki
et al. 1994; Schiavo et al. 1994). BoNT/C cleaves both SNAP-25 and syntaxin at
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unique cleavage sites (Schiavo et al. 1995; Williamson et al. 1996; Blasi et al.
1993b). In all cases, the cleavage of the SNARE protein results in a disruption of
the exocytosis mechanism, and consequently a block in stimulatory neurotrans-
mitter release, resulting in the flaccid paralysis characteristic of botulism.

2.3 Overview of the Detection of BoNTs

The field of botulinum toxins encompasses many areas including pharmaceutical
use, biodefense, botulism diagnosis and treatment, as well as basic and applied
research. The reliable detection of BoNTs is essential for all of these areas. The
type and methodology of the detection assay or model used can influence the study
outcome and conclusions, and it is important to understand the potential and
limitations of the many different detection methods available. The first quantitative
assay developed was the in vivo mouse bioassay (LDs, assay, MBA), in which
mice are injected intraperitoneally or intravenously with dilutions of toxin and
observed for signs of toxicity and death (Hatheway 1988; Schantz and Kautter
1978), and this assay has been considered the ‘gold standard’ for detection of
BoNTs. BoNT activity is generally described in mouse LDs, Units [U], which is
defined as the quantity of toxin required to kill 50 % of the population of injected
mice. The assay is quantitative, well established, and is the only BoNT assay
widely accepted by regulatory agencies of the United States for all types of
samples. However, this assay has a large error (20-40 % depending on the method
used and the laboratory), involves a large number of mice, incurs high costs
associated with the use and housing of animals, and requires specially trained staff.
Furthermore, the nature of the assay (observing mice until death) exposes the
animals to pain and distress. The inclusion of a toxin standard and careful method
standardization has been shown to significantly decrease the error of the mouse
bioassay to approximately 15 % (Sesardic et al. 2003). However, the overall
attributes of this assay still have led to a strong motivation by researchers and
regulatory agencies to replace, reduce, or refine the use of animals in BoNT
testing. (Adler et al. 2010). Several in vivo simulation assays, such as the he-
midiaphragm assay and local injection assays (Wilder-Kofie et al. 2011; Rasetti-
Escargueil et al. 2011b; Jones et al. 2006), have been developed to reduce the
number of animals used (hemidiaphragm assay) and/or the suffering of animals
(local injection assays). These assays are excellent research tools, but they still
require the use of large numbers of animals and technical skills that make them
unsuitable for medium-throughput applications such as potency determination of
BoNTs or antibody screening.

Several in vitro assays for BONT detection have also been developed, and a
comprehensive review of these is presented in the preceding (Dorner et al. 2012)
by Dr. Brigitte Dorner. The in vitro BoNT detection assays can be split into two
groups: (1) Immunological detection methods and (2) Endopeptidase assays.
While some of these assays are as or more sensitive than the MBA, they also have
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important restrictions. In general, immunological detection assays such as ELISA
detect active as well as inactive BoNTs, and do not differentiate between holotoxin
and reduced toxin in which the HC and LC are separated. Endopeptidase assays
detect proteolytic activity of LCs (in reduced or nonreduced toxin), but do not
require fully functional holotoxin. The buffer components or contaminating pro-
teases have the potential to lead to falsely positive results or erroneous quantifi-
cation of toxin. This problem is exemplified in the recent finding that human serum
albumin itself, a commonly used excipient in pharmaceutical preparations of
BoNTs, has an enzymatic activity similar to BoNT/A and C (Jones et al. 2011).
A combination of specific immunological detection of the receptor-binding
domain and an endopeptidase assay were recently suggested as an alternative to
surmount these issues and appears to correlate with the in vivo MBA for BoNT/A
(Liu et al. 2012). However, this assay is still restricted in the testing parameters
of BoNT function, and extensive testing is required to ensure that potential damage
to other functional regions of the toxin such as the ganglioside binding pocket, the
translocation domain, or toxin aggregation do not lead to errors in potency
determination.

An alternative BoNT detection method that requires the integrity of all steps of
BoNT intoxication and thereby only detects fully functional holotoxin is cell-based
assays, which are discussed in detail below.

3 Neuronal Cell-Based Assays

Neuronal cell-based assays (NCB assays) provide a model for BoNT detection that
requires all steps of the cellular intoxication including cell surface binding,
endocytosis, translocation of the LC into the cellular cytosol, and enzymatic
activity of the LC on SNARE substrates. Within the past 5-7 years, cell assays
have been developed that exceed the sensitivity of the mouse bioassay (Pellett
et al. 2010, 2011; Whitemarsh et al. 2012; McNutt et al. 2011; Nuss et al. 2010;
Kiris et al. 2011). Such cell-based assays now offer a sensitive model for the
testing of fully functional BoNTs, as is necessary in the potency testing of phar-
maceutical and research preparations of BoNTs. This opens the possibility of using
cell-based assays as an alternative detection method to the MBA. In fact in fall of
2011, Allergan Inc., the distributor of the pharmaceutical BoNT preparation
onabotulinumtoxin A (Botox®), announced that the Food and Drug Administration
(FDA) for the first time had approved a cell-based assay for potency testing of its
product. However, details about this assay have not been released.

In addition to BoNT detection, NCB assays provide an alternative assay to the
MBA for the sensitive and specific detection of neutralizing antibodies to BoNTs
(Whitemarsh et al. 2012; Pellett et al. 2007). NCB assays also have utility as a
research model to study many characteristics of BoNTs, including binding to the
neuronal cell surface, cell entry, intracellular catalytic activity of the LC, and
inhibition of neurotransmitter release by the cells, as well as other factors.
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3.1 NCB Assay Methods

Irrespective of the source of cells, all NCB assays require incubation of the cells
with BoNTs for a defined time period, followed by removal of the toxin and a
quantitative endpoint for determining toxin activity. Among the most specific
endpoints for BoNT activity is SNARE cleavage, and this endpoint can be used in
any neuronal cell type. SNARE cleavage can be determined in cell lysates by
Western blot (Pellett et al. 2010; Whitemarsh et al. 2012; McNutt et al. 2011) or by
ELISA (Nuss et al. 2010), or in live cells by quantitative immunofluorescence
methods using cleavage-specific antibodies (Kiris et al. 2011). An alternative
proposed endpoint is the introduction of a sensor into neurons such as a
SNARE-FRET construct, which undergoes a change in fluorescence emission after
specific BoNT cleavage inside the cells (Dong et al. 2004). While this approach
has been shown to work in cells transiently transfected with FRET constructs
(Dong et al. 2004), only one cell line stably expressing such a sensor has been
constructed so far, and this cell line is about 2-3 orders of magnitude less sensitive
than the MBA (Biosentinal Inc). The sensitivity of this endpoint compared to
SNARE cleavage or neurotransmitter release remains unknown.

Another important, but less specific endpoint, is inhibition of neurotransmitter
release, which can be measured in primary neuronal cell cultures and stem cell-
derived neurons, as well as in some continuous cell lines. Most commonly, the
cells are pre-loaded with radioactively labeled neurotransmitter, followed by
measurement of the released radioactivity (Benatar et al. 1997; Bigalke et al. 1978;
Keller and Neale 2001; McInnes and Dolly 1990; Sheridan et al. 2005). Other
methods that determine endogenous neurotransmitter release include direct mea-
surement by HPLC or immunoassay (McNutt et al. 2011; Yaguchi and Nishizaki
2010; Welch et al. 2000), or indirect measurement detecting enzymatic breakdown
products (McMahon and Nicholls 1991) or the postsynaptic currents by voltage
clamping (Akaike et al. 2010). The use of a fluorescent dye as a marker of neu-
rotransmitter release has also been suggested (Rasetti-Escargueil et al. 2011a;
Tegenge et al. 2012). Another potential but not yet developed endpoint is the
measurement of electrical conductance of an entire population of cultured neurons.

The incubation time of the cells with BoNT is an important factor impacting
sensitivity and is cell type specific; most cells require 24-72 h incubations for
maximal sensitivity. Short incubation times of only a few hours require signifi-
cantly increased toxin doses to reach the desired sensitivity. Chemically, stimu-
lating neuronal activity in cells by modifying the toxin exposure medium or buffer
to contain 56-80 mM KCl and 1-2 mM CaCl, can dramatically increase the
BoNT uptake speed in some cells to 2 to several minutes (Pier et al. 2011; Keller
et al. 2004; Whitemarsh et al. 2012). After removal of extracellular toxin, several
hours of incubation is then required to achieve efficient SNARE cleavage, which
continues to increase for 24-48 h. While useful in research applications, this
approach does not reach the same sensitivity as a 24 or 48 h toxin exposure and
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requires at least 100-times more toxin. This indicates that both toxin binding/cell
entry and SNARE proteolysis are rate limiting factors.

When exposing cultured cells to BoNTs, it is important to not only control the
toxin concentration, which sometimes is the only reported parameter, but also the
total volume of medium added to the cells and the specific activity of the toxin. All
of these factors determine sensitivity. For example, 200 pl of a 1 pM solution of
BoNT/A provides four times more toxin to the same number of cells as 50 pl of
the same solution, and research in our laboratory has indicated that this affects
SNAP-25 cleavage (Pellett et al., unpublished data). In addition, the specific
activity of the toxin is an extremely important factor that needs to be considered
when using cells (unless the NCB assay is used in a standardized and controlled
format to determine specific activity), as only fully functional BoNT is able to
enter the cells. Thus, the same molar quantity of a toxin preparation containing
95 % of fully functional holotoxin will have a much greater activity than a toxin
preparation in which 50 % of the toxin is inactive through mishandling or deg-
radation. Additional components included in the reaction mix such as proteins,
excipients salts, metals, sugars, detergents, and many other factors may also affect
the outcome of a cell-based assay. Thus, experiments using cell-based assays
should always describe the toxin source and characteristics, specific activity,
exposure volume, and toxin concentration in molar amounts, mass, and U/well,
and the complete reaction composition.

3.2 Types of Cell-Based BoNT Detection Assays

While cell-based assays allow for a dramatic reduction in animal testing and
enable BoNT potency determination, it is important to understand the character-
istics and limitations of the various cell-based assays. All cell-based assays present
a ‘closed system’. Furthermore, they do not determine effects of pharmacokinetic
properties that might play important roles in different in vivo assay (e.g., MBA)
such as distribution, clearance, diffusion, transport, and other parameters. There-
fore, BoNT studies conducted in cell-based assays need to be interpreted with
these restrictions in mind, and some studies may require additional research using
specific in vivo models. Another important consideration is the cell type and its
source. Continuous cell lines are relatively easy to maintain and inexpensive
compared to primary and stem cell-derived neurons, but most are derived from
cancerous cells and may have altered gene expression profiles that affect their
BoNT sensitivity and cellular biology. Primary neurons require the sacrifice of
some animals and skilled personnel for preparation, but are relatively inexpensive.
These cells can be obtained from different sources (e.g., spinal cord, dorsal root
ganglion, hippocampal, or cortical neurons) and different species, which may
affect the outcome of the studies. In addition, primary cells do not constitute a pure
neuronal population, but rather are mixed cultures of neurons and supportive cells
such as glial cells. Stem cells can be differentiated to different types of neuronal
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subpopulations, although the current state of stem cell technology limits the
neuronal subpopulations and purity that can be achieved. As BoNT research
advances to analyze different BoNT sero- and subtypes and recombinant BoNTs,
cell models offer a powerful research model and assay platform if the character-
istics of the model are carefully considered. Differences among cell models are
discussed in the following sections.

3.2.1 Continuous Cell Lines for BoNT Detection

Several continuous neuronal cell lines derived from cancer cells have been used to
detect BoNTs. The most commonly used cell lines are neuro-2a (mouse neuro-
blastoma) and PC12 (rat pheochromocytoma) cells (Schiavo et al. 1993; Yowler
et al. 2002; Benatar et al. 1997). Both cell types are relatively insensitive to
BoNTs, requiring a long incubation time for 2-3 days and large quantities of
BoNTs (in the nM range) to achieve adequate SNARE cleavage. The sensitivity of
neuro-2a cells was first reported to be in the range of 0.67-6 nM (Yowler et al.
2002), while other studies have reported 50 % SNAP-25 cleavage with approx.
30 nM BoNT/A (or about 30,000 U) (Dong et al. 2006; Pier et al. 2011; Fischer
and Montal 2007a; Conway et al. 2010). Sensitivity can be increased to about
2 nM (~2,000 U) by over-night pre-incubation of the cells with 25-50 pg/ml of
the ganglioside GT1b (Pier et al. 2011; Yowler et al. 2002).

For PC12 cells, inhibition of acetylcholine release by BoNT/A was reported
with approximate ECsps of ~0.02 nM in cells differentiated with nerve growth
factor (NGF) (Ray 1993), while noradrenaline release at 120 nM was reported in
undifferentiated cells (Shone and Melling 1992). In our laboratory, 50 % cleavage
of SNAP-25 was achieved in undifferentiated PC12 cells at ~2,000 Units
(~2.5 nM) after 48 h BoNT/A exposure (unpublished data). Plating of the cells
onto collagen coated plates and pre-loading with 25 pg/ml of GT1b in serum-free
medium increased the sensitivity to an ECsq of 400 U (~ 500 pM). Sensitivity was
increased even further to ~100-200 U (ECsy) when the cells were exposed to
toxin in a modified neurobasal medium (cell stimulation medium) containing
56 mM KCI and 2.2 mM CaCl, (Invitrogen custom medium) for 24 h, indepen-
dent of GT1b pre-incubation (Pellett et al., unpublished data). Preloading PC12
cells with the ganglioside GT1b sensitized the cells to BoNT/B, allowing detection
of VAMP2 cleavage with 50 nM BoNT/B (Dong et al. 2003).

There are other important characteristics of the PC12 and neuro2A cell lines
with regard to BoNT testing. Besides the obvious morphological differences, PC12
cells are from rat origin and express only the SV2A isoform as receptor, whereas
neuro-2a mouse cells express only the SV2C isoform (Dong et al. 2006). Both cell
lines have unique ganglioside profiles. Neurite sprouting can be induced in PC12
cells by addition of NGF or pituitary adenylate cyclase-activating polypeptide
(PACAP) (Ravni et al. 2006), while neuro-2a cells are neuronal growth factor
insensitive. While BoNT/A analysis in neuro-2a cells used SNAP-25 cleavage as
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an endpoint, PC12 cells can release neurotransmitter, and thus inhibition of neu-
rotransmitter release can serve as an additional endpoint in these cells.

Other cell lines used in BoNT research include the human neuroblastoma cell
line SH-SY5Y (Purkiss et al. 2001). This cell line detected SNARE cleavage by
several BoNT serotypes with significantly different potencies, and the ECss
ranged from 0.54 nM for BoNT/C to 300 nM for BoNT/F. Further research on pre-
differentiating the SH-SYSY cell line by addition of retinoic acid for 5 days
followed by culture in medium containing BDNF markedly increased the BoNT/A
sensitivity to 100 pM as determined by a neurotransmitter release assay.
Pre-incubation of the cells with GT1b further increased sensitivity to 35 pM for
BoNT/A (Rasetti-Escargueil et al. 2011a; Sesardic and Das 2007). BoNT/C and D/
C can also sensitively be detected in neurons differentiated from the mouse
embryonal carcinoma cell line P19. Differentiation of these cells in the presence of
0.5 M RA for 4 days followed by a 4 day maturation period in serum-free
medium results in a population of neurons with cholinergic characteristics (Parnas
and Linial 1995), and a sensitivity to BoNT/C and C/D similar to that in primary
hippocampal cells (ECs, of 217 pM (syntaxin cleavage) and 310 pM (SNAP-25-
cleavage), and 58 pM VAMP2 cleavage, respectively) (Tsukamoto et al. 2012).

The human neuroblastoma derived BE(2) M17 cell line shows SNAP-25
cleavage by BoONT/A with an ECsq of about 1 nM, which was slightly improved by
pre-incubation of the cells with the ganglioside GT1b. Norepinephrine release was
inhibited by 10 nM BoNT/A (Lee et al. 2008). In addition, BoNT/C inhibited
norepinephrine release with an approximate ECsy of ~1 nM, but BoNT/B, D, E,
F, and G did not significantly inhibit norepinephrine release at 10 nM concen-
trations (Lee et al. 2008). The human neuronally committed teratocarcinoma cell
line NT2, which can be differentiated to fully functioning postmitotic neurons, was
recently tested as a model for BONT/A intoxication (Tegenge et al. 2012). After a
1-3 h exposure of cells to 1 nM BoNT/A, transmitter release was significantly
inhibited. However, results showing long-term exposure of these cells and effects
of other factors have not been published.

While no definitive data have been released or published yet, patent descrip-
tions indicate that Allergan has developed a cell-based assay for the onabotuli-
numtoxin A (Botox®) product using a clonal cell line derived from the human
neuroblastoma SiMa cell line (Zhu et al. 2010). This cell line appears to have an
ECsy of about 1 pM for BoNT/A if pre-differentiated in serum-free medium
containing GT1b, which is of comparable sensitivity to the mouse bioassay.

Other cell lines that have been tested for BoNT detection include the human
neuroblastoma cell line SK-N-SH, which requires addition of 50 pg/ml of GT1b
for the detection of low nM amounts of BONT/A (Yowler et al. 2002). Rat neu-
roblastoma B35 cells and the mouse hypothalamus N-44 cells do not express
sufficient levels of SNAP-25 to be useful in a BoNT/A assay using SNAP-25
cleavage as an endpoint. The level of SNAP-25 did not change in B35 cells upon
differentiation by serum deprivation. Whereas differentiation of N-44 cells by NGF
treatment induced SNAP-25 expression, the cells were resistant to BoNT/A
treatment at low nM amounts (Pellett et al., unpublished data). The human cortical
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neuronal cell line HCN1 was disregarded for BoNT assay since this cell line grows
extremely slow and is difficult to propagate. The mouse motor neuron like cell line
NSC-34 expresses high levels of SNAP-25 and was differentiated to motor neuron
like morphology by serum deprivation, but was insensitive to BoNT/A at low nM
amounts (Kiris et al. 2011) and Johnson lab, unpublished data). The known sen-
sitivities of different neuronal cell lines to BoNT serotypes (subtypes 1, respec-
tively) are summarized in (Table 1).

3.2.2 Primary Cells for BoNT Detection

Primary cells have been used as model systems for BoNT detection for 35 years or
longer. Research on primary cells has helped immensely in our understanding of
the biology and characteristics of BoNTs, including SNARE protein cleavage,
inhibition of neurotransmitter release, duration of action, and cell entry mecha-
nisms. A variety of primary cells derived from rat, mouse, or chicken embryos
have been used (Keller et al. 2004; Pellett et al. 2007, 2010; Sheridan et al. 2005;
Stahl et al. 2007; Bigalke et al. 1985). Among these are cortical neurons (Pier et al.
2011; Stahl et al. 2007; Saadi et al. 2012), spinal cord neurons (Keller et al. 2004;
Pellett et al. 2007, 2010; Bigalke et al. 1985), hippocampal neurons (Verderio et al.
2007; Dong et al. 2007), and dorsal root ganglion cells (Welch et al. 2000; Stahl
et al. 2007; Duggan et al. 2002). Early experiments in primary neurons indicated
much greater sensitivity than in continuous cell lines; however, these assays did
not have sensitivity comparable to the mouse bioassay. In the past few years,
improvements in cell culture materials and methods have enabled primary neu-
ronal cell assays to reach sensitivity similar to or even exceeding that of the mouse
bioassay, with ECsy values as low as 0.3 mouse LDsy Units of BoNT/A in a
96-well format (Pellett et al. 2010, 2011; Whitemarsh et al. 2012).

One of the major advances is the culture of primary neurons in serum-free
medium optimized for neurons (e.g., Neurobasal medium supplemented with B27
and glutamax, all from Invitrogen) (Pellett et al. 2007; Xie et al. 2000; Kivell et al.
2001; Brewer 1995; Brewer et al. 1993). This medium avoids the necessity of
adding cytostatic compounds to prevent overgrowth of nonneuronal cells and
results in robust and stable primary neuron cultures that can be maintained for
weeks to months. In addition, plating matrices such as collagen, laminin, and
matrigel are now widely available, facilitating the surface attachment of primary
cells and likely also contributing to the maturation process of the cells after plating
(Kohno et al. 2005; Uemura et al. 2010). Preparation of primary cells generally
requires some skills and practice but can be cost-effective (e.g., one pregnant rat
can yield 5-6 96-well plates of spinal cord cells), and in our experience primary
cells yield very reproducible results in quantitative BoNT detection. Figure 1
outlines the steps involved in preparing and using primary rat/mouse spinal cord
cells for BoNT detection. In addition, several companies now offer tissue pieces
such as isolated rat or mouse embryonic spinal cords, hippocampi, or cortical
pieces. While significantly more expensive, these sources allow for rapid and
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Fig. 1 Stepsinvolved in preparing and using primary rat/mouse spinal cord cells for BoNT detection
by Western bot. The uterus containing the pups of an E15 pregnant Sprague—Dawley rat or an E13
pregnant mouse (e.g., NIH Swiss) are removed and placed in dissection medium (Hanks balanced salt
solution, 10 mM HEPES, 20 mM glucose. The pups are dissected out, and spinal cords removed and
cleaned of all membranes and ganglia. The spinal cords are minced, and cells dissociated by
trypsinization using 10 % TrypLE express (Invitrogen) in dissection medium, followed by trituration
in 1 ml of culture medium (Neurobasal with B27 and glutamax) pre-warmed to 37 °C. Live cells are
counted by trypan exclusion assay, and 75,000 cells/well are plated into 96-well TPP plates (MidSci)
that have been coated with type I rat tail collagen (BD Biosciences), or matrigel (BD Biosciences)
according to manufacturer’s instructions. The cells are allowed to mature at 37 °C in a humidified
5 % CO, atmosphere for at least 18 days with bi-weekly changes of culture medium before they are
used in the toxin assay. For the toxin assay, toxin dilutions are prepared in culture medium and added
to the cells. After a specified incubation time, the toxin is aspirated, and the cells lysed in 75 pl of 1x
LDS lysis buffer (Invitrogen). The samples are separated using 12 % Bis—Tris gels and MES running
buffer (Invitrogen), and analyzed by Western blot using a monoclonal anti-SNAP-25 antibody
(Synaptic Systems, Germany) and densitometry. The details of this method are described in (Pellett
et al. 2007, 2010). The methods for preparation and use of other primary cells are similar
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simple culture of primary neurons by scientists with minimal experience in pri-
mary cell preparation.

Unlike continuous cell lines, which differ in their sensitivity to BoNT serotypes
based on unique expression of surface receptors, ganglioside profiles, and other
often not well-defined characteristics, primary cells present normal neurons which
can be used to study all BoNT serotypes and subtypes. In fact, primary cells are
ideal models to study differences between BoNT sero- and subtypes in the
respective neuronal subpopulations. Spinal cord cells or motor-neuron-enriched
spinal cord cells would be expected to be the most relevant and sensitive BONT
cell model based on the neuromuscular symptomatology of botulism. However,
other primary cells such as cortical neurons, hippocampal cells, and dorsal root
ganglion cells also seem to be exquisitely sensitive to BoNTs and have been used
as study models (Pier et al. 2011; Welch et al. 2000; Stahl et al. 2007; Saadi et al.
2012; Verderio et al. 2007; Dong et al. 2007; Duggan et al. 2002).

While most primary neuronal cell models are very sensitive to BONT/A, some cell
models, such as primary rat spinal cord cells, differ in their sensitivity to other BONT
serotypes. This can be explained by species-specific differences in BONT receptors
and/or SNARE proteins, as well as by other species- or cell type-specific charac-
teristics. It is important to remember that the specific activity of all BONT serotypes is
currently determined in the mouse bioassay, and thus do not necessarily reflect the
activity in other species including humans. This is exemplified by the differential
potency of pharmaceutical BONT/A and B in humans (Dressler and Benecke 2007;
Flynn 2004), which is likely due to a variation in the amino acid sequence between
mouse and human synaptotagmin II (the BoNT/B receptor) (Strotmeier et al. 2012;
Peng et al. 2012). Thus, when using primary neurons, both the animal source and the
neuronal subpopulation should be taken into careful consideration.

3.2.3 Stem Cell-Derived Neurons for BoNT Detection

Embryonic stem (ES) cells are pluripotent cells derived from the inner part of a
blastocyst. ES cells can be propagated and frozen similar to continuous cell lines
and can be differentiated into any cell type, including neurons. Mouse ES (mES)
cells can be differentiated into neurons by addition of retinoic acid. Addition of
purmorphamine or sonic hedgehog further directs this differentiation to motor
neurons (Zhang 2006; Wichterle and Peljto 2008). This differentiation takes about
2 weeks, and the resulting cells are nearly as sensitive as primary neurons to all
BoNT serotypes, and have equal sensitivity to the MBA (Pellett et al. 2011;
McNutt et al. 2011; Kiris et al. 2011). However, differentiation of mES cells to
neurons, and especially to motor neurons, requires significant experience and
practice working with stem cells. Figure 2a outlines the major steps involved in
mES cells differentiation to neurons, including propagation of undifferentiated
mES cells, differentiating the cells into embryoid bodies (EBs), inducing neuronal
differentiation of the EBs, and dissociation and plating of the differentiated neu-
rons, followed by maturation (Fig. 2). Many variables can affect the outcome of
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Fig. 2 Steps involved in preparing and using mouse embryonic stem cell (mES) derived neurons
a or purchased human induced pluripotent stem (hiPS) cell-derived neurons b for BoNT detection
by Western blot. a: The mES cells are maintained in a basic maintenance medium containing
human leukemia inhibitory factor (LIF) to avoid cell differentiation, such as DMEM/F12, 15 %
fetal bovine serum, 1x nonessential amino acids, sodium pyruvate (1 mM), glutamax, 2-
mercaptoethanol (0.1 mM) and LIF, (1,000 units/ml) on 6-well plates that have been coated for
1 h at 37 °C with 0.1 % gelatin. Medium is replaced every 2 days, and cells are split by trypsin—
EDTA digestion. The cells can be propagated and cryopreserved at this stage. For differentiation
to neurons, ~2-4 x 10° cells are transferred to a 100 mm Petri dish in differentiation medium
such as MES/SR (same as MES, but with 15 % Knockout serum replacement instead of FBS and
no LIF) in order to induce embryoid body (EB) formation. After 2 days 0.5-5 puM retinoic acid is
added, and for motorneurons 1 uM purmorphamine is also added. After 4 days, the EBs are
digested with accutase or TrypLE, and 75,000 cells/well are seeded into 96-well plates coated
with 1 pg/well of laminin in culture medium (such as Neurobasal supplemented with B27, 1 uM
cAMP, and 20 ng/ml GDNF) to maintain neurons. The neurons are allowed to mature in culture
for 9 days before use in toxin assays. For details of this method see (Pellett et al. 2011; McNutt
et al. 2011; Kiris et al. 2011). b: The hiPS cells derived neurons are purchased as already
differentiated and cryopreserved cells. The cells are thawed and seeded into 96-well plates at a
density of 30-40,000 cells/well (Whitemarsh et al. 2012). For the toxin assay, toxin dilutions are
prepared in culture medium and added to the cells. After a specified incubation time, the toxin is
aspirated, and the cells lysed in 50 pl of 1x LDS lysis buffer. The samples are separated using
12 % Bis—Tris gels and MES running buffer, and analyzed by Western blot using a monoclonal
anti-SNAP-25 antibody and densitometry
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neuronal differentiation, and thus sensitivity to BoNTs, including the quality of the
materials, concentration of retinoic acid, time of retinoic acid addition and incu-
bation, the dissociation of EBs, the plating matrix, medium composition, and so
on. Even with standardization of the protocol, factors such as the source, storage
and age of medium components, and cell handling practice can influence the
differentiation success. This makes implementation of a BoNT detection assay
using mES cells derived neurons challenging in a (nonstem cell focused) research
lab and probably also in a commercial setting.

Differentiation of human embryonic stem (hES) cells to neurons is even more
involved and requires at least 6 weeks. In addition, the differentiation rate of hES
cells is significantly lower than that of mES cells (50 vs. 90 %) (Zhang 2006; Hu
and Zhang 2010). Furthermore, there is considerable ethical controversy in the use
of hES cells for various purposes. Probably for this reason, a BoNT detection assay
using hES cell-derived neurons has not been developed.

Major advances in stem cell research during the past decade have enabled the
conversion of normal adult somatic cells (e.g., skin or blood cells) to stem cells by
inducing expression of a small set of genes that is otherwise silenced in these cells
(Takahashi et al. 2007; Yu et al. 2007). The resulting cells are pluripotent-like ES
cells and can be propagated and frozen in the undifferentiated state. These human-
induced pluripotent stem (hiPS) cells can be differentiated into mature human
neurons much like ES cells. In addition, methods have now been developed for
cryopreservation of differentiated neurons or partially differentiated neurons from
hiPS cells for commercial purposes. Thus, such neurons are now commercially
available, enabling the use of high quality human neurons for BoNT detection
assays in most lab settings as well as in the pharmaceutical industry while
requiring only basic knowledge about tissue culture techniques (e.g., seeding of
the neurons into tissue culture plates and medium changes for every 2-3 days,
Fig. 2b). Importantly, commercially well-prepared cells undergo quality control
tests, ensuring consistency among different cell lots within the defined parameters
used for quality control standards of the company.

Human iPS cells derived neurons have been recently shown to be a highly
sensitive cell model for BoNT detection with an ECsq around 0.3 mouse LD Unit
(U) for BONT/A (Whitemarsh et al. 2012). The hiPS cells derived neurons have
also shown utility in detection of neutralizing antibodies to BoNTs (Whitemarsh
et al. 2012). These cells have much potential and relevance for research and
commercial detection of BoNTs and antibodies, including their human origin, and
the fact that these cells resemble normal somatic neurons (unlike cancerous cells in
continuous cell lines). Interestingly, the ECsos in these neurons differed for dif-
ferent serotypes of BoNTs (BoNT/A: ~0.3 U, BoNT/C: ~0.4 U, BoNT/E: ~ 1.8,
BoNT/B: ~ 16 U). Limited human studies confirm serotype specific differences in
humans with a 40-fold decreased activity of BoNT/B compared to BoNT/A
(Johnson and Montecucco 2008; Eleopra et al. 2004; Eleopra et al. 1998). This
highlights the importance of considering species specificity when assaying dif-
ferent BoNT serotypes, which are currently all assayed in mice. The steps involved
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in the use of cryopreserved hiPS cells derived neurons for BoNT detection is
shown in (Fig. 2b).

3.3 Applications of NCB Assays

The high sensitivity, specificity, reproducibility, and low error of NCB assays
using primary or stem cell-derived neurons enable the introduction and further
development of standardized cell-based assays to complement and to eventually
replace the mouse bioassay for many uses. The most important applications
requiring an assay that measures all steps of the intoxication process include
potency determination of research and pharmaceutical BoNTs, quantitative
detection of neutralizing antibodies, and use as research models. Other applica-
tions may include the sensitive detection of BoNTs in foodstuffs or in field sam-
ples, although these applications would require a combination of the cell-based
assay with a BoNT isolation and purification step. The following paragraphs
discuss considerations for using cell-based assays for potency determination of
pharmaceutical BoNTs, neutralizing antibody detection, and as a research model.

3.3.1 Potency Determination of Pharmaceutical BoNTs

BoNTs are extremely valuable drugs for treatment of a variety of neurological
diseases as well as for cosmetic treatments. To date, BONT/A and to a lesser extent
BoNT/B are being employed as pharmaceuticals (Cartee and Monheit 2011;
Dressler and Benecke 2007). The number of treatments is steadily increasing with
currently over 1 million treatments carried out each year in the United States
alone. A reliable and well-established assay for BoNT potency testing is required
to ensure safe and consistent preparations for pharmaceutical utility. This assay
should test for fully functional holotoxins in a quantitative and reproducible
manner, taking into consideration all steps of cellular intoxication (e.g., cell
binding, endocytosis, translocation, and intracellular enzymatic activity) (Adler
et al. 2010; Sesardic and Das 2007). Until recently, the MBA was the only assay
approved and used for this purpose. However, the drawbacks of the MBA have led
to a strong impetus by researchers and regulatory agencies to find alternatives for
the potency determination of pharmaceutical preparations of BoNTs (Adler et al.
2010). Cell-based assays are especially well suited for this application, because
they test for fully functional BoNTs that undergo all steps of cell intoxication are
specific, and exceed the sensitivity of the mouse bioassay. Since Allergan’s
announcement in fall of 2011 that the FDA for the first time had approved a cell-
based assay for the potency testing of its product (Botox®), the interest sur-
rounding cell-based assays has increased markedly among commercial producers
of pharmaceutical BoNTs. Research has shown that both primary cells and stem
cell-derived neurons have the required sensitivity. However, the need for repeated
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new preparations of primary cells and the quality control issues involved makes it
unlikely that this cell model will be established in a commercial setting. On the
other hand, stem cell-derived neurons appear to be an ideal cell system for a
potency assay, as they provide normal neurons (as opposed to cancerous cell
lines), and neurons derived from hiPS cells are species specific. In order to
introduce these cell assays for potency determination of pharmaceutical BoNTs,
they will need to be optimized and standardized for each product, and cross-
validated against the MBA. It cannot be assumed that a pharmaceutical preparation
of BoNT in excipient and possibly containing complex proteins will yield the same
ECs5 values as a purified 150 kDa BoNT/A product that is stored as a concentrated
stock and diluted in cell culture medium. The excipient composition as well as the
potential presence of complex (or other) proteins may affect the sensitivity of a
NCB assay. Thus, assay conditions need to be optimized for each specific use
(product) to ensure required sensitivity and accuracy. For example, commonly
used stabilizers such as human serum albumin likely increase sensitivity, and
saline commonly used to re-suspend lyophilized BoNT in vials will need to be
sufficiently diluted in order to avoid salt effects on the cells. After such optimi-
zation studies are completed and a toxin standard has been validated, the cell assay
has the potential to fully replace the MBA for BoNT potency determination of
pharmaceutical BoNTs, although periodic control assays using the MBA may be
advisable. Unlike in the MBA, which is highly dependent on proper injection
techniques and mice strains, the methods used in a NCB assay can readily be
standardized among different laboratories. Thus, replacement of the MBA with a
carefully optimized and standardized NCB assay has the potential to significantly
reduce the intra-laboratory error currently observed during BoNT potency evalu-
ations (Sesardic et al. 2003). In addition, using a human specific cell model will
allow for species-appropriate potency evaluation of different BoNT sero-or sub-
types. It is well known that significantly more BoNT/B mouse LDsy Units are
required to achieve the same therapeutic effect as with BoNT/A in humans
(Dressler and Benecke 2007; Flynn 2004). Recent evidence suggests that the
predominant mechanism underlying this is species-specific differences in the
BoNT/B and G cell surface receptor synaptotagmin II between humans and
chimpanzees versus rats and mice (Strotmeier et al. 2012; Peng et al. 2012).
Determining pharmaceutical BoNT Units derived from human neurons ECsq
values (e.g., human neuron ECs, Unit) will likely aid physicians in converting
from one BoNT product to another without the confusion of having to use a
different number of Units among products.

3.3.2 Detection of Neutralizing Antibodies to BoNTs

Despite their effective use of BONT/A and BoNT/B in clinical applications, a major
adverse effect has been the formation of neutralizing antibodies that make patients
refractory to treatment (Dressler et al. 2010; Borodic 2007; Muller et al. 2009;
Dressler 2004). The estimates for the percentage of patients developing neutralizing
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antibodies vary and are dependent on the toxin dose, indication, number of repeat
injections, and the commercial product. In some estimates, as many as 5-12 % of
patients who received repeated BoONT/A treatments for spasticity developed resis-
tance to treatments due to the presence of circulating neutralizing serum antibodies
(Muller et al. 2009; Cordivari et al. 2006; Kessler and Benecke 1997). Currently,
patients are not routinely monitored for antibody formation during their treatment
regime (Sesardic et al. 2004). In vitro methods, such as ELISA, are sensitive and
specific but do not currently differentiate between neutralizing and nonneutralizing
antibodies. The MBA can specifically detect neutralizing antibodies, but requires a
large number of mice and is not sufficiently sensitive to detect low levels of anti-
bodies in some treatment-resistant patients. A currently used alternative test system
is the mouse phrenic nerve hemidiaphragm assay (Dressler et al. 2002, 2005; Ra-
setti-Escargueil et al. 2009, 2011b), which quantitatively detects neutralizing anti-
bodies without performing live-animal experiments and is also commercially
available for patients. In addition, local injection assays, such as remote point
injection in the forehead (Borodic et al. 1995) or the EDB (extensor digitorum
brevis) assay, in which BoONT/A is ‘test’ injected into the EDB muscle of the patient
and electrophysiological measurements, are taken before and after the injection
(Cordivari et al. 2006; Kessler and Benecke 1997). While the latter assays are
inexpensive, do not require the use of animals, and correlate with clinical obser-
vations of BoNT/A effectiveness, they require the injection of BoNTSs into a patient
for testing purposes only and are not practical.

NCB assays offer a sensitive alternative that is specific for neutralizing anti-
bodies, provided a qualified cell model as described above is used. As proof in point,
a cell-based assay using primary rat spinal cord cells was shown in a pilot study to be
about 10 times more sensitive than the mouse bioassay in detection of neutralizing
antibodies and correlated 100 % with patient outcome (Pellett et al. 2007). Simi-
larly, neurons derived from hiPS cells have been shown to be about 10 times more
sensitive than the MBA for neutralizing antibody detection (Whitemarsh et al.
2012). Future studies are needed to optimize and standardize a cell-based assay for
this purpose and to confirm correlation of patient nonresponse to BoNT treatments
and detection of neutralizing antibodies. Factors that may affect a cell assay for
antibodies include the quality and sterility of the serum, which are critical to avoid
cell damage, the concentration of serum and toxin used in the assay, and the incu-
bation time and temperature of toxin with antibody or serum prior to cell exposure.
When choosing a cell model, it is also important to consider that the BoNT sensi-
tivity of the cells will also determine the neutralizing antibody detection sensitivity
as more antibodies will be needed to neutralize greater amounts of toxin. Addi-
tionally, consideration must be given to the serum source and the endpoint used. In
clinical trials using animals, the serum should be collected in a sterile manner and
drugs that potentially may cause cytotoxicity or affect the serum quality by inducing
red cell lysis (e.g., pentobarbital) should be avoided as a means of euthanasia before
serum collection. If a nonspecific endpoint such as inhibition of neurotransmitter
release is used instead of a SNARE cleavage endpoint, potential direct effects of the
serum on this endpoint must also be evaluated.
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3.3.3 Research Applications

Research on BoNTs requires the determination of BoNT specific activity. At
present, this is generally determined using the MBA, but as discussed above
specific toxicity determination can now be performed in cell-based assays. In
addition, many research projects often address important biological properties of
BoNTs such as cell binding and trafficking mechanisms. Different cell models may
provide advantages and disadvantages to each specific research application.
Continuous cell lines lack sensitivity but might provide characteristics desirable
for a specific purpose, such as the expression of a particular surface marker. Cell
lines can be manipulated to transiently or stably express a desired protein or
marker, or to increase, decrease, or abolish expression levels of a particular gene.
Studies demonstrating use of such techniques have, for example, led to the
identification of the receptor SV2, with SV2C being the favored isoform, and
polysialiogangsliosides as the receptors for BONT/A (Dong et al. 2006; Yowler
et al. 2002), strengthening the ‘dual receptor’ model that necessitates BoNT
binding of both, a protein and a ganglioside receptor for cell entry (Montecucco
1986). While such techniques are now also possible in stem cells or stem cell-
derived neurons, the methods used in those cells are much more difficult or cost-
prohibitive for many studies.

Other research applications such as cellular entry and trafficking studies benefit
most from using a research model that most closely mimics the behavior of BONT
in normal human cells. Since the symptoms of botulism indicate that BoNTs
primarily affect cholinergic neurons, primary cell models such as mouse or rat
primary spinal cord cells could present good models. In fact, many important
discoveries about botulinum toxin activity have been made in primary cell models,
such as for example, the much longer duration of the BoNT/A LC activity in
neurons compared to the BONT/E LC (Keller et al. 1999). However, these models
are not human specific, and potential species-specific differences of the cells have
to be considered when interpreting these studies. For example, the differences in
human/primate and mouse/rat synaptotagmin II (Strotmeier et al. 2012; Peng et al.
2012) likely result in BoNT/B entering human neurons via the weaker synapto-
tagmin I receptor. Besides explaining the difference in BONT/A and B potency in
humans, this also has important implications with regard to neuron specificity of
BoNT/B, considering the differential expression of synaptotagmin I and II in the
central nervous system (Ullrich et al. 1994).

Neurons derived from hiPS cells offer a human specific alternative; however,
the currently available neurons resemble forebrain neurons rather than neurons
from the peripheral nervous system. Neurons derived from mES cells can be
differentiated to mixed central nervous system neurons or motor-neuron enriched
cultures, and both neuronal populations appear to be equally sensitive to BoNTs
(Pellett et al. 2011; McNutt et al. 2011; Kiris et al. 2011). While all of these cell
models have limitations that need to be considered, they are sensitive to BoNTs,
and therefore are good models for research applications such as the screening of
new BoNT antitoxins or inhibitors. The neurons derived from hiPS cells are about
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10 times more sensitive for fast (5 min) BoNT cell entry during chemical cell
stimulation compared to primary neurons (Whitemarsh et al. 2012), and thus are
especially well suited for experiments such as screening and analyses of intra-
cellular BoNT inhibitors. In these experiments, cells are exposed to BoNT prior to
addition of potential inhibitors, which avoids potential secondary effects of
inhibitors on BoNT cell entry (Fischer et al. 2009).

While cell models may not entirely replace in vivo studies, they provide an
excellent research model to study the biological properties of BoNTs and inhibi-
tors in a ‘closed’ neuronal model. Thus, in a hypothetical situation, a specific
BoNT inhibitor may not be stable in vivo and be cleared out of the system, but
may effectively enter neuronal cells and inhibit LC activity inside the cells. Such
an inhibitor would be missed if only screened in animals, but identification in cell
assays and modifications to improve the stability in vivo might yield a new and
important drug for treatment of botulism. Equally important, cell assays allow the
screening of a moderately large number of inhibitors or antitoxins before testing in
animals and thereby significantly reduces the number of animals used.

4 Future Perspectives and Conclusion

Throughout the years, cell-based assays have found many applications in the field
of botulinum toxins, aiding in the biologic and molecular understanding of these
important toxins. The recent introduction of highly sensitive and human specific
cell models enables novel areas of basic study, as well as the use of cell-based
assays for commercial uses in BoNT potency determination and neutralizing
antibody screening. Future developments of pharmaceutical BoNTs include the
use of other BoONT sero-or subtypes and recombinantly altered BoNTs, as well as
novel indications (Pickett and Perrow 2011; Cartee and Monheit 2011; Rummel
et al. 2011). In addition, improved vaccines and antitoxins are being developed,
and the search for an effective cure or treatment of botulism beyond antitoxin,
which has to be administered within the first 2448 h after toxin exposure, con-
tinues. Research efforts continue to identify new information on the biologic and
molecular function of BoNT sero-and subtypes. NCB assays offer a unique study
model that can be used to examine cell binding, entry, translocation, and intra-
cellular trafficking and catalytic activity, and are an essential tool in these
developments. The most promising NCB assays for replacement of the MBA use
neurons derived from stem cells, in particular hiPS cells. Such neurons are difficult
to prepare and either require collaboration with one of the several laboratories
around the world that are routinely preparing them, or need to be purchased. While
currently very expensive, future research in the stem cell area and competition in
the market will likely lead to lowered prizes of such neurons. So far, hiPS cell-
derived neurons have been tested as a model for BoNT research and potency
detection from only one source (Cellular Dynamics International, WI) (White-
marsh et al. 2012), but other companies are starting to offer similar products
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(Globalstem, MD, ReproCELL, CA). In addition, neurons representing neuronal
subpopulations other than the currently available forebrain neurons will likely
become available in the future and will enable comparative studies of different
BoNT sero- and subtypes in different neuronal subpopulations. This is exemplified
by companies that are developing neurons containing a large percentage of cho-
linergic neurons derived from hiPS cells, as well as neuronal stem cells that can be
differentiated into mature neurons of different phenotypes within 2 weeks. Even-
tually, more affordable cell models for research purposes are primary cells or mES
cells derived neurons. Table 2 provides a summary of different cell models and
their important features.

One important aspect of NCB assays is the endpoint used. The Western blot
method is an excellent method for research purposes as it is easy to set up in any
laboratory, does not require special equipment, provides visual results, and is
applicable to any cell type. In a commercial high-throughput setting, however, this
method is laborious, and using Western blots for quantitative purposes in general
can introduce error. This problem is reduced by comparing cleaved versus
uncleaved SNAP-25 bands for BoNT/A and E, and in fact data indicate that the
error of this method is still smaller than that of the MBA (Pellett et al. 2010).
Nevertheless, the error rate for other serotypes that are assayed by the disap-
pearance of the VAMP2 band compared to a loading standard such as syntaxin is
much greater (Whitemarsh et al. 2012). Other detection methods, such as ELISA
of cleaved and unlceaved SNARE proteins in cell lysates, are being developed and
are more suitable for commercial applications (Nuss et al. 2010; Zhu et al. 2010).
These methods will likely improve accuracy, speed, and costs of NCB assays and
are also applicable to any cell type. Neurotransmitter release is cell type specific,
and while it is an important endpoint to explore in research especially in mES and
hiPS cells derived neurons, is not useful by itself for commercial purposes because
it is relatively nonspecific. The stable introduction of a sensor into a cell line that
enables an easy and fast read out, such as a fluorescent or FRET sensor (Dong
et al. 2004) would be of tremendous value for both research and commercial
applications. Creating such a cell line can be easiest achieved in continuous cell
lines (see BoCell assay, Biosentinal Inc.,), but is also possible (although much
more difficult and expensive) in mES and hiPS cells cell lines that can then be
differentiated to neurons. Sensitivity and species specificity of the cells should be
considered before construction of such a cell model.

The mouse bioassay has been the ‘gold standard’ for BoNT detection since the
beginnings of BoNT research. The recent and ongoing development of NCB
assays including systems using normal human neurons opens the possibility to
largely replace the mouse bioassay for BoNT potency determination and neu-
tralizing antibody detection, and to study BoNTs in species-specific neuronal cell
models. This has the potential to lead to important new insights on the behavior
and effect of BoNT sero-and subtypes on specific human neurons, which will aid in
the design of novel and improved BoNT-based pharmaceuticals as well as botu-
lism countermeasures.
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Transforming the Domain Structure
of Botulinum Neurotoxins into Novel
Therapeutics

John Chaddock

Abstract Botulinum neurotoxins are comprised of multiple identifiable protein
domains. Recent advances in understanding the relationships between domain
structure and neurotoxin function have provided a number of opportunities to
engineer innovative therapeutic proteins that utilise the neurotoxins and neurotoxin
domains. For example, recent insights into the properties of the catalytic, trans-
location and binding domains open up opportunities to develop botulinum neu-
rotoxins with enhanced properties of selectivity, potency and duration of action.
In parallel, the broad scope for utilisation of the individual domains is becoming
clearer as significant advancements are made to exploit the unique biology of the
catalytic and translocation domains. These opportunities and the status of their
development will be reviewed in this chapter.
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SNARE Soluble N-ethylmaleimide—sensitive factor attachment protein receptor
Sv2 Synaptic vesicle glycoprotein 2

TeNT Tetanus neurotoxin

TSI Targeted secretion inhibitors

VAMP Vesicle associated membrane protein
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1 Introduction

Botulinum neurotoxin (BoNT), the most potent toxin known to man, is also widely
used in the clinical setting. Indeed, the clinical use of BoNT products has increased
the market size three-fold since the start of the century (to over $1.6 billion in
2010). This growth has been achieved with preparations of material that, though
defined sufficiently robustly to meet Regulatory requirements, are nevertheless a
complex mixture of active BoNT and associated proteins. These preparations are
derived from the native clostridial bacterial host and, as such, are representative
products of the natural protein evolution and selection. What excites many
researchers in the BoNT field is the realisation that the domain structure of BoNTs
provides an opportunity to harness specific functional properties of the toxins for
alternative applications. The purpose of this chapter is to consider the properties of
BoNT domains and to summarise the current status and the huge potential for the
development of a new range of biotherapeutics based on this novel protein class.

This chapter will (1) briefly review the scientific advancements that have been
achieved in understanding the relationship between BoNT structure and biological
function; (2) acknowledge the broad repertoire of proteins within the seven serotypes
(BoNT/A-G) and multiple subtypes of BoNTs; (3) consider the opportunities to
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modify the amino acid building blocks of each domain that comprises the neurotoxin,
and the impact this can have and (4) review the progress made towards expanding the
medical applications of the toxin through protein engineering.

Chapters elsewhere in this book will provide detail on concepts that this chapter
will necessarily cover only in brief. Therefore, where it is helpful to do so, there
are references to other sections throughout the text.

2 Understanding the Domain Structure of Botulinum
Neurotoxins Leads to New Opportunities for Development
of Therapeutics

In 1897, when Professor Emile-Pierre-Marie van Ermengem identified an anaer-
obic bacterium that he termed Bacillus botulinus (subsequently classified as
Clostridium botulinum) that released a potent toxin that caused the symptoms
associated with food-borne botulism, the structure of such a material was
unknown. In fact, it took a further 50 years of experimentation, to 1946, before
pure crystalline botulinum toxin of serotype A (BoNT/A) was obtained. Over the
subsequent 20 years, the level of understanding of the multi-protein complex
nature of BoNT increased, but it was not until the publication of the first X-ray
structure of BoNT/A (Lacy et al. 1998) that the sophisticated level of under-
standing that we have today truly started to be achieved. Interestingly, the clarity
achieved by understanding the structure of BoNT at an atomic level was achieved
20 years after the first clinical use of BONT (Scott 1980).

Lacy’s seminal work established the current view of BoNT structural organisation
and provided a platform for further serotype and domain studies. Indeed, subsequent
research has extensively studied the primary, secondary, tertiary and quaternary
structure of the BoNT family of proteins. These investigations have facilitated an in-
depth awareness of the molecular architecture of this exciting class of proteins and
have enabled correlation of structural differences that lead to distinguishing func-
tions. With respect to our understanding of BONT molecular architecture, the gross
3-dimensional arrangements of BoNT/A and BoNT/B were determined in 1998
(Lacy et al. 1998) and 2000 (Swaminathan and Eswaramoorthy 2000), respectively
and were demonstrated to be essentially similar; a three-domain protein in which the
domains are arranged in a linear fashion with the translocation domain in the middle
flanked by the binding and catalytic domains. While noting the overall similarity in
tertiary structure, it should, however, be remembered that BONT/A and BoNT/B are
comprised of receptor-binding domains that have dissimilar binding targets, and
light chain (LC) domains that cleave different soluble N-ethylamide-sensitive factor
attachment protein receptor (SNARE) substrates. With these data available, it would
have been reasonable to predict that the overall molecular architecture of BoNTs
would be similar and, at the domain level, this has proved to be the case. However, in
2008 the tertiary structure of BONT/E was determined (Kumaran et al. 2008) and,
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though the individual domains showed a high degree of structural similarity with the
A and B cases, there is a major organisational difference between the holotoxin
domains. Whereas the three domains are arranged in a linear organisation in A and B,
in serotype E the catalytic and binding domains are arranged on the same side of the
translocation domain and consequently share interactions that would be absent in A
or B. The modified organisation of BONT/E has been proposed by Kumaran et al. to
correlate with the observed more rapid onset of action of BONT/E; BONT/E beingina
‘translocation ready’ conformation. These observations remind the researcher that
nature has developed a number of approaches to creating multimeric proteins and all
predictions are there to be challenged!

Discussed in detail in (Hill and smith 2012), it is now well known that there are
multiple clusters of protein within a particular serotype that can be identified as
particular subtypes. When amino acids sequences for the various subtypes within
serotype families are assessed, for example, as illustrated in the work of Hill et al.
(2007), it is noted that the amino acid similarity between subtypes is generally
greater than 65 %. The fact that there are definable subtype families within a
particular serotype, most of which have not yet been studied in any form of
secondary or tertiary structural detail, acknowledges that the field has some way to
go to have a complete picture of BoNT protein structure—function.

Structural data from crystallographic studies are now available for (1) the
individual catalytic domains (LC) of serotypes A, B, C, D, E, F and G; (2) the
binding domain (H¢) of A, B, C, D, F and G; (3) the di-chain LHy species
comprising the LC and the Hy domain of serotypes A and B and; (4) the holo-
toxins BoNT/A, BoNT/B and BoNT/E. It should be appreciated that, even with
this level of advancement, the current level of understanding is not yet fully
comprehensive. For example, the structural understanding of the holotoxins is far
from complete with respect to BoNT subtypes and there is much yet to be
understood about the Hy translocation domain. Nevertheless, understanding the
molecular architecture of the individual domains and their inter-relationships
within the macromolecule has provided opportunities for a number of paths for
application of protein engineering strategies. Opportunities to utilise the individual
domain components of BoNT (the LC, the Hy, the Hc domains or subcomponents/
combinations of each) are discussed below.

3 Botulinum Neurotoxin: A Platform for Protein Engineering

As described in the section above, what is now known is that the scope of naturally
occurring BoNTs is vastly greater than just seven variants. Within the seven major
serotypes of toxin are represented currently 32 variants, called subtypes (Hill and
smith 2012). Thus, this pool of evolved toxins represents a rich library of proteins
that have known and potentially different properties and characteristics.

Using the BoNT/A serotype family to illustrate the point, it has been recently
demonstrated that measurable functional differences exist between the subtypes.
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For example, it has been reported that the A2 subtype of BONT/A has faster onset than
the current clinical BONT/A products based on A1 (Pier et al. 2011). The mechanism
of this faster onset is thought to lie in an increased efficiency of cell entry that is
independent of ganglioside binding. Also, the A3 and A4 subtypes of BoNT/A have
been observed to possess different catalytic properties to the A1 and A2 subtypes, with
the A3 subtype exhibiting reduced efficacy for cleavage of SNAP-25 but good efficacy
for a short peptide artificial substrate (SNAPtide) and the A4 subtype exhibiting
significantly poorer cleavage for native SNAP-25 or artificial substrates (Henkel et al.
2009). Please see (Binz 2012) of this book for further discussion. Further study of
subtype biology, in particular focusing on the LC catalytic properties, the Hc domain
membrane binding and interaction properties and the pH dependency of the Hy
domains, will greatly enhance the possibilities for creation of innovative protein
domains utilising the broad library that nature has evolved to either directly, or
through the construction of hybrids, or through engineering.

Two of the most meaningful structural features for protein engineering are
therefore the Ho-mediated binding event and the LC-mediated substrate cleavage
event. As part of setting the scene for a later discussion of the therapeutic
opportunities afforded by these two domain-based activities, the following section
summarises the attractive properties of each domain in turn.

3.1 Attractive Properties of the H- Domain

The Hc domain has evolved to selectively bind to motorneurons, although not all
BoNTs bind to the target neuron using precisely the same mechanism. Summa-
rising a significant body of research, BONT/B and G use gangliosides and the
intraluminal domain of synaptotagmin as dual receptors, whilst BONT/A, D, E use
gangliosides and the intraluminal domain of synaptic vesicle glycoprotein 2
(SV2). Please also refer (Rummel A 2012) for further details. A protein binding
domain has, however, not yet been identified in BoNT/C suggesting the BoNT/C
uses ganglioside only, or an as yet unidentified proteinaceous component
(Strotmeier et al. 2011). Recently, it has become evident that very careful
understanding of the side-chain contacts between the heavy chain and the
respective motorneuron surface entity is necessary. For example, Strotmeier et al.
(2012) and Peng et al. (2012) have noted the significant differences between the
affinity of BoNT/B and synaptotagmin II expressed in rodents and man; specifi-
cally, the affinity of BoNT/B for human synaptotagmin II is lower than in rodents
due to the presence of a unique amino acid mutation. By binding to intraluminal
domains of synaptic vesicle proteins, the Hc domain therefore locates the
SNARE-cleaving LC on the outside surface of its target cell, utilising cellular
features that maximise the uptake into intracellular compartments that will aid
transport of the LC ‘warhead’ into the cytosol.
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Exploring the domain structures in more detail, Rummel et al. (2004) identified
a ganglioside binding cavity within the C-terminal sub-domain of the Hc domain
(Hee) of BoNT/A and/B defined by the conserved motif H...SXWY...G. Modi-
fication of residues within this site modified both the ganglioside binding affinity
and toxicity of the neurotoxin. By switching the Hcc domain as well as Hc-
fragment of BONT/B into BoNT/A, Rummel et al. (2011) were able to enhance the
potency of BoNT/A fourfold. Interestingly, according to EP1786832, specific
modifications to the ganglioside binding site can both reduce binding and toxicity,
or enhance it by up to threefold relative to wild-type toxin. This provides a rational
basis for engineering mutated BoNT with modified, particularly enhanced, potency
as improved clinical products.

In summary, therefore, the Hc effectively hijacks existing cellular processes to
facilitate uptake into a sensitive cell; maximising the opportunities for the toxin to
target its cellular substrate. As such, the Hc is a good candidate to supply a binding
capability to neuronally focused therapeutics cargos. Additionally, the multiple
binding entity nature of the Hc domain allows for modification and engineering
additional binding features into the existing protein; thereby enabling design of
novel targeted approaches. The potential to use the Hc domain in the design of
new therapeutics is described in a later section.

3.2 Attractive Properties of the LC Domain

The second major opportunity for protein engineering is the LC domain. As
described elsewhere, the LC has evolved to be a highly specific metalloendopro-
tease that cleaves one or more members of the SNARE protein family. The breadth
of LC cleavage activities encompasses three different types of SNARE protein but
is not fully comprehensive across all SNARESs. Of the approximately 40 SNAREs
known to be expressed in the human genome, only a fraction are known to be
substrates for BONT LCs. No doubt this is partly a result of the complex mech-
anism of SNARE substrate binding which requires catalytic site alignment of the
substrate and interaction between the substrate and the LC at sites distant to the
catalytic site (Binz 2012). Though effective at providing the specificity exhibited
by LCs, this complex requirement for substrate binding means that the LC is a
complex protein engineering platform. Nevertheless, increased structural knowl-
edge has led to a much greater understanding of the specific interactions necessary
for efficient substrate cleavage and has afforded the opportunity for LC modifi-
cation. Such knowledge has also led to greater appreciation of the relative pro-
miscuity of some of the serotypes, for example BoNT/C, which has less stringent
requirements for substrate binding (Jin et al. 2007).

A good example of what can be achieved by protein engineering approaches is
the progress made to overcome one of the major limitations to using clostridial
endopeptidases to cleave SNARE proteins and inhibit vesicle trafficking in non-
neuronal cells. It is generally understood that BoNTs have evolved to target
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neuronal sub-populations and have therefore developed a suite of appropriate
cellular targeting approaches. Similarly, the LCs have developed to effect cleavage
of neuronal SNAREs. Taking the example of the BoNT-sensitive SNAP-25,
SNAP-25 is restricted in its expression to neurons and the ubiquitously expressed
homologue, SNAP-23, is not, in man, a substrate for any of the known BoNT
serotypes. This means that BoNT/A, /C and /E, which are all SNAP-25 cleaving
serotypes, are ineffective at inhibiting secretion and vesicular trafficking in non-
neuronal cells. Understanding the structure-function relationship of BoNTs and
their substrates has recently led to advances that have taken the first steps to
overcome such limitations, with the reported mutation of a BoNT/E LC, so it
possesses the capability to cleave human SNAP-23 (Chen and Barbieri 2009).
Understanding the precise intra- and inter-molecular interactions necessary for
cleavage of SNAP-25 by LC/E was critical to the development of mutated LC/E
that exhibited the correct side chain architecture to achieve the goal of SNAP-23
cleavage. Chen and Barbieri were able to demonstrate inhibition of IL8 and mucin
release from an appropriately stimulated HeLa cell. The potential to deliver a
mutated LC of serotype E and impact SNAP-23 mediated vesicle trafficking is
therefore a real possibility and broadens the spectrum of utility of the BoNTs,
particularly when harnessed in combination with the botulinum fragment retar-
geting technologies described later in this chapter.

4 The Potential of Neurotoxins Created from Mixed Serotype
Botulinum Neurotoxin Domains

In some instances, BoNTs isolated from natural isolates can exhibit LC and HC
domains that bear significant sequence similarity to domains of dissimilar serotypes.
For example, C. botulinum D strain OFDOS5 comprises the sequence of a LC and Hy
domain of serotype D genetically fused to the H¢ of serotype C. In a further example,
as reported by Arndt and colleagues in 2006 (Arndt et al. 2006), it would appear that
the BoONT/A2 subtype comprises domains that are similar to the LC of BoNT/A1l
and the HC of BoNT/A3. Such natural chimera provides a further layer of variation
onto the simple subtype variants that were discussed earlier, and provide scope for
considering further expansion of properties. Given the primary and tertiary structural
homology between the serotypes, the observations of natural chimeric variants are
perhaps not unexpected. From an engineering perspective, however, it provides some
level of validation that combining the domains of heterologous serotypes could be
achievable and may lead to novel proteins with unique properties. In a limited
number of reported cases, this has indeed been achieved. For example, Wang et al.
(2008) have described the creation of chimera of BoNT/A and /E in which the Hc
domain of one serotype was expressed recombinantly fused to the LC and Hy (LHy)
of the other serotype. When assessed for key functional characteristics, it was noted
that the translocation and neuronal specificity properties of the hybrid were clearly
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differentiated: translocation reflected the behaviour of the parent LHy domains,
whilst neuronal specificity was influenced by the identity of the Hc. Such a gross
domain swapping approach is clearly able to harness the inherent biological prop-
erties of the domains to create novel entities with unique properties, and is the most
straightforward approach to BoNT modification. Furthermore, Wang et al. (2012)
have extended this hybrid approach to replace the S0 kDa H¢ binding domain of one
serotype with the equivalent from another. For example, in the situation where the
H/A is replaced with the Ho/B, the resultant hybrid induced a more prolonged
neuromuscular paralysis in mice than the parent BONT/A. The authors propose that
the prolonged neuromuscular paralysis was a direct result of enhanced uptake of the
LC/A via the more abundant acceptor for BONT/B. In the complementary switch,
where the H-/A is inserted into the BoNT/B structure, the resultant molecule retained
neuronal SNARE cleavage ability but also enabled cleavage of VAMP within
fibroblast-like synoviocytes that lack SNAP-25 and would ordinarily be resistant to
the SNARE-cleavage ability of BONT/A. Rummel and colleagues have provided
additional evidence for the domain swap engineering approach and, in an elegant
series of studies, demonstrated improvements to potency that arise from incorpo-
ration of the Hoe or He domain of one serotype into another. For example, the
potency of a BoNT/A-based full-length hybrid containing the Hcc B domain (termed
AAAB; letters represent the serotype origin of the four domains) was quadrupled as
compared with wild-type BoNT/A. Analogously, exchange of the Hc fragment
(AABB) yielded a neurotoxin with fourfold higher potency (Rummel et al. 2011).

Such approaches to engineering of the native BoNT structure through domain
switching have been further described by Dolly as the basis for the construction of
‘BoTIMs’ (full-length BoNTs incorporating catalytic-inactive LC/A) (Dolly et al.
2011). By recombinantly combining BoTIMs incorporating LC/E domains, a hybrid
protein was constructed that utilised components within the LC/A element to extend
the intracellular persistence of the LC/E, and therefore the duration of action of LC/
E-induced SNAP-25 cleavage (Wang et al. 2008). Dolly proposed that the LC/E-
induced cleavage of SNAP-25 would be advantageous for specific conditions, for
example in the treatment of various pain states, including chronic pain.

5 Improvements to Botulinum Neurotoxin
that Could have Therapeutic Potential

As described, an understanding of the relationship between BoNT structure and
function provides opportunities for rational design of improvements into the
molecule. Such improvements could be conceived to include modified catalytic
activity, binding activity or properties that have a therapeutic impact, e.g.,
immunogenicity or to modify the longevity of the catalytic domain to impact on
duration of action. The opportunities afforded by site-specific modification to
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engineer alternative cleavage properties into the LC have already been discussed.
Turning the attention to the C-terminal end of the holotoxin, the increased
understanding of the mode of binding provides a route to the creation of novel
BoNTs with potentially improved properties. Recently, Rummel et al. (2011)
applied the knowledge of relative binding affinities of the BONT H¢ domain in the
design of hybrid Hc of greater potency than the parent. For example, by incor-
porating the Hcc domain of BoNT/B into the BoNT/A backbone, the greater
binding affinity of the B sub-domain leads to a quadrupling of the whole molecule
potency. Focusing very specifically on the Hcc binding domain, it has also been
possible to create site-specific mutants that are therefore minimally modified, but
which impart improved binding properties into the new protein. Such domain
swapping and mutagenesis approaches therefore have the potential to create novel
BoNTs with higher potency which could lead to lower doses, and consequently
reduced off target effects and increased tolerance to the proteins. Alternatively,
increased binding affinity could lead to the opportunity to use increased doses and
potentially extend the duration of action of the clinical benefit, assuming a highly
selective binding activity that negated the impact on non-target cells. As proposed
earlier, further investigation into the properties of the BoNT sub-types may well
provide additional opportunities in this area.

The discussion above, referencing the impact of modifications to the Hcc
domain, illustrates one of the fundamental goals of clinically focused toxin
research: how to improve the efficacy of the product, minimise off target effects
and thereby maximise the therapeutic window. With the toxins exhibiting such a
potent activity, maximising the efficacy of the material while minimising the
potentially severe side effects is clearly an important strategy. Elucidating key
structural elements of the toxin that impact on function has the potential to further
expand the therapeutic opportunties of BoNTs. One such example is provided by
the progress made to understand the impact of di-leucine motifs (Wang et al. 2011)
and ubiquitination signals (Tsai et al. 2010) on the duration of action of the toxin.
Indeed, the biological advantages of the hybrid molecules created by Wang et al.
are in a major part proposed to be due to the transfer of such motifs within the
various BoNT domains. The possibility therefore exists to create bespoke proteins
that utilise domains of BoNTs that have been manipulated at the gene level to
include domain or site-specific mutations that afford the novel proteins with new
biological properties.

6 Developing the Binding Domain as a Delivery Vehicle

BoNTs represent a unique opportunity to develop for delivery of therapeutic
molecules, particularly biological molecules, into nerve cells via their Hc binding
and the beneficial properties of the in-built membrane translocation function.
For these reasons, full-length BoNTs lacking a functional endopeptidase have been
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proposed as preferred delivery tools (Wang et al. 2008; Bade et al. 2004). Such
constructs retain the evolved connectivity and functionality of BoNTs whilst being
non-toxic by virtue of the inactivated endopeptidase domain.

Considering what applications there may be for using BoNT heavy chains, or
fragments thereof, enzyme replacement studies such as to treat lysosomal storage
diseases and treatment of oxidative injury have been considered. The first report of
the cytoplasmic delivery of a cargo protein using BoONT HC was by Weller et al.
(1991) through a study in which tetanus toxin (TeNT) LC was delivered into
phrenic nerve by disulphide attachment to the HC of BoNT/A. This demonstrated
that the BoNT holotoxin was capable of translocating another protein, albeit in this
case a highly related protein.

Taking the concept one stage further into full recombinant expression, Bade
et al. (2004) demonstrated the ability of BoNT/D to deliver a range of cargo
proteins to neurons and achieve enzymatic activity in the neuronal cytosol. These
studies also demonstrated that unfolding of the cargo protein was necessary for
translocation into the nerve cell, and cargo proteins that were insufficiently flexible
in their conformation were not well transported.

Further examples of delivery have been reported. As biochemical and structural
studies have shown that TeNT has a similar modular arrangement of functional
domains as BoNT, Pickett and Perrow (2011) notes that advances in TeNT
engineering may also be applied to BoNT. For example, the binding domains of
both BoNT and TeNT have been utilised to deliver DNA to target cells and
enhance targeting of other transfection methods. The TeNT H¢ fragment has been
conjugated to polylysine, which has a high capacity to bind DNA, allowing
transfection of a range of neuronal cell lines (Box et al. 2003), albeit using the
diphtheria toxin translocation domain to effect intracellular membrane transfer.
Recent studies with recombinantly produced BoNT domains show that proteins
can be assembled by non-chemical linking, using tagging with helical motifs from
the family of SNARE proteins. Such a strategy may potentially be exploited to use
the BoNT-binding domain to deliver future therapeutics or other cargo into
neurons (Darios et al. 2010). Indeed, Ferrari and colleagues have recently reported
in vivo studies that explored the functionality of a BoNT (termed ‘BiTox’) that had
been reconstituted using the SNARE protein based ‘protein stapling’ technology
(Ferrari et al. 2011). In another approach to coupling a cargo to the toxin,
Drachman et al. (2010) notes the early stage research into using streptavidin
associated BoNT/Hc to deliver biotinylated viral vectors into motor nerve termi-
nals. One important feature of BoNTs with respect to their application as delivery
vehicles is the advantages provided by the translocation domain. In the examples
reported above, the presence of the translocation domain is an essential feature.
Indeed, in the work of Box et al., where the H. domain of tetanus neurotoxin is
used for the binding function, the translocation domain of diphtheria toxin was
included to facilitate crossing of the endosomal vesicle membrane.

In addition to utilising clostridial neurotoxin binding domains to deliver cargos
that will affect a particular cellular property that is unrelated to the toxin itself,
there is also the hypothetical opportunity to affect toxin-related biology.
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For example, Kuo et al. (2011) have postulated the use of BONT or BoNT heavy
chain fragments to deliver ‘targeted F box’ agents to BoNT intoxicated neurons as
a potential therapeutic for BONT poisoning. The F-box strategy is hypothesised to
be successful, because the targeted F box agents cause increased ubiquitination
and accelerate turnover of the targeted BoNT/A protease within neurons. Indeed,
Kuo reported a camelid heavy chain-only V(H) (VHH) domain specific for a
BoNT protease fused to an F-box domain recognised by an intraneuronal E3-ligase
is effective at accelerating turnover of the targeted BoNT/A in neurons (Kuo et al.
2011). Although elegant in design, the strategy critically requires targeted delivery
to the correct neuronal population and BoNT (or fragments of) would seem to
continue to be the best candidate to achieve this. However, it should be
acknowledged that a BONT/A intoxication is related to the state of the neuron; in
an highly active neuron, BoNT/A uptake is potentiated. The opposite is therefore
true: an intoxicated neuron has significantly reduced neurotransmitter release
activity, and as a consequence also has reduced SV2 presentation. With a mech-
anism of action linked to binding and internalisation, it is important to consider
that BoNT-intoxication results in self-limited uptake of similarly targeted species,
such that any targeted therapeutics for BONT poisoning will have to overcome
such a naturally restricted process.

In summary, various cargos have been proposed for delivery by suitable non-toxic
BoNT-based vehicles for treatment of diseased neuromuscular junctions or to
enhance motor neuron function. These include anti-neurotoxin therapies, anti-neu-
rotropic viral treatments, neuronal enzyme replacement, ion channel modulators,
neurotrophic factor receptor modulators and protein replacement for hereditary or
autoimmune presynaptic disorders. Whilst an attractive opportunity supported by
model system studies, there are not yet any clinical applications of drug delivery
using a BoNT-based vehicle and more needs to be understood regarding uptake rates
and in structural terms for the translocation domain, the kinetics of translocation and
how this impacts on its limitations.

7 Development of Therapeutics Utilising the BoNT
Endopeptidase Domain as a Warhead

Understanding the discrete modular organisation of the LC, Hy and He domains
within BoNT has encouraged a number of engineering approaches that utilise the
domains in novel molecule construction. A good example of this approach is
provided in the design of new therapeutics based on the LHy BoNT fragment
comprising the LC and Hy domains. Referred to as targeted secretion inhibitors
(TSI), this novel approach to the development of therapeutics harnesses the power
of the endopeptidase domain to modify the intracellular processes of the target
cells and inhibit secretion (Foster and Chaddock 2010). This approach therefore
aims to extend the therapeutic application of BoNT-derived activities away from



298 J. Chaddock

Switch targeting ligand
for cell type

Pain \“V\% = Transport
W 1 % 5\

5’3\)_

! ”,’ =7
Y/ =
> Jt/ j ) = ?’
Pt > Y-

Enzy me

New \‘—' 3 % ] Multiple serotypes A-G
target N vJ' 1 i
v

Fig. 1 Schematic representation of botulinum neurotoxin structure in relation to engineered
targeted secretion inhibitor (7SI) proteins

the limitation of simply neuromuscular junction targeting to the wider field of
specific cellular targeting.

In contrast to the cell-ablation type technologies, in which cytotoxic payloads
are delivered to cells (often of a cancerous nature) by peptide or antibody targeting
approaches, the TSI strategy utilises the BoNT LC mechanism of action to
manipulate cell processes (inhibition of secretion and membrane receptor/channel
presentation) rather than lead to cell death. By not incorporating the BoNT Hc
domain into the TSI protein, but replacing the binding function with a chosen
peptide or protein, TSI are able to target BONT endopeptidase domains to non-
neuronal cells not targeted naturally by BoNTs. A range of such novel recombi-
nant proteins have been created and it has proved possible to deliver the LC into
cell types not sensitive to native BoNTs, cleave the relevant SNARE protein and
thereby inhibit secretion from a range of otherwise resistant cells. This has
enhanced the utilisation of the BoNT domains far beyond that achievable by
natural selection.

TSI are a new drug design platform of multidomain proteins with an overall
architecture as illustrated in Fig. 1. In common with the architecture of BoNT, the
first TSI component is the LC domain of one of the BoNT serotypes. This provides
the TSI with a SNARE cleavage capability that is dependent on the LC chosen but
is also open to modification to facilitate wider SNARE cleavage. The second
component of the TSI is the BoNT Hy domain which provides the intracellular
translocation ability for the LC. The third TSI component is a binding domain
which could be derived from BoNT (was neuromuscular targeting to be required)
but is more commonly specified by inclusion of a peptide or a protein that interacts
with a receptor of choice on the target cell.
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TSI were initially created by chemical conjugation techniques; in the first
instance, a chemical conjugate of nerve growth factor (NGF) and the LHy/A
fragment of BoNT/A was demonstrated to result in cleavage of SNAP-25 and
inhibition of noradrenaline release from PCI12 cells (Chaddock et al. 2000a).
Subsequently, a chemical conjugate of wheat—germ agglutinin (WGA) and the
LH\/A fragment was observed to deliver the endopeptidase into neuronal and non-
neuronal cell types with a consequent cleavage of SNAP-25 and inhibition of
secretion (Chaddock et al. 2000b). This latter example confirmed the scope of TSI
beyond the neuron. Following establishment of proof of principle for the retar-
geting approach, a therapeutically relevant application was developed utilising a
conjugate of Erythrina cristagalli lectin and LHn/A (ECL-LHN/A) to target
nociceptive afferents with the intention of inhibiting the release of neurotransmitter
from the nociceptors and consequently inhibition of pain. ECL-LH\/A was
demonstrated to inhibit both substance P and glutamate release from cultured
embryonic dorsal root ganglion neurons. Furthermore, intrathecally administered
ECL-LH\/A significantly reduced the nociceptive inputs to convergent dorsal horn
neurons by primary sensory afferents of the C-fibre and Ad types, whereas there
was little or no effect on sensory inputs from Ap-fibres (Duggan et al. 2002).
Intrathecal ECL-LHN/A also resulted in prolonged withdrawal latency in a ‘hot-
plate’ model of acute thermal pain (Chaddock et al. 2004). Retention of the
duration of action of the parent BONT LC is a key feature of TSI and, though it is
possible to create modified LCs to have different durations of action, it is also
extremely encouraging that the extended durations of action of BoNTs can be
retained in a novel therapeutic construct. This means that recombinant proteins
based upon this approach are particularly suitable for treating chronic diseases.

Although satisfactory for demonstration of principle, there are several drawbacks
to using chemical conjugation to produce therapeutic proteins: of most concern being
the inevitable heterogeneous mixture of species that is created using this process and
the difficulties of controlling such a process within the manufacturing environment.
To progress such a strategy of retargeted BoNT fragments, it is necessary to develop a
recombinant platform that would underpin the TSI approach.

Recombinant expression of a catalytically active, stable LHy fragment of BoNT/
A was reported in 2002 (Chaddock et al. 2002), followed soon afterwards with
successful preparation of LHn/B and LHN/C; (Sutton et al. 2005). In all cases, the
recombinant LHy fragments had dramatically reduced toxicity (by a factor of 10°)
because of the lack of the necessary Hc domain with which to bind to acceptors on the
neuronal surface. The recombinant LHy proteins were demonstrated to be stable,
catalytically active and effective at intra-cellular cleavage of the target SNARE:.
Recently, recombinant LHy/A and LHyN/B have been reported to retain the structure
of the equivalent domains in the intact BoNT protein (Masuyer et al. 2009, 2011a,
2011b). Moreover, the LHy structure appears to be resilient to incorporation of
additional peptides at various locations within the primary sequence, and therefore
be a robust platform on which to build multidomain, multifunctional TSI. Figure 2
illustrates the significant structural similarity between LHn/A and BoNT/A which is
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Fig. 2 Tertiary structure of
the LHy fragment of BoNT/A
(a) and BoNT/A holotoxin
(b). LC is depicted in red, Hy
domain in green, Hey in blue
and Hcc in orange

also illustrated in the observed root-mean-squared deviation (r.m.s.d) of 0.009
angstroms bond length and 1.3° bond angle.

Having demonstrated the robustness of the LHy fragment to recombinant
expression and to modification, the stage was set for the development of a range of
modified LHy incorporating new receptor targeting domains. It is now possible to
envisage a toolbox of DNA fragments encoding protein domains that could be
spliced together to form a series of bespoke recombinant proteins that utilise the
power of the endopeptidase and translocation domains of BoNT coupled to the
receptor targeting specificity of a peptide or protein. Such a fully recombinant TSI
would have the capability to find a specific cell type of interest (through the
engineered ligand-receptor binding activity), to facilitate entry of the LC into the
cytosol of the cells, and then to inhibit secretion by a SNARE-cleavage-dependent
mechanism. Hence TSI

The first report (Foster et al. 2006) of a fully recombinant TSI fusion protein
comprised the LHy-fragment of BoNT/C; (LHx/C;) and epidermal growth factor
(EGF); a protein of an overall mass of approximately 106 kDa. Such a molecule
combined an ability to bind EGF-receptors with the syntaxin-cleavage activity of
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the BoNT/C LC; coupled with the function of intracellular membrane translocation
afforded by the Hn/C. Such a novel construct therefore had the potential to inhibit
secretory events from cells expressing EGF receptors. Creating fully recombinant
proteins that selectively deliver LC into a specified cell represents a tremendous
opportunity to develop a new range of therapeutic proteins that inhibit secretion
from cells involved in a wide variety of diseases.

Syntaxin Ltd., have reported that the TSI platform can lead to a portfolio of
engineered molecules that have the potential to lead to novel biopharmaceuticals
for use in a wide range of diseases. Harnessing the LC endopeptidase and Hy
translocation activities, a series of innovative proteins have been created that are
reported to have potential in the treatment of pain, endocrine disease (acromegaly)
and cancer. As reported at the 93rd meeting of The Endocrine Society
(ENDO2011) recombinant TSI proteins comprising modified versions of the
growth hormone receptor hormone (GHRH) peptide covalently fused to the N-
terminus of the Hy domain and the LC of BoNT/D have been created that spe-
cifically target the somatotroph cells of the pituitary with a view to establish new
opportunities for the treatment of conditions such as Acromegaly (Somm et al.
2011). The TSI strategy would be a novel approach to treatment of such conditions
and molecules have been designed to inhibit the excessive release of growth
hormone from pituitary adenomas. It is proposed that inhibition of growth hor-
mone release would result in a decrease in the growth signals, thereby alleviating
some of the symptoms of this debilitating condition. Studies presented at
ENDO2011 report that engineered TSI decrease the circulating levels of growth
hormone for many days when assessed in various pre-clinical studies. Interest-
ingly, such effects are achieved after only a single bolus of test material (rather
than continuous infusion) and the material was administered systemically (i.v.)
rather than being limited to local administration at the site of therapeutic benefit.
Such a novel administration route for a molecule derived from BoNT indicates the
significant progress that has been made to (1) engineer out unwanted toxic effects
that would be inherent in BoNT; (2) engineering in a high level of cell specificity
whilst; (3) retaining the powerful biochemical mechanisms of substrate cleavage
and membrane translocation.

Utilising a variation of the TSI strategy to explore the utility of the LC into
additional therapeutic areas, Yeh et al. (2011) reported that antibody decorated
LH\/B can be taken up by human bone marrow derived macrophages to result in
inhibition of TNF-« release and a decrease in macrophage recruitment in in vivo
studies. These studies therefore further demonstrate the potential for inhibiting
secretion from target cells and impacting on processes of medical value.

The development of the TSI platform from a concept to a pre-clinical reality is
a significant step forward. Moreover, many of the opportunities afforded by the
TSI approach have the potential to meet clinical needs in situations where BoNT
would be clinically ineffective, either due to the significant off-target safety lia-
bility of the neurotoxin or due to the lack of sufficient efficacy in a cell (for
example, due to the lack of a BONT receptor). Though details of targeting domains
are not always available, natural peptides and proteins are candidates for achieving
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effective receptor-ligand interactions and so ensuring that the TSI locates the target
cell. It is possible that not all natural ligands are suitable for incorporation into a
recombinant TSI protein; however, the growing field of protein scaffolds and
recombinant antibody technologies are possible routes to expanding the breadth of
targeting domains. Many of these scaffolds have pre-existing tertiary structural
data available and their binding interfaces have been extensively studied. The
opportunity therefore exists to combine the BoNT and scaffold protein structural
information and facilitate optimal engineering of the products.

No discussion of the potential for engineering novel recombinant therapeutics
based on bacterial protein backbones would be complete without consideration of
potential immunogenicity. This is one of the most common issues raised when
considering the possible side-effect profile of such engineered materials. It is well
acknowledged that the rate of non-responders to BoNT treatment in the clinic that
results from the development of an anti-drug antibody response is relatively small
(only a few percent). One reason for this could be the exquisite potency of the
BoNT therapeutic, meaning that vanishingly small doses of material are required
to achieve a significant biological effect. Additionally, the mode of action of the
toxin being dependent on relatively rapid cell surface exposure followed by a
significant longevity of action inside the cell, minimises exposure of the patient to
the drug and so minimises the opportunity for the immune system to recognise the
BoNT. Additionally, the extended period of time between applications is of benefit
in decreasing exposure to the immune system. However, in the case of proteins
engineered to incorporate significant stretches of BoNT protein, one can hypoth-
esise that potential immune reaction to the protein would be a concern. Data on
this important safety/efficacy topic are awaited; however, it is reasonable to
assume that maintaining the potency, efficacy and duration of action of such novel
agents will ensure that such a potential problem is minimised.

Encouragingly, the story of the development of retargeted BoNT fragments
comprising the LC has progressed significantly further than pre-clinical studies.
It is well known that the medical applications of BoNTs are expanding widely and
the number of approved indications is increasing; some of the more recent ones
being US FDA approval of BOTOX® (onabotulinumtoxin A) for the treatment of
urinary incontinence in adults with neurological conditions including multiple
sclerosis and spinal cord injury and the emerging opportunities in certain types of
migraine. Despite the continued development of the BoNT markets, the use of
BoNT is naturally limited by its mechanism of cell targeting and, though the TSI
platform has the potential to significantly expand such opportunities, clinical proof
of this has been awaited. In the first quarter of 2011 Syntaxin Ltd., announced that
its partner Allergan had initiated two Phase 1II trials to evaluate the safety and
efficacy of its re-targeted endopeptidase drug candidate AGN-214868. The Phase
II trials are focused on patients with post herpetic neuralgia (PHN; ClinicalTri-
als.gov Identifier NCT01129531) administering 3 and 16 pg of AGN-214868 and
Idiopathic Overactive Bladder and Urinary Incontinence (ClinicalTrials.gov
Identifier NCTO01157377) injecting 0.5-18 pg of AGN-214868. With the initiation
of Phase II trials, the TSI technology platform reached a significant point of
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Table 1 Examples of the versatility of BoNT domains

The binding domain as a delivery vehicle The endopeptidase domain as an effector function

Cargo Vehicle Cargo Vehicle
LC of TeNT HC of BONT/A LHN/C, EGF
LC of BoNT/A BoNT/D LHN/D Growth hormone releasing
hormone
LC of BoNT/A BoNT/Di LHNA E.cristagalli lectin
Di-hydrofolate BoNT/D LHN/A NGF
reductase
LC of BoNT/E BoNT/Ai LHNA Wheat germ agglutinin
DNA Hc of TeNT BoNT/A,B,F Transferrin
Viral vector Hc of BONT/A BoNT/B, LHy/  Antibody
B
Quantum dots Hc of BoNT/A

@i

i” signifies the use of a mutated BoNT that is catalytically inactive

development since the AGN-214868 candidate was discovered under the collab-
oration using Syntaxin’s proprietary discovery platform. The PHN trial will pro-
vide the first clinical data for a retargeted BoNT fragment.

In summary, therefore, the BoONT LC represents a warhead that can be delivered
to target cells via the cognate BoNT receptor or via a wide range of ligand-receptor
interactions to result in cleavage of intracellular SNAREs and inhibition of cellular
secretory events. The LC is amenable to mutagenesis and, as a minimum, the
SNARE-substrate range could be extended through site specific modification.
As an example of harnessing the potential of such a strategy, Syntaxin Ltd’s, TSI
platform has the potential to deliver a wide range of exciting new approaches to
the treatment of multiple conditions.

8 Conclusions

The BoNT engineering field has progressed significantly in the past few years.
One major contributory factor is the significant developments in understanding
of the structure of BoNT and the discovery that BONT domains are amenable to
protein engineering. Furthermore, understanding the functional roles of specific
elements of the BoNT domains, and having the tools to assay for function, has
provided an impetus to design of new BoNT-based therapeutics as a comple-
mentary strategy to extend the market opportunities for existing current natural
products (Table 1).

It is well understood that BoNT/A is a product of major therapeutic and
commercial success that can be widely used to treat various neurological and
neuromuscular conditions. The therapeutic success of the BoNTs results from two
structure-function derived outputs: (1) the specific and potent inhibition of neu-
rotransmitter release from peripheral cholinergic neurons that results from the
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neuronal binding event and the unique substrate cleavage activity and; (2) the LC-
derived duration of action that can often be measured in months. The clinical
utility of the neurotoxins is, however, severely constrained, both by their limited
range of target cells and narrow therapeutic window. Strategies to overcome such
constraints and to identify new opportunities for utilisation of the BoNT mecha-
nism of action are exemplified in the creation of hybrid BoNTs, modification of
the binding domain to increase potency and, with the broadest application, the
development of the TSI platform. The TSI approach is already progressing in the
clinical setting and pre-clinically for a range of indications not treatable with
neurotoxin products. Demonstration of the clinical success of new materials
consisting of BoNT domains will be a significant step forward as it will validate
the opportunity to explore a wide range of new therapeutic spaces. Harnessing the
properties of the neurotoxins’ protein domains in novel recombinant proteins will
lead to the creation of completely new classes of biologics. As one advanced
illustration, those based on the LC activity which thereby are designed to inhibit
secretion, have the potential to treat chronic conditions like chronic pain, which
currently have few effective treatments.

Hopefully, such clinical and pre-clinical progress will also inspire a further
focus of effort onto maximising the potential of this exciting class of proteins.
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Botulinum Toxin: Application, Safety,
and Limitations
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Abstract Botulinum neurotoxin type A (BoNT/A), despite its high toxicity, is
approved for therapy of many neurological (e.g., dystonia, spasticity) and non-
neurological (e.g., achalasia, hyperhidrosis) disorders. Its mode of action is well
understood. This has led to more and more indications (e.g., pain, gastrointestinal and
urologic disorders), in which the toxin can reduce disturbing symptoms. In general
the application is safe (pharmacological index 20-100, depending on indication).
Few unwanted reactions may occur. In worst cases BoNT treated patients may
develop neutralizing antibodies. These patients are excluded from further treatment.
A more recently approved second serotype (BoNT/B) could be effective in those
secondary non-responders, however, due to less potency in humans higher doses
have to be applied leading to an only transient successful treatment. Other serotypes
as BoNT/A and B, e.g., BONT/C should be approved as medicines.
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1 Clinical Applications

The introduction of botulinum neurotoxin (BoNT), the most poisonous drug
known in clinical use, was a milestone in the therapy of many neurological dis-
orders comparable with the invention of anti-Parkinson drugs of L-dopa type
(Birkmayer and Hornykiewicz 1962). In both cases the bases of the diseases are
located in the central nervous system. Both kinds of drugs do not cure the diseases,
but the patients affected by the malady are relieved from the painful, bothersome,
and defacing symptoms as long as they are treated with the respective medicine.
Anti-Parkinson drugs have to be applied systemically at daily intervals, whereas
BoNT is given locally only quarterly. In general, the latter drug keeps its efficacy
during the lifetime of the patient in contrast to the former that loses efficacy while
the disease proceeds.

Clostridial neurotoxins had been in the focus of a small community of scientists
for decades, e.g., pharmacologists, microbiologists, and toxicologists. Astonish-
ingly, none of them has borne the idea to exploit the well-known paralytic activity
of the toxin for therapeutic purposes. Because of its extremely high toxicity the
toxin was never considered to be applied therapeutically (except by Kerner in
1822), but perversely, it was produced in grand-scale to be used as a biological
weapon (Bigalke and Rummel 2005).

It was a physician, the ophthalmologist Alan Scott, who has remembered
Paracelsus’s phrase,

All things are poison, and nothing is without poison; only the dose permits something not
to be poisonous.

In challenging experiments he tested in primates many substances known to
weaken the muscle tone to implement the best working drug in the therapy of
childish strabismus. Eventually, he received allowance from the FDA for a first
clinical trial with botulinum toxin to treat strabismus. He found that the BoNT
injection was simpler than surgery, side effects were seldom and, more important,
transient, and that loss of vision had never occurred (Scott et al. 1985). Although
surgery has remained the method of choice in the treatment of most cases of
strabismus, his pioneering work has paved avenues for applications in other fields
of medicine. In the beginning the toxin was used to return to patients their lost
vision who suffered from blepharospasm. This successful treatment was the
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breakthrough for applications in other neurological disorders, the group of dys-
tonia. The number needed to treat (NNT) in this kind of sickness is almost one, a
number that is achieved by a few drugs only. In other words, the symptoms of
dystonia almost disappear in each treated patient. During the last 2 decades,
physicians explored the effect of BoONT on more disorders in which cholinergic
overactivity was involved like hyperhidrosis, achalasia, hyperfunctional larynx,
focal spasticity, gastrointestinal disorders, tremors, urologic disorders, and last but
not least, cosmetic flaws. Whereas all these malfunctions can be attributed to
disturbed cholinergic transmission the toxin is thought to help also in the man-
agement of pain and headache as migraine (Aurora 2006), however, not all patients
benefit from the treatment, i.e. the NNT is increased compared to the number in
cholinergic dysfunctions. The background of the mode of action in non-cholinergic
disorders is not well-understood but the release of transmitters other than acetyl-
choline is also inhibited by BoNT (Bigalke et al. 1981; Purkiss et al. 2000) and an
increased, uncontrolled release of these transmitters could be the cause of various
forms of pain. The same is true for the efficacy of BoNT given in benign prostate
hyperplasia (Boy et al. 2008).

A recently conducted clinical trial demonstrated efficacy of BoNT/A in the
treatment of depression. This promising finding is related to changes in mental
behavior following variation of facial expression caused by the toxin (Wollmer
et al. 2012). Table 1 gives an overview of the diseases and symptoms reacting
upon BoNTs.

Due to the complex and well organized structure of BoNT it can be disassembled
into its single domains that can newly be recomposed with other ligands that target
non-neuronal but secretory cells. With this approach it is possible to treat diseases
that are caused by an overactivity of secretory processes, e.g., hypermegalie (Somm
et al. 2012, Chaddock 2012).

Taking everything together, botulinum toxins have evolved from a single
symptom drug to a multifunctional medicine that is useful in the treatment of diseases
resulting from various origins (Aoki 2004). All these diseases have in common that
secretory processes are disturbed. Moreover, the transport unit of the toxin may be
utilized to carry other cargos into neurons, e.g., virostatics. Thus, BoNT medically
evolves like the formerly antipyretic drug Aspirin that nowadays benefits patients
suffering from stroke, heart attack, and even cancer (Sonnemann et al. 2008).

2 Safety

Despite their high toxicity botulinum toxins belong to the safest drugs!
Unwanted reactions resemble anticholinergic functions and may occur if the
substance is accidently injected into non-affected muscles where they block the
physiological transmitter release from innervating nerves. This could cause
weakening of normally contracting and functioning muscles. Since the effects are
fully reversible a malfunction is transient and generally without any adverse
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Table 1 Indications of BoNT with respective status of approval (Jost 2007)

Status of
approval
Disease Indication Abo Inco Ona Rima
Group of Spasmus hemifacialis A A A -
dystonia
Blepharospasmus A A A -
Several forms of cervical dystonia A A A A
Lingual dystonia - - - -
Laryngeal dystonia - - - -
Dystonia of upper limb (writer‘s cramp, musician - - - -
dystonia)
Dystonia of lower limb - - - -
Dystonia of the trunk (Camptocormia) - - - -
Spasticities  Upper limb (hand in consequence of a stroke) A A A -
Upper limb (arm in consequence of a stroke) A A - -
Lower limb (pes equinus due to infantile cerebral A - A -
palsy)
Spasticities due to various origins (Multiple - - - -
sclerosis, inflammation of the brain etc.)
Urological Bladder weakness leading to incontinence - - A -
disorders
Dermatology Hyperhidrosis - - A -
Glabellar lines A A A -
Facial wrincles (e.g., crow‘s feet) - - - -
Internal Achalasia - - - -
medicine
Various Crocodile tears - - - -
symptoms
Migrane - - A -

Essential tremor - - - -

Not all indications are approved for all products on the market. Some indications are not
approved at all and others not in all countries, however, the scientific evidence of efficacy in the
above indications is provided. The table shows the indications and in cases of approval (A) the
status in Germany. Since the status of approval expands quickly the present status should be
learnt by the summary of the product characteristics. The mode of action is the same in each
BoNT/A containing product, thus, with respect to efficacy the products are interchangeable.
Because of the diverse formulations and variation in assays, the doses vary between the BoNT
products; a simple replacement of one product by the other is therefore not recommended.
Moreover, patients with low titers of neutralizing antibodies generated by the complex protein
containing products not only respond well to the complex free product, but also the antibody titers
in some of the patients decrease despite the continuing treatment with this product (Hefter et al.
2012). The equivalence dose of the BoNT/B containing product is more difficult to determine,
because it seems that the conversion factor is different for various indications (Dressler and
Benecke 2004). The list is not complete, but provides an overview of the most important indi-
cations for BoNT. The doses applied may vary due to mass of the affected muscle or size of the
organ. Moreover, particularly in cases of dystonia and spasticity, different muscles or groups of
muscles can be involved leading to varying doses. For more details see (Jost 2007)
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knock-on effects. Only in special cases if a fully functional muscle is vitally
important, the erroneous injection could harm the patient. Since the pivotal
respiratory muscles are normally distant from any injection site respiratory failure
has never occurred in consequence of a therapeutic BoNT application. However, in
the case that for unjustified economique reasons unlicensed preparations are ille-
gally used (Pickett and Mewies 2009) and high concentrated experimental BoNTs
are applied, severe intoxications can occur (Chertow et al. 2006). A potential
dangerous injection point is the laryngeal areal where the esophagus and trachea
intersect. Weakened muscles in this area could interfere with physiological
deglutition leading to asphyxia or secondary induced pneumonia. Special care
should also be taken when children are involved. Few reports describe the
appearance of iatrogenic botulism related to an overdosage of BoNT/A. This
special form of botulism produces the same distinct clinical syndrome as food
borne or wound botulism like symmetrical cranial nerve palsies followed by
descending, symmetric flaccid paralysis of voluntary muscles, which may progress
to respiratory failure and death (Sobel 2005; Coban et al. 2010; Crowner at al.
2007). Since correct injection sites are crucial to avoid unwanted reactions the
knowledge of anatomic settings is a prerequisite for the operating doctor. In
complex cases in which deeply located muscles are afflicted by uncontrolled
neuronal activity the injection needle may be guided by electromyographic con-
trol. Due to the unphysiological contractions of the afflicted muscle the electrical
noise increases when the needle approaches this muscle (Martos-Diaz et al. 2011).
An overview of various neurological and non-neurological diseases with the
corresponding muscles and the identification of correct injection points are pro-
vided by the ‘Botulinum Toxin Injection Atlas’ (Jost 2007) which also helps with
the finding of the precise doses.

Since striated muscles are generally enwrapped by a fascia, injected toxin is
almost trapped, as due to its molecular mass it can hardly penetrate the barrier.
A slow distribution within the organism takes place by diffusion through the pores
between capillary endothelial cells and by transport via the lymphatic vessels
whereupon the toxin reaches the bloodstream and is distributed in the extracellular
space that represents approximately 70 % of the total body volume. One can easily
calculate that the factor of dilution is so large that systemic unwanted reaction
could not occur. Only if high doses of toxin are applied can systemic effects be
seen only with single fiber recordings (Lundh et al. 1977; Lange et al. 1991; Roche
et al. 2008). These effects will not impair the daily life of a patient.

Facial muscles lack a fascia and similar glands are located in the skin, thus,
toxin injected subcutaneously can diffuse without any barrier into adjacencies.
Though it dilutes with distance from injection site, the nearby located muscles or
glands may be affected and unwanted reactions may appear e.g., dry mouth, if the
salivary gland is involved, ptosis, if the lid elevator is weakened, or enervation of
mimic muscles if facial nerve endings are inhibited. But also these reactions are
weak, transient, and in worst cases aggravating and disturbing for the patient. They
are never life-threatening (Crowner et al. 2010).
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A crucial parameter for the safety of a certain drug is represented by the therapeutic
index and not by its absolute toxicity. A highly toxic substance could be safe when
used as a drug, while a drug with low toxicity may be dangerous if the sickness
relieving dose is close to the dose causing toxic effects. A few examples can support
this statement. The multifunctional drug acetylsalicylacid can prevent stroke when
given in low dosage (100-300 mg/d) to risk patients (NNT 70). Within the same dose
range it will cause bleeding in a certain number of patients and in worst cases fatal
cerebral hemorrhage. Given as pain reliever (>300 mg/d) it may provoke cancer
inducing gastrointestinal ulcer. Acetaminophen/paracetamol [p-(Acetylamino) phe-
nol] is the drug of choice in fever even for children. However, an approximately
sixfold therapeutic dose will cause hepatic damage. Both medicines are available
without prescription in the pharmacy. Compared with anti-Parkinson drugs BoNT
demonstrates its superiority with respect to side effects. While the toxin causes in
worst cases symptoms like muscle weakness and mild vegetative suppression, anti-
Parkinson drugs in therapeutic dosages provoke dyskinesia, hallucinations, nausea
and vomiting. Another example is insulin, a beneficial medicine in diabetes. It causes
hypoglycemia if the therapeutic dose is doubled. Hypoglycemia can occur even in
therapeutic dosage if patients do not eat. Hypoglycemia can lead to irreparable brain
damage. Insulin is in general applied parentally by the patients themselves and
probably is responsible for many cases of confusion in the elderly. Compared to these
medicines BoNT is safe. Even a tenfold dose, with respect to costs an implausible
fiction, given accidently intravenously is diluted to a concentration that may lead to an
only slight and transient faintness of muscles, harmless for the patient (exception in
children, see above).

BoNT is contraindicated during gravity (see summary of product characteris-
tics) because the toxin passes the placenta barrier. Data are missing on the risk for
the embryo but one can assume that a developing nervous system that is not
protected by a blood-brain barrier may be hampered by an, even so, slight
decreased transmitter release.

BoNT was shown to be transported retrogradely like tetanus neurotoxin into the
spinal cord (Wiegand et al. 1976). Moreover, there is also evidence that the toxin
undergoes transcytosis followed by cleavage of postsynaptic located SNAP-25
(Restani et al. 2011, Schiavo et al. 2012). In consequence the release of trans-
mitters in the spinal cord is inhibited and similar to tetanus neurotoxin BoNT
would also cause peripheral symptoms due to its spinal action. Does this behavior
generate any short- or long-term risks for the patients?

BoNT reduces the inhibition of the monosynaptic gastrocnemius reflex when
applied in high doses into the gastrocnemius muscle of cats (Wellhoener and
Wiegand 1977). This experimental finding was observed with lethal doses only.
Moreover, any spinal effect would be masked by the peripheral blockade of
neuronal transmission. Even in patients suffering from severe botulism putative
central effects were never described and beyond that, if patients survive, the
intoxication will be cured without any residual symptoms. The latter is also true in
case of tetanus neurotoxin poisoning accompanied by excessive spasms of striated
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muscles. Thus, short-term risks as well as long-term effects in the wake of a single
application can obviously be excluded.

BoNT is given mostly over years or decades. One can speculate that sufficient
amounts of toxin accumulate within the spinal cord and interrupt synaptic circuits.
This could lead to a remodeling of these circuits leading to spinal disorders.
However, in the first place spinal effects were only observed experimentally when
high doses were applied; thus, it is unlikely that enough toxin is transcytosed to
produce long-term inhibition in postsynaptic neurons. In the second place, BONT
has been in use for more than 20 years and long-term effects have never been
observed (Naumann et al. 2006). Thus, it is uncertain that botulinum toxin would
alter spinal conductivity.

Taken everything together, the statement, given above, bears up a critical
analysis.

3 Limitations

In general, patients with local cholinergic overactivity tolerate the toxin very well.
There are, however, some kinds of diseases that cause relaxation of striated
muscles. The relaxation caused by the congenital myasthenia is conditioned by a
gene defect, while the relaxations due to the Lambert-Eaton-Rooke-Syndrome
(LERS) and the myasthenia gravis (MG) rely on an autoimmune response. Patients
suffering from LERS produce antibodies against the presynaptic calcium channels
leading to a reduced acetylcholine release and those suffering from MG develop
antibodies against the acetylcholine receptor of the N-type leading to a low density
of postsynaptic receptors. These patients should if at all be treated with special
care.

There are also drugs which may interfere with BoNT by blocking the acetyl-
choline receptor, by reducing the intramuscular free calcium concentration and by
decreasing acetylcholine release due to spinal inhibition of excitation. Thus, one
has to act with caution in case the patient is treated with drugs modifying cho-
linergic transmission like aminoglycoside antibiotics, central or peripheral, and
myotropic muscle relaxants like benzodiazepines and analogs, curare-like drugs,
and dantrolene.

BoNTs represent foreign proteins for the human organism. Physiologically, the
body reacts with an immune response because the application of the toxin is
synonymous with a BoNT inoculation. Fortunately, it is the unrivaled potency,
which allows a successful treatment in a dose range that is in general below the
immune cell stimulating dose range. However, approximately 1 % (Brin et al.
2008) of patients treated with the toxin develops a secondary non-response due to
neutralizing antibodies. The probability to become a non-responder depends
among others on the dose applied (Goschel et al. 1997; Lange et al. 2009). Thus,
the percentage of non-responders might be higher in patients suffering from tor-
ticollis spasmodicus or spasticity and lower in those with blepharospasm because
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different diseases demand various dosages. Nevertheless, it seems that the number
of non-responders is low, however, one can roughly calculate from the worldwide
revenue of BoNT/A ($ 1,500,000,000) that 4,100,000 patients are treated with
BoNT/A. Thus, it appears that approximately 40,000 individuals belong to the
group of the secondary non-responders. The patients affected by non-response
have almost no other therapeutic option except the replacement of BONT serotype
A by another serotype (see below). In rare cases surgery may alleviate symptoms
and deep brain stimulation could suppress local spasms. Most patients, however,
are afflicted with their painful and bothersome disease for the rest of their lives.
Thus, the development of alternative highly potent BoNT serotypes by one of the
big pharmaceutical winners even as an orphan drug was more than justified to
provide a therapeutic option for the unfortunate losers.

In general, the BoNT of first choice is represented by the serotype A. This
serotype is distributed by three companies that offer products with different for-
mulations and diverse preparation grades. While onabotulinumtoxinA (Ona, Bo-
tox®) and abobotulinumtoxinA (Abo, Dysport®) contain the neurotoxin and
various sets of non-toxic clostridial proteins, incobotulinumtoxinA (Inco,
Xeomin® consists of the neurotoxin only (Eisele et al. 2011). All products include
stabilizing agents like human serum albumin. Although the biological activity is
given for each product in units measured as median lethal dose in mice only the
units for onabotulinumtoxinA and incobotulinumtoxinA equal each other (Jost
et al. 2005; Wabbels et al. 2011) while the units for abobotulinumtoxinA show less
potency in humans (Niissgens and Roggenkdmper 1997). This discrepancy could
be explained by the diverse formulations of the products and different potency
assays (Wohlfarth et al. 1997). Until now, however, evidence is lacking that these
disparities contribute to unwanted immune responses leading to non-response.

As mentioned above, BoNT/A could be replaced by another of the seven sero-
types A—G if an immune response against type A had occurred. Only BoNT/B is
approved for cervical dystonia and available for therapeutic purposes. The activity
of rimabotulinumtoxinB (Rima, Neurobloc/Myobloc®) is also given in units
determined in mice. Strangely, this toxin has to be applied in 40-fold higher doses
when compared with BoNT/A drugs. This discrepancy is well-founded by the
affinity of BoNT/B to human and rodent protein receptor synaptotagmin-IIL. It was
demonstrated that a single point mutation in the human neuronal protein receptor
synaptotagmin-II drastically decreases the affinity toward BoONT/B (Strotmeier et al.
2012, Rummel 2012). This result explains the potency difference of BoONT/A and B
in treatment of humans in contrast to, e.g., potency assays in mice. This result also
raises the question of whether the treatment with BoNT/B bears a higher risk to
stimulate immune cells because the protein load injected is much higher compared
with BoNT/A. Clinical trials have revealed that more than 30 % of all patients
developed antibodies in the course of treatment with rimabotulinumtoxinB (Jan-
kovic 2006). However, the appearance of antibodies seemed not to be accompanied
by the development of a non-response. Since antibody titers were determined in the
mice protection assay antibodies are supposed to be of the neutralizing type. The
ineffectiveness of these antibodies in humans can be attributed to the different
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dosages of rimabotulinumtoxinB in mouse and man. The test was conducted with
highly sensitive animals in which low titers of antibodies can be detected, titers too
low to neutralize enough of the highly dosed neurotoxin. However, during long-term
treatment titers increase and non-response occurs in more than 40 % of patients
(Dressler et al. 2005). Since the high dose necessary for BONT/B reflects the low
affinity to the receptor protein, a promising research approach describes a site
directed mutagenesis in the receptor binding domain of BoNT/B leading to a protein
with increased affinity to human synaptotagmin II (Rummel et al. 2005). This
improved protein would represent a true alternative to type A in non-responders as
well as in responders.

4 Conclusion

Despite their high efficacy and potency, BoNT drugs are beneficial for a high
number of patients suffering from painful, disturbing, and defacing symptoms. The
application is safe when recommended doses are used. Only few and mild
unwanted reactions may occur. In worst cases the development of neutralizing
antibodies may take place. This means that due to the medical application, the
painful symptoms reoccur in 1 % of patients. The approval of a drug that provokes
those painful symptoms in 1 % of treated patients is justified because it suppresses
the symptoms in 99 % of treatments.
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